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Abstract 

Rock salt blasting practices present significant differences from conventional methods used in hard rock. 

These differences, observed through empirical field evidence and confirmed by experience gathered  in 

rock salt mines, stem from the  unique geomechanical behaviour of rock salt. As traditional  design methods 

for burden removal by blasting have been largely substantiated  from field experimental work performed in 

hard rock, key aspects don’t apply well to rock salt due to its distinctive response during blasting, which is 

driven by  a low mechanical strength (𝑇0 ≈ 1 MPa, 𝜎𝑐 < 20 𝑡𝑜 35 MPa), relatively low density (𝜌𝑟 ≈ 2.2 

g/cc), very low porosity (< 1 %), and moderate elastic stiffness (𝐸 ≈ 30 𝐺𝑃𝑎). To account for these 

features, underground rock salt mining operations utilize low velocity of detonation (VOD) explosives to 

minimize energy losses in the crushed zone around the blasthole, and rely on large artificial cuts generated 

mechanically along the face to provide an additional free surface. These specific practices evolved from 

iterative field trials over several decades, but a good understanding of the underlying mechanisms is still 

lacking.  As key characteristics may vary from site to site, blast engineers faced with the task of designing 

or optimizing a drill and blast pattern at  underground rock salt mines  have limited technical resources at 

their disposal to guide the process.  

This doctoral research project addresses some of the fundamental aspects for blast design methods 

in rock salt mines. An experimental field work protocol was devised based on the use of  single hole blast 

(SHB) tests to quantify blasting characteristics  in rock salt. Terrestrial laser scanner (TLS) surveys were 

implemented to capture the shape of SHB craters and enhance objectivity of the reporting methodology. 

This was done through large scale field testing carried out at three underground rock salt mines. A crater 

shape model in the form of a power law equation ( 𝑌 = 𝜓(𝐵) ∙ 𝑏𝜖∗
 ) is proposed to define crater breakouts 

measured through field work. Rock salt characteristic mechanical properties were further analyzed in light 

of observed field measurements. The analysis led to the definition of a complementary cratering 

mechanism, due to  the interaction between emitted and reflected pressure waves,  to describe rock salt 

blasting  behaviour. A semi-iterative procedural workflow is proposed to derive site specific blast design 
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guidelines in rock salt mines.  Practical applications of this procedure are presented and discussed, together 

with a few additional aspects that can help develop a more systematic and global method for optimizing 

blast patterns in rock salt mines . 
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Chapter 1  

General Introduction 

 Problem Statement  

Given its unique geomechanical nature, in situ salt (i.e. rock salt) presents unique properties and features 

that make it a very unusual orebody to extract. Its ductile response to deviatoric stress, studied at length, 

had made salt a candidate of great interest towards underground storage of hazardous (e.g. nuclear) waste, 

and gas and petroleum (e.g. United States SPR sites). Salt’s geomechanical characteristics influence 

numerous components of the mining processes (e.g. roof support, comminution processes, material 

handling, short- and long-term pillar response), and drastically impact the core process of its extraction, i.e. 

rock loosening by drilling and blasting. The present research study underscores the fundamental challenges 

in properly quantifying blasting requirements (i.e. blastability, as defined by Rustan, 2010) in rock salt, and 

the lack of available tools and guidelines for the design of blast patterns in such orebodies.  

Commonly used guidelines for generalized blasting practices have been validated extensively from 

field, lab, and numerical work to provide the industry with reliable and conservative design notions. These 

notions present a fundamental historical bias from validation work almost exclusively performed in hard 

rock masses (𝜎𝑐 > 100 MPa). A notable analogy can be made from the popular semi-empirical rock mass 

characterization tool, the Geological Strength Index (GSI) (Hoek & Brown, 1997). This widely recognized 

geotechnical tool necessitated in-depth adaptations for adequate application towards weak and heavily 

tectonically deformed rock masses commonly encountered in South Eastern Europe (Marinos, 2019) ; see 

also  Day et al. (2019).  

Existing blast design guidelines (Langefors & Kihlström, 1978; Persson, et al., 1994; Jimeno, et 

al., 1995; Lowrie, 2002) present fundamental limitations when applied in rock salt:  

• Crater breakout is assumed to result (almost) exclusively from radial fractures originating from the 

blasthole, which is not the case in salt, 
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• Implemented geotechnical characterization methods do not capture the practical spectrum of 

geomechanical parameters of rock salt, 

• Energy losses near the blasthole, significant in salt, are not considered (explicitly) in the 

formulation of dimensional relationships (e.g. burden to blasthole diameter), 

• Field characterization and calibration protocols cannot capture the nature of rock salt response to 

blasting. 

Engineers tasked with the design or optimization of a blast pattern in rock salt lack the necessary guidelines 

and systematic testing protocols adapted to its geomechanical nature. Mining operations therefore often 

resort to costly and inefficient full-scale iterative trials to develop site specific guidelines (a process 

experienced first-hand by the author of this work).  

 Rock Salt Blasting 

Rock salt response to blasting is primarily dictated by characteristic geomechanical features: low 

mechanical strength (𝜎𝑐 ≤ 35 MPa, 𝑇0 ≤ 1 − 3 MPa), low density (𝜌𝑟 ≈ 2.17 𝑔/𝑐𝑐), and moderately high 

P-wave velocity (𝑉𝑝 ≈ 4500 m/s). Superficial notions can be drawn from these characteristics: 

• Energy losses near the blasthole due to crushing of the rock from explosives pressure are much 

higher (approximately by an order of magnitude) than for hard rocks; 

• Low acoustic impedance (𝑍𝑟 = 𝜌𝑟 ∙ 𝑉𝑝) due to rock salt’s low density, compounded by very low 

porosity, yields lower blast wave attenuation than for hard rock masses; 

• Blast pressure waves transmitted elastically to the rock mass span a large distance (𝐷𝑤 = 𝑡 ∙ 𝑉𝑝, 

where 𝑡 is time (s)); 

• Salt presents a low potential for storage of strain energy (∫ 𝜎(𝜖) 𝑑𝜖), which limits heave of broken 

rock induced by sudden violent brittle failure.  

Empirical evidence gathered over the years by blasters, powdermen and blast engineers in salt mines help 

to highlight practical implications of the above characteristics. It is well known (although not quite well 
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understood) that blasted relief voids (i.e. burn cuts) and other blast advance methods requiring a sudden 

large release of strain energy (e.g. v-cuts) are very difficult to apply in rock salt development rounds. 

Instead, salt mines create large relief cuts serving a double-purpose, i.e. volume relief for the material to 

swell and be projected, and (most importantly) to add a second free surface parallel to the blast charge. The 

generation of these relief cuts are often time-consuming  and require additional mining equipment dedicated 

to the task.  

Experienced blasters working in rock salt mines can also highlight the challenges associated with 

using high velocity of detonation (VOD) explosives yielding high detonation pressure. During the course 

of this research project, the author  participated in experimental trials of a high densityemulsion to replace 

ammonium nitrate fuel oil (ANFO) at an underground rock salt mine. The initially tested pattern maintained 

the same dimensions, presumably in order to guarantee complete round pull. Instead, the face partially froze 

in place with large zones of finely crushed salt around the blastholes. Further testing showed mixed results, 

and emulsion explosives could never quite pull consistent rounds the way ANFO did. While emulsion has 

been successfully implemented in some rock salt mines, it is generally acknowledged that high VOD 

explosives do not exhibit the proportional increase in blastability which would intuitively be expected.   

 Research Goal and Objectives 

Blasting practices in rock salt mines lack the tools and practical guidelines necessary for the design (or 

optimization) of blast patterns, taking into account the unique geomechanical nature of salt. The 

overarching goal of the present research is to define guiding principles for the design (and optimization) of 

blast patterns in rock salt. The following objectives were laid down as key milestones for the fulfillment of 

the main goal: 

1. Describe the fundamental blasting response  of rock salt as controlled by its intrinsic geomechanical 

nature, 

2. Define characteristic parameters capturing the blasting behaviour of rock salt, 
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3. Define a systematic and cost-effective testing methodology to quantify blastability and calibrate 

characteristic blasting parameters, 

4. Implement the testing methodology in large scale field experimental work to investigate site-

specific blasting conditions, 

5. Propose practical guidelines for blast design in rock salt mines based on systematic and 

reproducible testing and characteristic blast parameters.  

 Scope of Work and Methodology 

To achieve stated research goal and objectives, a project methodology was devised to structure progression 

towards completion. The methodology is divided into four phases which followed the temporal progression 

of the research study from initial problem statement (Phase 1) to the definition of practical guidelines for 

rock salt blasting (Phase 4). The methodology is outlined in Figure 1-1. 

The research project was performed in collaboration with K+S Windsor Salt (Canada) and Morton 

Salt (USA), while the Author was working in mining operations. Experimental field work during Phase 2 

and 3 were carried out at three underground rock salt mines: the Ojibway mine, located in Windsor, Ontario, 

Canada; the Pugwash mine, located in Pugwash, Nova Scotia, Canada; and the Weeks Island mine, located 

in the Iberia Parish of Louisiana, USA. Additional field work was carried out at the three sites during Phase 

4 based on results and findings from previous research phases to implement new blasting practices.  



5 

 

 

Figure 1-1: Research methodology structured into four incremental phases.  

As a central foundation to the various research foci in this thesis, experimental field work performed 

at the three mines consisted of an adaptation to the Single Hole Blast (SHB) testing methodology (Rustan, 

1995; Wimmer, et al., 2008; Rustan, et al., 2010; Ouchterlony & Moser, 2012). SHB testing consists of 

blasting individual holes with two degrees of freedom (i.e. two free surfaces) to investigate blastability 

conditions and quantify relevant trends from varying the burden dimension. SHB testing was used in the 

present research study to capture the breakout shape of craters to replicate in a cost-effective manner 

breakage behaviour with two free surfaces in full scale blast patterns. Figure 1-2 (a) shows the test layout 

with relevant measurements for a SHB crater simplified by a prismatic breakout and (b) reporting 

visualization for test results (each point representing a single test).  

Phase 1: Problem statement

• Industrial paternship arrangements

•Literature review

•Define gaps and industrial partner potential gains

Phase 2: Experimental protocol

• Initial field tests

•Define scope of testing (introducing SHB tests)

• Implement measurement and processing procedures

Phase 3: Field work

•Collect experimental data sets

•Process collected data

•Present results using standard (and reproducible) reporting 
methodology

Phase 4: Define salt blasting guidelines

•Analytical description of salt cratering mechanisms

•Numerical modelling investigation

•Combine notions towards practial procedural workflow for 
salt blast design 
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Figure 1-2: (a) SHB testing layout and (b) standard reporting methodology for breakage 

angle 𝜶 (°) 𝐚𝐧𝐝 𝐯𝐨𝐥𝐮𝐦𝐞 V  (𝐦𝟑 ) with respect to burden dimension 𝑩  (m). Adapted from 

Bilgin et al. (1991).  

The SHB methodology implemented in the experimental field work was adapted to capture the full 

crater shape and take measurements at discrete intervals along the burden axis.  Terrestrial laser scanner 

(TLS) surveys of the blasted surfaces were obtained to generate point clouds for systematic semi-automated 

processing. Multiple scans were taken before and after each test shots to ensure complete line of sight on 

the crater surfaces. Measurements were taken perpendicularly to the blasthole axis to investigate the plane 

strain condition along the explosives charge column. 

 Thesis Outline 

The chapter sequence in this thesis follows the research methodology outlined in Figure 1-1. Figure 1-3 

presents a detailed structural workflow of the thesis chapter by chapter. The core of the research work is 

presented in Chapter 5, 6, 7, and 8, as papers submitted to technical (refereed) journal publications. The 

content of each chapter (except for this Introduction chapter) is summarized below to give  an overview of  

the thesis content.  

  

 

(a) (b) 
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Figure 1-3: Thesis structural workflow  
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Chapter 2 presents a review of geological and geomechanical properties of rock salt. Naturally occurring 

types of depositional formations are described summarily with insight on typical associated features (e.g. 

grade, types of impurity, ground control requirements). A sample of mechanical properties is provided for 

reference. The ductile nature of rock salt when subjected to deviatoric stresses is discussed with reference 

to inelastic constitutive (mathematical and rheological) models. Empirical observations and practical 

experiences are presented to highlight some unique features associated with underground excavations and 

ground control conditions in rock salt deposits.  

Chapter 3 presents a review of rock blasting theoretical concepts and practical notions. The 

explosion event and subsequent transmission and propagation of elastic pressure waves is described. 

Acknowledged mechanisms involved in the generation of a crater during burden removal events are also 

presented. The origins, theoretical principles, and recent progresses for SHB testing are outlined with 

examples of small laboratory and full-scale experiments published within the literature. Drilling and 

blasting methods in rock salt mining operations are described with practical examples. Empirical 

knowledge developed on rock salt blasting are further discussed in the light of practical experiences.  

Chapter 4 presents a review of remote sensing techniques with emphasis on mass data collection 

using terrestrial laser scanners (TLS). The different types of remote sensing tools are briefly discussed and 

compared. Other mass data collection tools (e.g. photogrammetry, airborne LiDAR) are also briefly 

described and compared to TLSs. General concepts associated with processing and manipulation of three-

dimensional point clouds are discussed, including a concise summary of uncertainty induced by mass data 

collection surveys. Examples of engineering applications for TLS surveys are discussed with emphasis on 

change detection mechanisms and underground mine settings.  

Chapter 5 presents a field experimental procedure for SHB testing using TLS surveys to capture 

crater surfaces. The chapter proposes a new reporting methodology for SHB measurements. Point cloud 

processing algorithms are described so as to achieve efficient and systematic semi-automated processing. 

Sample results are showcased from field experiments presented at the Ojibway mine, and a series of 

characteristic plots summarizing test results are presented to exemplify the processing and reporting 
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methodology. The Chapter was structured in the form of a paper and was submitted to a journal publication. 

Chapter 5 is intended to serve as the first of a two-parts publication to outline the SHB testing methodology 

with field measurements.  

Chapter 6 presents the experimental field work performed at the Ojibway and Pugwash mines. 

Testing protocol and reporting procedure is based on the methodology described in Chapter 5. 

Characteristic plots for each SHB performed are presented and analyzed to identify burden dependent 

trends. Observed trends and breakout relationships lead to the formulation of a crater model to describe the 

breakout shape using a set of parameters calibrated via SHB testing. Outcomes from crater model 

calibrations are discussed with respect to practical applications in mine settings. The Chapter is formatted 

as a paper and was submitted to a journal publication. The Chapter is part 2 of the two-part publication 

work on SHB testing methodology.  

Chapter 7 investigates rock salt response to blasting based on its geomechanical characteristics. 

Traditional cratering mechanisms involved in hard rock blasting are revisited and contrasted to the observed 

response of rock salt. An additional  cratering mechanism induced by the interaction of emitted and reflected 

pressure waves is identified for low impedance and low mechanical strength rock masses. The phenomenon 

is described via an analytical solution to investigate parametrically the influence of the pressure pulse shape 

and system geometry on the cratering mechanism. Numerical simulations were performed  with the finite 

element method (FEM) software LS Dyna (Livermore Software Technology, 1998) to compare the 

prevalence of the cratering mechanism in rock salt versus hard rock mass types. The Chapter was submitted 

to a journal publication.  

Chapter 8 presents a procedural methodology to derive site specific guidelines for blast design in 

underground rock salt mines.  The Chapter proposes a holistic review of rock salt blasting considering 

typical explosives used, underground excavation geometry, mining equipment, and geomechanical settings. 

Rock salt cratering behaviour is described with emphasis on blast pressure seed pulse shape and influence 

of burden dimension. SHB testing with TLS survey is used to quantify blastability and burden dependent 

relationships. Calibrated crater model parameters are used to derive blast pattern configurations. Field work 
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performed at the three rock salt mines are presented to showcase the application of the proposed procedural 

methodology. The Chapter is structured as a paper and was submitted to a journal publication.  

Chapter 9 discusses potential variations to SHB configuration. Inclined SHB tests performed at the 

Ojibway mine are described and analyzed using the reporting and measurement methodology introduced in 

Chapter 5. The configuration geometry is inspected with respect to the assumed plane strain condition. The 

validity and limitations of such test configurations are discussed and practical recommendations are made 

for future test setting and analytical inspection.    

Chapter 10 presents a series of observations made from experimental, analytical and numerical  

work performed as part of the research study. The interaction between rock salt cratering mechanisms 

presented in Chapter 7 and other acknowledged cratering mechanisms is discussed by considering sequence 

of events during a burden removal by blasting event. The layout of a SHB is compared to multiple blastholes 

within a full-face blast pattern. The influence of delay sequencing on blasthole spacing and burden is also 

revisited to account for geometry constraint within underground mine settings. The validity of SHB testing 

and limitations of the proposed methodology and guidelines are discussed. 

Chapter 11 presents conclusions from the research study. A series of observations, precepts and 

notions for rock salt blasting are listed for future references. Concluding remarks pertaining to rock salt 

blasting in underground mines are presented. Future work is proposed as a path forward to continue the 

research performed in this study.  
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Chapter 2  

Overview of Rock Salt Geomechanical Behaviour with Practical 

Implications 

 Introduction 

This Chapter presents a review of the geomechanical behaviour of rock salt, including various factors of 

influence. The chapter is subdivided into four main sections: 

• Mineralogical description of polycrystalline halite (i.e. rock salt) 

• Depositional formation of evaporites with emphasis on rock salt 

• Geomechanical properties and response of rock salt under various stress states and loading 

conditions 

• Practical implications for rock salt mining  

This overview of relevant literature also incorporates practical experiences as well as physical and 

experimental observations gathered by the author (and collaborators) during the present research program.  

 

 Halite as an Industrial Mineral 

Halite is the mineral composed of sodium (Na) and chloride (Cl) forming the compound NaCl. In situ bulk 

halite extracted via mining methods and typically used as a road de-icing agent is referred to as rock salt. 

The term rock salt refers to the natural occurrence of polycrystalline halite and represents the reference 

terminology for scientific literature of related rheology, geomechanical characterization, and general 

extraction processes. The generic term salt refers to the monocrystalline formation of halite (e.g. table salt), 

and typically encompasses all different types of salt production methods (i.e. solar salt, rock salt, salt in 

brine, and vacuum salt).  
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According to the US Geological Survey (Bolen, 2020), total salt production in the US in 2019 

reached 42 MT (41% rock salt, 41% brine salt, 10% pan salt, 9% solar salt). 43% of the salt produced was 

used for road de-icing, while the balance is split between chemical industry (e.g. chlorine and caustic soda), 

chemical feedstock, food processing, and agricultural. World salt production in 2019 is estimated at 293 

MT, with China (60 MT), USA (43 MT), and India (30 MT) representing the top 3 country producers.  

Halite is part of a large group of naturally occurring minerals produced by the evaporation of a 

saturated solution (i.e. brine), termed evaporites.  The formation of evaporite minerals follows the seclusion 

and evaporation of bodies of salt water (Baar, 2013). Table 2-1 lists a series of evaporite minerals typically 

found in and around industrial mineral exploitation operations, with respective chemical formulae.  

Table 2-1: Common evaporite minerals and their respective chemical formula (Warren, 

1989) (subdivided into groups). 

Mineral name Chemical formula 

Chlorides:  

Halite 𝑁𝑎𝐶𝑙 

Sylvite 𝐾𝐶𝑙 

Carnallite 𝐾𝑀𝑔𝐶𝑙3 ∙ 6𝐻2𝑂 

Kainite 𝐾𝑀𝑔(𝑆𝑂4)𝐶𝑙  ∙ 3 𝐻2𝑂 

Sulfates:  

Anhydrite 𝐶𝑎𝑆𝑂4 

Gypsum 𝐶𝑎𝑆𝑂4 ∙ 2𝐻2𝑂 

Kieserite 𝑀𝑔𝑆𝑂4 ∙ 𝐻2𝑂 

Carbonates:  

Dolomite 𝐶𝑎𝑀𝑔(𝐶𝑂3)2 

Calcite 𝐶𝑎𝐶𝑂3 

Magnesite 𝑀𝑔𝐶𝑂3 

 

Halite crystals present a cubic (micro) structure, with a shape that varies in naturally occurring size 

based on depositional sequence and mechanical history. Halite monocrystals can range in size from 1 mm 

to 50 mm depending on historical evolution of the formation. Halite crystals will bond together to form 

agglomerations forming polycrystalline rock salt. High grade rock salt formations tend to exhibit prismatic 
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shapes, and fracture along perpendicular planes defined by salt’s microscopic structures. Figure 2-1 (a) 

shows the sharing structure of sodium and chloride that forms prismatic cells based on an octahedral crystal 

unit. Figure 2-1 (b) illustrates the packing of such a mineral structure resulting in prismatic occurrences.  

The mineral halite is characterized by a molar mass of 58.44 g/mol, a molar volume of 27.06 cm3/mol, and 

a density of 2.16 g/cm3. Sodium chloride fusion and boiling temperatures are 801 oC and 1465 oC, 

respectively (Flowers, et al., 2018). 

 

 

Figure 2-1: The rock salt structure as (a) a unit cell with edge sharing octahedra and (b) as 

an array of edge sharing octahedral. Taken from West (2014). 

The crystal bonding structure of halite, illustrated in Figure 2-1, presents fundamental features that 

directly influence the geomechanical properties of rock salt formations (and indirectly its extraction): 

• The sharing of atoms to form polycrystalline rock salt is structurally comparable to metallic 

bonding materials (although much weaker), and exhibits similar properties such as the presence of 

intra-crystalline dislocations and associated ductile behaviour.  

• The bonding structure of halite mono-crystals forming polycrystalline rock salt yields dense 

packing resulting in low material porosity. 

• The ionic bonds forming polycrystalline rock salt is characterized by weak links between crystals, 

resulting in low material strength.  
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Naturally occurring rock salt varies in grain shapes, sizes, and color, according to the depositional 

history of the minerals, the content of the solution from which the mineral originated, and influence of 

tectonic and other geological forces. Figure 2-2 shows samples from the Morton Salt Fairport mine, located 

within the Appalachian Basin geological formation (Ohio, USA).  Figure 2-2 (a) and (b) shows high grade 

samples with clear prismatic delineation between crystals. Figure 2-2 (c) shows a polycrystalline rock salt 

sample with visible structural deformation and anhydrite impurities. Crystals are observable in different 

shape and size, and present deformed structural features representative of the ore body evolution.  

 

Figure 2-2: Crystal samples from the Fairport salt mine (Ohio, USA): (a) and (b) high grade 

rock salt with prismatic crystalline delineation, and (c) structurally deformed 

polycrystalline sample with anhydrite.  

 

 



16 

 

 Rock Salt Depositional Formations 

Three sequential phenomena are commonly referred to when describing the formation of evaporite deposits 

(Babel & Schreiber, 2014). These processes can either be independent from one another, or evolve from 

one to the other following changes in conditions of the depositional sequence. Figure 2-3 illustrates 

conceptually the three processes (Babel & Schreiber 2014): (a) the lagoon basin concept, (b) the salina 

basin concept, and (c) the saline lake concept.  

 

Figure 2-3: Three concepts of salt seclusion and deposition: (a) lagoon basin, (b) salina 

basin, and (c) saline lake (Babel & Schreiber, 2014) 

The lagoon basin (Figure 2-3 (a)) describes the cyclical regeneration and evaporation of a salt water 

body in constant or frequent contact with a source of sea water. The salina basin concept (Figure 2-3 (b)) 

describes the progressive depletion and sedimentation of secluded salt water regenerated by surface inflows 

and seepage. The saline lake concept (Figure 2-3 (c)) describes a completely secluded salt water body 

evaporating and resulting in the progressive deposition of its soluble minerals.  
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Salt bodies at shallow depths are typically encountered in the form of tabular formations composed 

of homogeneous evaporite layers with sedimentary non-soluble overburden. For example, Salt formations 

found around and under the Ontario Great Lakes (North America) present tabular structures delimited above 

and below by dolomitic shale, and characterized by trapped aquifers several hundred meters above soluble 

evaporites (Landes, 1945; Goodman, 1983).  

Figure 2-4 presents a cross-sectional representation of the lithostratigraphy for the Michigan basin 

as observed in Windsor (Ontario, Canada). The Michigan basin as mapped in Figure 2-4 (b) is one of four 

major sedimentary basins located in North America. Figure 2-4 shows a cross-section of the Michigan basin 

with salt layers starting near the 300m (900 ft.) depth.  

 

Figure 2-4: Sedimentary basins in North America: (a) the Michigan basin schematic cross -

section (Burgess, 2008), (b) geographical location of the four sedimentary basin in North 

America (Michigan, Illinois, Williston, Hudson Bay) (Burgess, 2017), and (c) 

lithostratigraphy of the Michigan Basin as observed in Windsor (Ontario, Canada) 

(Jeremic, 1994).  

Depth  

in ft. 

Norfolk 

Dundee 

Detroit 

River 

limestone  

Sandstone 

Dolomite 

Upper salts 

Lower salts 
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Rock salt deposits can deform and fracture, exhibiting structural features such as joints, faults and 

preferential planes of failure when subjected to intense deviatoric stress fields. The purely brittle behaviour 

of rock salt is essentially consistent with hard rocks and can be described with similar parameters (e.g. 

compressive strength). The unique geotechnical nature of salt stems from its capacity to flow in a plastic 

(i.e. ductile) fashion under confinement. Rock salt’s ductile response to deviatoric stresses, combined with 

its relatively low density (2.16 g/cc), can lead to buoyancy rise through the surrounding host, creating 

vertical and sub-vertical structures such as domes and diapirs (Jeremic, 1994). Figure 2-5 illustrates the 

concept of dome growth (Kupfer, 1968), for which progressive buoyancy rise of rock salt takes place as the 

overburden thickens leading to increased stress and temperature.  

 

Figure 2-5: Dome growth concept. As more material is deposited over time, the confined 

halite becomes ductile and rises through buoyancy from the density differences with 

surrounding rock masses (taken from Jeremic, 1994; adapted from Kupfer, 1968).  

Evaporite deposits are habitually protected from natural erosion and dissolution by layers of less 

or non-soluble minerals or low porosity materials (e.g. clay, shale, dolomite). For example, diapir salt 

deposits found in the Windsor formation of the Eastern Canada Maritimes basin where the Pugwash and 

Seleine (K+S Windsor Salt) and Sussex Picadilly (Nutrien) mines are operated, are protected from erosion 

by layers of Gypsum that can be observed near beach fronts and other natural erosion locations.  

Some salt domes such as the ones found around the Mexican Gulf coast are in direct contact with 

sea water which perspires through thick layers of silt, creating a very slow dissolution process. Figure 2-6 
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illustrates conceptually a cross-section of the Weeks Island salt dome (New Iberia, Louisiana, USA). 

Overburden sediments, mostly sand and silt, cover the island, and provide a direct path between the nearby 

seawater, freshwater inflows, and the dome. Shallow mined out levels within the dome historically 

experienced localized sinkholes following crown-pillar subsidence (Knauth & Minkley, 2018). These 

excavations were backfilled with brine and abandoned, and a safe distance is now maintained from the 

current active workings.  

 

Figure 2-6: Conceptual representation of a cross-section for the Weeks Island salt mine 

dome (taken from Hoentzsch et al. (2019)). 

 Geomechanical Properties of Rock Salt 

This section contains a fairly broad overview of rock salt geomechanical behaviour, with a focus on 

phenomena encountered at stress levels induced near mining excavations. Rock salt has been the subject of 

extensive geological and geotechnical (geomechanical) research, particularly since the early 1980s when 

options were considered for underground repository of nuclear waste such as the Waste Isolation Pilot Plant 

(WIPP) (Ratigan, et al., 1991; Dusterloh, et al., 2015) and Germany BGR’s research group (Hunsche, 1992; 

Hampel, 2015); and storage of oil and gas such as the united States Strategic Petroleum Reserves (SPR), 

USA. These investigations have indicated that rock salt is a potential candidate for long-term repository 
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and storage due to its very low porosity, crack healing capacity, and ductile response under low to moderate 

deviatoric stresses.  

Rock salt research, however, lost some of its momentum at the turn of the 21st  century due in part 

to circumstantial events which led to legitimate concerns about viability as a natural host. These events 

include for instance nuclear radiation following an underground fire at the WIPP (Thakur, et al., 2016), the 

formation of sinkholes above the SPR caverns in the Weeks Island salt dome (Knauth & Minkley, 2018), 

and the collapse and unforeseen flooding of a few salt mines (e.g. Restof mine (Whyatt & Varley, 2008), 

Cargill’s Avery Island and Cleveland mines, Jefferson Island mine, Belle-Ile mine). Investigation on rock 

salt behaviour seems to have regained momentum in recent years with the reopening of the WIPP in 2016 

and various European research groups actively developing new solutions for underground storage in rock 

salt deposits (e.g. proceedings of SaltMech VIII conference (Roberts, et al., 2015)). 

Before presenting the main characteristics, it must be recalled that the geomechanical properties of 

rock salt are influenced by its origins and the historical evolution of the deposit (Vining & Nopola, 2015; 

Aubertin, et al., 2019). Key depositional factors impacting the mechanical behaviour include: 

• Original brine content which influences purity and composition. Impurities can increase material 

stiffness (e.g. anhydrite) of the material, or decrease cohesion and strength (e.g. clay, sandstone, 

moisture).  

• Diapiric and tectonic evolution can lead to additional heterogeneity and material folding, as well 

as changes in the stress field during uplifting process.  

• Depositional sequence and overburden thickness. 

2.4.1 Basic Mechanical Properties 

The elastic properties of rock salt can be defined by the Young’s modulus 𝐸 (GPa), also referred to as the 

modulus of elasticity or deformation modulus, and the Poisson’s ratio 𝜈 (unit less). Linear elasticity as 

described by Hooke’s law is defined as follow for uniaxial loading: 

 𝐸 = 𝜎𝑣/𝜖𝑣 (2.1) 
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where v is the vertical stress (MPa) and 𝜖𝑣 is the vertical strain (unitless). The corresponding Poisson’s 

ratio is defined as: 

 𝜈 = 𝜖ℎ/𝜖𝑣 (2.2) 

where 𝜖ℎ and 𝜖𝑣 are vertical and horizontal strain components.  

Hooke’s law for an isotropic medium can also be expressed in 3D for different loading conditions, 

using the bulk modulus 𝐾 (GPa) and the shear modulus 𝐺 (GPa) (Desai & Siriwardane, 1984): 

 휀𝑖𝑗 =
𝑆𝑖𝑗

2𝐺
+

𝐼1

9𝐾
𝛿𝑖𝑗 (2.3) 

where 휀𝑖𝑗 is the second order strain tensor (i.e. strain component 𝜖 along the side 𝑖 in its 𝑗 direction), Sij is 

the deviatoric stress tensor, 𝐼1 is the first invariant of the stress tensor, and 𝛿𝑖𝑗 is the Kronecker delta (𝛿𝑖𝑗 = 

0 when i ≠ j, 𝛿𝑖𝑗 = 1 when i = j). Commonly used definitions also include: 

 𝑆𝑖𝑗 =  𝜎𝑖𝑗 − 𝜎𝑚𝛿𝑖𝑗 (2.4)  

 𝐼1 =  𝜎1 + 𝜎2 + 𝜎3 = 𝜎11 + 𝜎22 + 𝜎33 (2.5) 

 𝜎𝑚 = 𝐼1/3  (2.6) 

where 𝜎1, 𝜎2, and 𝜎3 are the principal stresses, and 𝜎𝑖𝑗 is defined as the matrix: 

 𝜎𝑖𝑗 = [

𝜎11 𝜎12 𝜎13

𝜎21 𝜎22 𝜎23

𝜎31 𝜎32 𝜎33

] (2.7) 

The shear and bulk modulus can be expressed as follows:  

 𝐾 =
𝐸

3(1−2𝜈)
 (2.8) 

 𝐺 =
𝐸

2(1+𝜈)
 (2.9) 

Extensive laboratory experimental data has been collected and published for rock salt. Table 2-2 

summarizes results published on elastic properties from different rock salt deposits. A brief description of 

the deposit is also provided along with grain size and depth. These parameters can be useful for an early 

characterization of rock salt  
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Two key aspects distinguish the mechanical behaviour of rock salt from that of most other rocks. 

It has very low yield strength compared to its true initial elastic stiffness and it exhibits ductile inelastic 

response, and viscous response (elastic and inelastic time dependancy) even at low confinement levels. 

These specific features can affect the interpretation of tests results, including the determination of the elastic 

modulus. This may lead, for instance, to a lower apparent stiffness (modulus) in conventional testing during 

loading compared to unloading. This aspect is further discussed in subsequent sections.  

Table 2-3 presents a sample of strength properties for different rock salt deposits, extracted from 

the literature. The listed strength parameters are uniaxial compressive strength 𝜎𝑐  (MPa) and tensile 

strength 𝑇0  (MPa). Additional considerations are given in a subsequent section in regards to material 

strength under confining pressures.  

Data from Table 2-2 and Table 2-3 provide a useful range for the geomechanical parameters of 

rock salt. A summary of typical ranges is provided in Table 2-4 which will be used as empirical references 

throughout the present work. It should be noted that parameters associated with the linear Mohr-Coulomb 

failure criterion are not included here, as more suitable non-linear criteria are usually applied for rock salt, 

as discussed in section 2.4.6..  
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Table 2-2: Typical elastic properties for selected rocks salt deposits. 

Source Location Deposit Grain 

Size 

(mm) 

Depth 

(m) 

Elastic 

Modulus 

(GPa) 

Poisson 

Ratio 

Hansen, 1977 New Iberia, 

Louisiana 

Week’s Island 

Dome 

5-25 225 30.5 N.A. 

Hansen, 1977 Domtar Salt 

Mine, Louisiana.  

Cote Blanche 

Dome 

2-25 300 24.1 0.41 

Hansen, 1979 International Salt 

Mine, Louisiana 

Avery Island 

Dome 

2.5 -15 175 30.6 0.38 

Wawersik 

and Hannum, 

1980 

S.E. New 

Mexico 

Bedded Salt, 

>80% halite, 

>7% clay, >3% 

polyhalite, >3% 

anhydrite 

1 - 50  580 29.6-36.5 0.17-0.26 

NA 825 

Pfeifle et al, 

1981 

Swisher County, 

Texas 

Permian Bedded 

Salt. 

Hydrocarbon and 

anhydrite 

inclusions 

>10  770-

800 

26.6 0.33 

Pfeifle et al, 

1981 

Gibson Dome Paradox Basin 

(Anticlinal) 

3-15 1040 31.0 0.36 

Pfeifle et al, 

1981 

Pascagoula, 

Mississippi  

Richton Dome 5-10 360-

390 

31.5 0.36 

Pfeifle et al, 

1981 

Webster Parish, 

Louisiana 

Vacherie Dome 5 607-

616 

31.1 0.34 

Hansen et al, 

1984 

Diamond Crystal 

Mine, Louisiana 

Jefferson Island, 

Dome. Anhydrite 

impurities 

scattered 

<5 460 29.5 0.29 

Liang et al., 

2006 

Hubei Province, 

China 

Halite - 500-

1000 

5.15*  

 

0.31 

Anhydrite 21.75 0.23 

Halite/Anhydrite 

interlayered 

6.45 * 

 

0.23 

Guo et al., 

2012 

Jintan city, 

Jiangsu province, 

China 

>90% Halite, 

Thenardite, and 

Anhydrite 

- 900-

1100 

3.55* 

 

0.303 

Mellegard et 

al. (2012) 

Saskatchewan  

Potash fields 

100% NaCl - ~1000 31.1 0.17 

70% Halite,  

30% Sylvite 

28.1 0.16 

45% Halite 

40% Sylvite 

15% Clay 

27.8 0.16 

* Modulus measured in loading condition only. Not representative of elastic behavior.  



24 

 

Table 2-3: Failure strength characteristics for select rock salt deposits  

Source Location Deposit Depth 

(m) 
𝝈𝒄 (MPa) 𝑻𝟎 

 (MPa) 

Grain 

Size 

(mm) 

Hansen, 1977 New Iberia, 

Louisiana 

Week’s Island 

Dome 

225 13.9 1.24 5-25 

Hansen, 1977 Domtar Salt 

Mine, Louisiana.  

Cote Blanche 

Dome 

300 25.2 1.93 2-25 

Hansen, 1978 Carey Salt Mine, 

Lyons, Kansas 

Lyons Bedded 

Salt, clay 

horizontal layers 

of impurity 

300 25.2 1.63 N.A. 

Hansen, 1979 International Salt 

Mine, Louisiana 

Avery Island 

Dome 

175 23.1 1.17 2.5 -15 

Wawersik and 

Hannum, 

1980 

S.E. New Mexico Bedded Salt, 

>80% halite, >7% 

clay, >3% 

polyhalite, >3% 

anhydrite 

580 16.9 1.26 1 - 50  

825 25.7 1.63 

Pfeifle et al, 

1981 

Swisher County, 

Texas 

Permian Bedded 

Salt. Hydrocarbon 

and anhydrite 

inclusions 

770-800 22.1 1.72 >10  

Pfeifle et al, 

1981 

Gibson Dome Paradox Basin 

(Anticlinal) 

1040 33.6 2.61 3-15 

Pfeifle et al, 

1981 

Pascagoula, 

Mississippi  

Richton Dome 360-390 13.3 1.32 5-10 

Pfeifle et al, 

1981 

Webster Parish, 

Louisiana 

Vacherie Dome 607-616 15.3 1.12 5 

Hansan et al, 

1984 

Diamond Crystal 

Mine, Louisiana 

Jefferson Island, 

Dome. Anhydrite 

impurities 

scattered 

460 24.0 1.54 <5 

Guo et al., 

2012 

Jintan city, 

Jiangsu province, 

China 

>90% NaCl, 

Thenardite, and 

Anhydrite 

900-

1100 

24.93 - - 

Tijani et al., 

(2012) 

Central Europe 

Salt Dome 

Brecciated salt 

with high content 

of insoluble (70% 

Halite) 

1990 - 2.4 - 
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Table 2-4: Typical range of geomechanical parameters for rock salt  

Parameter Typical range 

𝑬 (linear unloading) 20 - 30 GPa 

𝝂 0.25 – 0.35 

𝑪𝟎 20 - 30 MPa  

𝑻𝟎 1.0 – 2.0 MPa 

𝝆 2.15-2.2 g/cm3 

 

2.4.2 Dynamic Behaviour of Rock Salt 

Most materials, including rock, exhibit an increased strength with increasing strain rate (Fairhurst, 1975; 

Brady & Brown, 1993; Qian, et al., 2009). Figure 2-7 (a) illustrates uniaxial compressive testing results 

obtained on granite, sandstone, and marble expressed in terms of the dynamic increasing factor 𝐷𝐼𝐹 

(defined by the ratio of the dynamic to quasi-static strength) as a function of strain rate (natural log scale). 

Figure 2-7 (b) conceptually plots the response of dynamic strength for an increasing strain rate, and presents 

three regimes of material response (Qian, et al., 2009). The first regime is associated with low strain rates 

measurable through conventional laboratory settings (e.g. uniaxial and triaxial cells). The influence of strain 

rate in this regime is dictated primarily by thermo-activated mechanisms (Kuksenko, et al., 1975; Qian, et 

al., 2009). The second regime relates to the effects of viscosity and momentum during dynamic wave 

propagation. This second regime, typically observed for strain rates between 100-102 s−1 to 104 s−1, is of 

particular interest for violent shocks leading to failure, such as blasting events and rock bursts. The third 

regime relates mostly to thermally-influenced rupture of intermolecular bonds.  
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Figure 2-7: Dynamic increasing factor DIF of rocks plotted (a) for lab testing samples and 

(b) conceptual representation. Adapted from Qian et al. (2009). 

The dynamic behaviour of rock masses can be tested under high strain rates using the Split 

Hopkinson Pressure Bar (SHPB) system. SHPB testing is performed by inducing a shock to a sample placed 

between two metal bars, and measuring the strain profile during the testing to capture dynamic parameters. 

Figure 2-8 illustrates the concept of an SHPB apparatus as described by Chen & Song (2011). In the figure, 

the sample is positioned between two incident bars which transmit the pulse to the sample.  

A variation of the SHPB, the Hopkinson Pressure Bar method is used to measure the tensile strength 

of a material. Pressure is induced at the edge of a rod sample. The wave propagates longitudinally through 

the rod, and is reflected in tension at the edge. The reflected wave is partially nullified by the tail of the 

compressive pressure wave and eventually generates a failure plane parallel to the reflective surface. Strain 

gauges along the sample capture the strain profile of the rod during the experiment. The stress at which 

failure occurs is extrapolated from the strain profile along the rod and the known elastic parameters of the 

material. Dynamic compressive response of the rock mass is performed by adding soft material after the 

output bar to absorb the pressure wave and prevent reflection.  The Hopkinson Pressure Bar configuration 

is discussed and described at length by Hashemi & Katsabanis (2018). 

ln(𝜖 ∙ 𝑠−1) 𝜖 ∙ 𝑠−1 

DIF DIF 
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Figure 2-8: Schematic of a SHPB testing system. Taken from Xia & Yao (2015). 

Klepaczko et al (1991) collected data from dynamic compressive tests performed using a Split 

Hopkinson Pressure Bar (SHPB) system (Chen & Song, 2011; Xia & Yao, 2015) on rock salt. Figure 2-9 

plots a summary of their results, which indicate various regimes. The results showcase a reduction in 

material strength for increasing strain rate in the 10−1 − 101 𝑠−1 range. Klepaczko et al. (1991) inferred 

that the regime where reduction in material strength is measured is the result from global embrittlement 

during the compressive wave propagation phase without catastrophic failure of the specimen. The reflected 

wave encounters weakened material which fails after comparably lower strain increments are achieved. At 

higher strain rate, rock salt then exhibits dynamic behaviour consistent with traditional theory as illustrated 

in Figure 2-7.  
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Figure 2-9: Rate spectrum of failure stresses for tested rock salt. Taken from Klepaczko 

(1991). Data points from experimental work performed at École Polytechnique, Paris, 

(black circles) and Metz University (white circles). White squares are mean data values.  

Fang et al. (2012) conducted an investigation on rock salt using an SHBP apparatus to test 

specimens under a confinement from 5 to 25 MPa, and measure the resulting dynamic increase factor (𝐷𝐼𝐹). 

Figure 2-10 plots the main results for the different confinement conditions. Results are consistent with 

conventional theory, and showcase a pronounced strength increase in the 102 − 103 𝑠−1. 

Bauer et al. (2019) performed a series of relatively high strain rate tests (up to 50 s-1) on rock salt 

samples using SHPB at the Sandia National Laboratories (New Mexico, USA). Bauer et al. reported 

dynamic increasing factor 𝐷𝐼𝐹  measurements as low as 0.7. These measurements are consistent with 

Klepaczko et al. (1991) measurements for moderate strain rates. High speed photogrammetry was used to 

capture the fracturing mechanism during testing. The negative effect of pressurized fluid-filled pores in 

crystals where micro-cracks originated was identified as a possible explanation for the lowered 𝐷𝐼𝐹 values 

at higher strain rates.  
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Figure 2-10: Dynamic increasing factor DIF for the compressive strength on rock salt as a 

function of the strain rate for different confining pressures. Test results were obtained from 

a modified Split Hopkinson Pressure Bar test apparatus. Taken from Fang et al. (2012). 

 

Figure 2-11: Tests results from Bauer et al. (2019) on different rock salt types. Results 

compare the ultimate compressive strength, the dilation strength, and the quasi -static 

compressive strength. 
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It is worth noting that very limited data has been published on the mechanical behaviour of rock 

salt under high strain rates. The low tensile strength and low cohesion at low confinement of rock salt 

adversely impact the feasibility to prepare and test samples under dynamic conditions. Typical SHPB 

apparatuses accommodate rod samples with diameters ranging from 10-25 mm, thus limiting the application 

to material exhibiting a coarse grain structure such as rock salt. Some installations have developed larger 

SHPB systems with 100 mm rods, using incidence bars to apply the load. These systems challenge the 

limits of the gas guns inducing the dynamic load and are not common (see also Chen & Song, 2011). 

2.4.3 Pressure Wave Velocity in Rock Salt 

Two main acting waves are considered for geotechnical events pertaining to mining processes such as 

blasting events: compressive pressure wave, i.e. P-Wave; and the shear wave, i.e. S-Wave. The Rayleigh 

wave associated with undulation of a surface is not discussed here. The respective P and S wave velocities 

𝑉𝑝 and 𝑉𝑠 (km/s) are computed as a function of the elastic properties and density: 

 𝑉𝑝 =  √
𝐸(1−𝜈)

𝜌(1−2𝜈)(1+𝜈)
= √

𝐾+
4

3
𝐺

𝜌
 (2.10) 

 𝑉𝑠 =  √
𝐸

2𝜌(1+𝜈)
= √

𝐺

𝑃
 (2.11) 

In most blasting applications, the shear wave is neglected given its lesser impact on rock mass 

damage, and lower propagation speed (Persson, et al., 1994). Table 2-5 presents a selection of literature 

data for P-wave velocity measured in rock salt.  
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Table 2-5: Select literature sample for P-wave velocity in rock salt. 

Location Reference 𝑪𝒑 (m/s) 

Winnfield salt dome 

(Louisiana, USA) 

Nicholls & Hooker (1962) 4389 

Reference value  Gebrande (1982) 4560 

Deep salt dome, Central Europe 

70% NaCl, 30% insoluble 

(density 2.25 g/cc) 

Tijani (2012) 4630 

Well logs in Gulf of Mexico Zong et al. (2015) 4400-4550 

Napoleonville Salt dome 

(Louisiana, USA) 

Yan et al. (2016) 4530 (no confinement) 

4635 (𝜎3~60 𝑀𝑃𝑎) 

Weeks Island salt dome 

1400’ level 

Buchholz (2017) 4710 

Weeks Island salt dome 

1500’ level 

Buchholz (2017) 4570 

 

2.4.4 Visco-plastic Behaviour of Rock Salt  

Many studies have shown that rock salt subjected to deviatoric stresses exhibits a visco-plastic response 

(Carter & Hansen, 1983; Hansen, et al., 1984; Senseny, et al., 1992; Liang, et al., 2007; Roberts, et al., 

2015; Wisetsaen, et al., 2015). This visco-plastic behaviour of rock salt is associated with a pronounced 

time-dependency that manifests in different ways, depending on the loading conditions, such as continuous 

straining under constant stress (i.e. creep). The physical processes behind this strain and strain rate 

dependent behaviour are related to the motion, interaction and eventual pile-ups of intra-crystalline 

dislocations, counter-balanced by thermal recovery effects (Munson & Dawson, 1981; Carter, et al., 1993; 

Cristescu & Hunsche, 1998). The creep phenomenon is commonly observed with crystalline evaporites 

such as rock salt and potash. It can also be observed with re-crystallized and artificially generated rock salt 

material such as compressed blocks of crushed salt (e.g. salt licks) (Guessous, et al., 1987; Yahya, et al., 

2000).  

Under typical loading conditions in the laboratory (i.e. conventional triaxial compression, CTC), 

rock salt exhibits a ductile isovolumetric behaviour below its damage initiation threshold, 𝐷𝐼𝑇 (Senseny, 
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et al., 1992; Thorel, 1994). In this regime, the visco-plastic behaviour of rock salt is analogous to the ductile 

response of metals characterized by inelastic deformation without inelastic volumetric strains (Le Comte, 

1965; Carter & Hansen, 1983; Carter, et al., 1993; Van Sambeek, et al., 1993). Such ductile behaviour can 

be very complex as it shows a strong history dependency with a pronounced influence of hardening 

mechanisms.  

The dilatancy boundary, which defines DIT for ductile rocks, is analogous to the crack initiation 

threshold 𝜎𝑐𝑖 (MPa) for hard rock (Martin & Chandler, 1994; Eberhardt, et al., 1998; Diederichs, et al., 

2004). Figure 2-12 shows a stress-strain diagram for brittle rock subjected to compressive strain under low 

confinement. The crack initiation threshold 𝜎𝑐𝑖  (MPa) delimits the onset of positive volumetric strain 

preceding the development of microscopic cracks. The crack damage threshold 𝜎𝑐𝑑  (MPa) defines the 

condition where macroscopic cracks develop from the interaction and coalescence of microscopic cracks.  

A similar behaviour has been observed with rock salt subjected to deviatoric stresses (Hunsche, 

1992; Van Sambeek, et al., 1993). Above the 𝐷𝐼𝑇  (i.e. above the crack initiation threshold 𝜎𝑐𝑖 ), 

microfracturing comes into play and leads to rock salt damage up to failure in the semi-brittle and brittle 

regimes. These are illustrated in Figure 2-13 which shows a conceptual representation of the inelastic 

response of rock salt in terms of the conventional triaxial compression deviatoric stress and confinement 

stress. The figure presents the deviatoric stresses as the difference between axial and radial stresses, 

𝜎𝑎𝑥𝑖 (MPa) and 𝜎𝑟𝑎𝑑(MPa), normalized by the uniaxial compressive strength 𝜎𝑐  (MPa). The confining 

stress is represented by 𝜎𝑟𝑎𝑑, normalized by 𝜎𝑐.  

Figure 2-13 delineates different characteristic zones defining the response of rock salt to deviatoric 

loading. It is noted that purely elastic response is only present for very low deviatoric stresses given the 

elastic limit can be as low as 1 MPa, although values around 3-4 MPa are more commonly reported 

(Hunsche, 1992; Sgaoula, 1997). Above its elastic limit, salt flows plastically as a result of dislocation 

motions, and exhibits strain hardening response due to dislocation pileups impeding further motion, 

requiring additional deviatoric stress to maintain a constant strain rate. Sufficiently large deviatoric stresses 
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(above 𝐷𝐼𝑇, dependent of confining stresses) lead to a semi-brittle behaviour, particularly at low confining 

stress, where micro-fractures begin to form and coalesce. The stress locus defining the onset of rock salt 

semi-brittle behaviour, with accompanied by inelastic volumetric straining (Sgaoula, 1997) is the basis for 

dilatancy criteria sometimes applied for the design of underground excavations in rock salt (e.g. (Van 

Sambeek, et al., 1993).  

The 𝐷𝐼𝑇 boundary, like most microscopic mechanisms involved with ductile behaviour, is affected 

by previous loading cycles which reached beyond 𝜎𝑐𝑑. For example, a sample under constant strain test 

allowed to reach beyond 𝜎𝑐𝑑 (i.e. micro-cracks start to interact and coalesce) and subsequently unloaded 

and then reloaded will reach its dilation onset sooner. 𝐷𝐼𝑇 however is independent of the strain rate (in the 

typical range considered for conventional triaxial testing).  

The ductile regime of rock salt deformation is dictated by crystalline dislocations (Le Comte, 1965; 

Carter & Hansen, 1983), producing inelastic (plastic) flow without volumetric strain. This regime is 

prevalent at relatively high confining pressure, and effectively limits the generation and expansion of micro 

and macroscopic fractures. Higher temperatures and slower strain rates also favour ductile deformation in 

rock salt (Hunsche, 1992).  

The accumulation of dislocations along preferential sliding planes (i.e. pile-ups) impedes plastic 

flow and reduces the rate at which movement can take place. This strain hardening process is sometimes 

referred to as transient or primary creep (Carter & Hansen, 1983). This process may have a directional (non-

isotropic) component. Dislocation pileups are counterbalanced by thermal and dynamic recovery 

mechanisms which create new paths for dislocation movement. The balance of these opposing mechanisms 

can result in a constant strain rate under constant stress, which is often referred to as secondary or steady 

state creep. If differential stresses are sufficiently high (above the DIT), the strain rate under a constant 

stress may eventually accelerate with the development of microcracks from the coalescence of 

microfractures induced within the semi-brittle regime, a process referred to tertiary creep (Carter & Hansen, 

1983; Cristescu & Hunsche, 1998; Gunther, et al., 2015).  
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Figure 2-12: Stress-strain diagram for brittle rocks subject to compressive strain under 

confinement. Taken from Martin & Chandler (1994). 

 

Figure 2-13: Salt visco-elasto-plastic response under conventional triaxial compression 

testing. Adapted from Julien (1999).  
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Figure 2-14 presents an idealized strain evolution curve for a constant stress creep test. The figure 

conceptually differentiates the three creep stages, and the respective strain components are added to 

compute total inelastic strain. As stated earlier, tertiary creep takes place if deviatoric stress is above the 

𝐷𝐼𝑇 defined by the confinement conditions and accumulated plastic strain in the semi-brittle regime. For a 

constant stress test in the semi-brittle regime, the 𝜖 − 𝑡 curve would follow the yellow (top) curve plotted 

in Figure 2-14, and exhibit apparent steady state creep before accelerating until failure. Dilation would be 

induced by microcracks developing despite the apparent steady state creep phase. For a constant stress test, 

the point in time at which inelastic deformation accelerates (red line in Figure 2-14) is dependent upon the 

number of microcracks initially present, and cumulative strain induced to the sample (Sgaoula, 1997).  

 

Figure 2-14: The three creep stages of rock salt (taken from Wittke, 2014) under constant 

stress. Tertiary creep leading to failure is only achieved if stress conditions 𝝈 (MPa) is 

larger than the semi-brittle threshold 𝝈𝒕 (MPa) (i.e. DIT).   

As expressed previously, the nature of rock salt’s ductile behaviour is characterized by opposing 

mechanism   dictated by cumulative strain, strain rate, stress conditions, and temperature. Munson (1997) 

𝑑𝜖

𝑑𝑡
> 0 in semi-brittle 
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described this evolving state in terms of potential functions converging towards a phenomenological 

equilibrium where hardening and recovery mechanisms are balanced (i.e. steady state creep). This evolutive 

state is illustrated conceptually in Figure 2-15. 

 

Figure 2-15: Conceptual potential creep functions for opposing work hardening and 

recovery mechanisms (taken from Munson, 1997).  

For excavations in rock salt, the virgin in situ conditions are initially dominated by work hardening 

mechanism (left of the equilibrium point of Figure 2-15) as more intercrystallite dislocations start to pile 

up. The decreasing strain rate eventually stabilizes as recovery mechanisms generate new dislocation 

sliding paths. An increase in temperature (e.g. nuclear waste) or a decrease in deviatoric stress (e.g. 

tensioned roof support) leads to strain softening dictated by the recovery mechanisms dominating the 

situation until steady state is reached.  

2.4.5 Constitutive Formulations for the Behaviour of Rock Salt 

Strain induced on rock salt (and in other crystalline materials) can be described as the summation of elastic 

and inelastic deformations (e.g. Carter & Hansen, 1983): 
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 𝜖 =  𝜖𝑒𝑙 + 𝜖𝑖𝑛  (2.12) 

where 𝜖 is total strain, and 𝜖𝑒𝑙 and 𝜖𝑖𝑛 are elastic and inelastic (plastic and visco-plastic) strain components. 

The time dependent inelastic (visco-plastic) strain is commonly partitioned as the summation of 

the three (creep) stages (Jeremic, 1994; Munson, 1997): 

 𝜖𝑖𝑛 =  ϵp + 𝜖𝑠 + 𝜖𝑡 (2.13) 

where 𝜖𝑝, 𝜖𝑠, and 𝜖𝑡 are the inelastic primary, secondary and tertiary strain components summed to obtain 

inelastic strain 𝜖𝑖𝑛.  

Partitioned formulations dominated early generations of constitutive models for rock salt (Carter 

& Hansen, 1983; Jeremic, 1994), and many were implemented in numerical modelling software such as 

FLAC (Itasca, 2000). Over the last two to three decades, however, the description of inelastic strains (and 

strain rates) in rock salt has progressed towards unified formulations where the different inelastic stages 

naturally evolve from one to the other. Such unified creep (or visco-plastic) models represent a more 

mechanistically sound approach, when considering for instance that primary and secondary creep stages 

are effectively controlled by the same evolving mechanisms (Hampel, et al., 2010).  Such a unified approach 

(with isotropic hardening) was used for example by Aubertin et al. (2018) to simulate the viscoplastic 

behaviour of pillars in underground mines. 

 

2.4.5.1 Norton-Bailey power law 

The Norton-Bailey law or power (creep) law is arguably the most common formulation used to 

describe the creep of rock salt in numerical modelling and analytical inspections (Morgan & Krieg, 1988; 

Beddoes & Finley, 1993; Beddoes & Mackitosh, 1993; Van Sambeek, 1996; Sgaoula, 1997; Boulianne, et 

al., 2004). The power law equation, originating from the micromechanics of inelastic flow in crystalline 

materials, describes the nonlinear relationship between the stress required to induce strain at a constant 

(stationary) strain rate. This power law equation can be expressed as follows: 

 휀�̇� = 𝐴𝑁  𝜎𝑑
𝑛 (2.14) 
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where 휀�̇� is secondary creep strain rate, σd  is the deviatoric stress (MPa), 𝐴𝑁 (MPa−𝑛 ∙ s−1 ) is a temperature 

dependent material constant, and n is the exponent controlling the strain rate. The power law can also 

include a temperature dependent term, based on the Arrhenius function (Munson & Dawson, 1979; Brouard 

& Bérest, 1998; Bérest, 2013): 

 휀�̇� = 𝐵𝑁  𝜎𝑑
𝑛𝑒−

𝑄ℎ
𝑅𝑇 (2.15) 

where 𝐵𝑁 is a material constant, 𝑄ℎ is thermal activation energy, R is the gas constant, and T (Kelvin) is 

temperature.  

Table 2-6 lists values of parameters for the power law from different rock salt deposits collected 

from literature and exchanges with industrial partners. Figure 2-16 plots the power law curves for the 

different deposits listed in Table 2-6. 

Equation 2.14 has been adapted the capture the deviatoric stress dependent nature of both 𝐴𝑛 and 

𝑛:  

 휀�̇� = {
𝐴1 𝜎𝑑

𝑛1         𝜎𝑑 ≤  𝜎𝑟𝑒𝑓

      𝐴2 𝜎𝑑
𝑛2         𝜎𝑑 ≥  𝜎𝑟𝑒𝑓      

 (2.16) 

where A1 and A2 are temperature dependent material constants, and n1, n2 and 𝜎𝑟𝑒𝑓 (MPa) are material 

parameters (with n1 < n2 ).  Alternatively, the stress dependency of the steady-state strain rate can also be 

expressed in terms of exponential or hyperbolic sine laws (Munson & Dawson, 1981). 
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Table 2-6: Creep parameters for selected deposit 

Deposit A1 A2 𝑩𝑵 n1 n2 𝝈𝒓𝒆𝒇 𝑸𝒉

𝑹
 

Mine Seleine1 4.40 x 10-17 1.5 x 10-13 - 4.5 1.5 15 - 

Weeks Island Mine2 2.50 x 10-15 3.38 x 10-15 - 4.73 2.5 9 - 

Ojibway Mine1 1.25 x 10-12 - - 2 - - - 

Avery Island3 7.16 x 10-14 - 6.53 x 10-8 4.11 - - 4076 

Richton well3 8.83 x 10-17 - 2.60 x 10-2 5 - - 9895 

Tatum well3 9.73 x 10-14 - 1.57 x 10-5 4.259 - - 5613 

Vacherie well3 7.45 x 10-14 - 8.71 x 10-3 2.22 - - 7569 

WIPP3 3.97 x 10-17 - 2.69 x 10-8 4.9 - - 6039 

1 Site calibration 
2 Buchholz (2017) 

3 Kelsall and Nelson (1983) 
 

 

 

Figure 2-16: Power law creep curves for different rock salt deposits.  
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2.4.5.2 Advanced models for the visco-plastic behaviour of rock salt 

Hampel et al. (2010) presented a benchmarking study of modern constitutive models for rock salt visco-

plastic (rheological) behaviour. The study notes that these relatively recent models usually account for 

transient, stationary and (if required) tertiary creep phenomena with physically coupled and interdependent 

components. Such models are commonly based on unified representations of the inelastic e behaviour, 

which were first developed for polycrystalline ductile materials such as metals at intermediate to high 

temperatures (Poirier, 1985; Nadgornyi, 1988; Lubliner, 1990; Skrzypek & Hetmarski, 1993). Internal state 

variables that reflect the evolution of specific features of the material (micro)structure, such as the internal 

stress generated by hardening and recovery processes, were implemented within constitutive models to 

account for evolving of the inelastic (visco-plastic) behaviour to represent the different mechanisms 

converging towards equilibrium at stationary state. (Argon & Takeuchi, 1981; Aubertin, et al., 1991; 

Skrzypek & Hetmarski, 1993; Krausz & Krausz, 1996). 

Major applications for state-of-the-art constitutive models for rock salt have revolved around 

nuclear waste repository (e.g. WIPP, USA; BGR, Germany) and storage caverns Berest (2013). A review 

of the most recent Mechanical Behaviour of Salt Conference Proceedings (Berest, et al., 2012; Roberts, et 

al., 2015; Fahland, et al., 2018) reveals that the mining industry has not played a significant role in the 

advancement of constitutive modelling of rock salt. This is explained in part by the complexity of the 

various formulations in their attempt to capture a wide range of physical conditions (e.g. very large 

temperature fluctuations and wide time range from a few years to centuries and more), the limited 

availability of the models readily implemented in commercial numerical software (such as FLAC (Itasca, 

2000)), and a lack of clearly defined (and cost effective) calibration methodology. As a result, rock salt and 

potash mining operations often tend to neglect more complex conditions such as transient creep, and 

struggle to take into account stress redistribution and relaxation using model formulations based only on 

stationary creep (such as the power law equation presented above). Calibration of the model parameters 

during active excavating sequences often lead to an erroneous assessment of evolving transient creep 

behaviour, which is compounded by the limited knowledge of the (evolving) stress field conditions. The 
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influence of excavation sequencing on creep and calibration of model parameters was investigated using 

numerical simulations with a unified model with an internal state variable by the author; the article 

(Aubertin, et al., 2018) , published at the 52nd U.S. Rock Mechanics and Geomechanics Symposium, is 

presented in Appendix E. 

Table 2-7 lists some of the recently developed state of the art constitutive models describing the 

visco-plastic behaviour of rock salt. This table complements Hampel et al (2010) review of German based 

models and developments from recent years.  

Table 2-7: Selection of visco-plastic constitutive models for salt creep of relevance in 

modern applications.  

Model name Partner/Application Reference 

Munson-Dawson (MD) WIPP (Munson & Dawson, 1979; Munson, 

1997) 

SUVIC Ecole Polytechnique 

Montreal 

(Aubertin, et al., 1991; Aubertin, et al., 

1999; Yahya, et al., 2000) 

Cristescu DTU, Denmark (Cristescu, 1993; Cristescu & Hunsche, 

1998; Agergaard, 2009) 

Hou/Lux model Clausthal University of 

Technology (TUC 

(Hou, 2003) 

IUB-MDCF IUB (modification of Munson 

Dawson) 

(Rokahr, et al., 2004) 

FZK model Karlsruhe Institute of 

Technology, (Germany); 

WIPP 

(Pudewills, 2007) 

Minkley mode Institute fur Gebirgsmechanic 

GmbH (IFG) 

(Minkley & Muhlbauer, 2007) 

Gunther/Salzer (GS) model Institute fur Gebirgsmechanic 

GmbH (IFG) 

(Gunther & Salzer, 2012) 

Composite Dilatancy 

Model (CDM) 

BGR, Germany (Hampel, 2012; Hampel & Schulze, 

2017) 

Munson-Dawson (update) WIPP, Sandia National 

Laboratories 

(Reedlunn, 2018) 

2.4.6 The Brittle Regime of Rock Salt 

Empirical and semi-empirical failure criteria (such as Hoek-Brown) and geomechanical classifications (e.g. 

GSI, RMR) commonly used for rocks and rock masses have very limited applicability for the behaviour of 
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rock salt, even in the brittle regime. The ductile and semi-brittle behaviour, which dominates the response 

of rock salt, induce highly non-linear and history dependent stress-strain relationships. In addition, the low 

porosity of rock salt (with little micro-cracking due to healing) and the absence of macroscopic 

discontinuities in rock salt deposits leads to a very different scale effect then the one observed for jointed 

(hard) rock masses. For instance, the increase in sample size does not translate into a decrease in strength 

for intact rock salt, nor into a reduced rock mass strength due to an increased influence of joint frequency, 

as is typically the case for fractured rock masses (Hoek & Brown, 1980). Observations on rock salt rather 

indicates that rock mass strength is similar to that of the intact rock (Swift & Reddish, 2005; Ozkan, et al., 

2009). Scale influence on rock salt is mostly related to the presence of impurities and largely depends on 

confinement conditions. For instance, the cohesion of rock salt at open outcrops has been shown to be 

controlled by mineral impurities, thermal and moisture driven microscopic recrystallization, and structural 

interlock from tectonic and diapirism evolution of the deposit (Kupfer, 1968; Jeremic, 1994).  

Another key feature of rock salt behaviour in situ is that the undisturbed stress state tends to 

converge towards an isotropic condition due to the low yield strength and ductile behaviour. The latter also 

plays a major role in effectively preventing fractures from forming and coalescing.  

As indicated above, there are nonetheless some conditions under which microcracking will develop 

in rock salt and eventually lead to fracture (and failure), particularly for tensile stresses or under low 

confining pressure when the deviatoric stress exceeds the DIT (Van Sambeek, et al., 1993; Cristescu & 

Hunsche, 1998; Roberts, et al., 2015).  

Specific empirical design methods have been developed for rock salt by various authors to provide 

engineers with tools for practical guidelines (Beddoes & Finley, 1993; Beddoes & Mackitosh, 1993; Van 

Sambeek, et al., 1993) which are often based on a calibrated strength criterion corresponding to the short 

term failure or dilatancy conditions (Roberts, et al., 2015).  

Different formulations have been proposed to represent the failure and dilatancy boundary of rock 

slat. For instance, Hunsche (1992) defined the following dilatancy criterion from true triaxial tests on cubic 

specimens: 
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 𝜏𝑜𝑐𝑡 ≥ 𝑓1𝜎𝑚
2 + 𝑓2𝜎𝑚 (2.17) 

where 𝜏𝑜𝑐𝑡 is the octahedral shear stress, 𝜎𝑚 is the mean stress, and 𝑓1 and 𝑓2 are calibrated parameters. 

This criterion is shown in Figure 2-17, with the upper and lower linear thresholds proposed by 

Spiers et al. (1998) and Ratigan et al. (1991) in the √𝐽2 - 𝐼1 plane, where: 

 𝐽2 =
1

6
[(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2] (2.18) 

 

Figure 2-17: Dilatancy criteria from Spiers et al (1988), Hunsche (1992) and Ratigan (1991). 

Adapted from Van Sambeek et al. (1993). 

Recent laboratory testing characterization campaigns on rock salt have shown that the dilatancy 

boundary and the material strength under confinement is non-linear. Figure 2-18 plots triaxial compression 

testing results on rock salt samples recovered from the Weeks Island salt dome (New Iberia, Louisiana, 

USA). The figure shows two sets of results for the failure stress and dilatancy stresses.  

It has been shown that the dilatancy boundary will eventually converge with the brittle threshold at 

high enough confinement. Figure 2-19 shows the failure and dilatancy envelope rock salt samples collected 

from the Waste Isolation Pilot Plant (WIPP) (Dusterloh, et al., 2015).

0

2

4

6

8

10

12

14

16

0 10 20 30 40 50

Ratigan et al (1991)

Spiers et al. (1988)

Power (Hunsche (1992))

𝐼1 (𝑀𝑃𝑎)

𝐽 2
(𝑀

𝑃
𝑎

)



44 

 

 

Figure 2-18: Failure stress and dilation stress envelopes for the Weeks Island salt dome 

(New Iberia, Louisiana, USA). Taken from Buchholz (2017).  

 

Figure 2-19: Failure stress and dilatancy stress curves for argillaceous rock salt from the 

WIPP. Adapted from Dusterloh et al (2015). 
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The peak (failure) stress curves in Figure 2-18 and Figure 2-19 tend to plateau as the confining 

stress approaches the uniaxial compressive strength 𝜎𝑐. Figure 2-19 shows that the dilatancy curve, which 

is initially lower than the failure envelope, progressively converges towards the latter curve when the 

confining pressure is increased. Under sufficiently high confinement, micro-fractures remain closed and 

new ones are unable to form or coalesce, even at a high deviatoric stress. The brittle and semi-brittle regimes 

give way to the ductile regime, as rock salt reacts to variations in stresses by corresponding variations in 

strain rate up to the stationary phase.  

Under very low confinement (as is the case near a free surface), rock salt material behaviour is 

largely influenced by its tensile strength 𝑇0. The Von Mises (VM) criterion has been used to describe the 

resistance in tension (see early modifications of the MD model to incorporate a damage factor in Reedlunn 

(2018)). The VM criterion can be formulated as 

 𝐽2 = 𝑘2 = (
𝑇0

√3
)

2
 (2.19) 

The non-linear Mises-Schleicher criterion (Lubliner, 2008), expressed as a function of the uniaxial 

tensile (To) and compression 𝜎𝑐 strength is a convenient function to represent the DIT and failure envelope 

of rock salt at relatively low mean stresses (Aubertin and Lis 2004; Li et al. 2005). The Mises-Schleicher 

(MS) criterion can be written as follows: 

 √3𝐽2 = √(𝜎𝑐 − 𝑇0)𝐼1 + 𝜎𝑐𝑇0 (2.20) 

A combination of MS at low mean stress and with the Drucker Prager (DP) criterion for higher 𝐼1 

values (with a low friction angle to approach the von Mises criterion), labeled MSDPu for Mises Schleicher 

Drucker Prager Unified, was proposed to represent the inelastic criterion (DIT and failure) of geological 

media including rock salt and other rock at different porosity (Aubertin & Li (2004), and Li et al. (2005)). 

It was shown that the MS portion of the criterion applies well to low-porosity material such as rock salt at 

low 𝐼1. Figure 2-20 (a) shows MSDPu curves with triaxial data points for the Avery Island salt dome 

(Thorel, 1994; Aubertin & Li, 2004). Figure 2-20 (b) shows the calibrated MS curve for the Weeks Island 

1400’ level with triaxial test data points from Buchholz (2017).  
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Figure 2-20: (a) MSDPu failure criterion for Avery Island rock salt (Aubertin & Li, 2004), 

and (b) MS curve for the 1400’ level at Weeks Island with triaxial data from Buchholz 

(2017). 

Brittle behaviour is not as prevalent in rock salt as it is with most other types or rock. As shown in 

Figure 2-13, the brittle regime is mainly encountered with rock salt for deviatoric compressive stresses near 

the failure envelope at very low confining pressure (e.g. pillar boundaries). This regime is dominated by 

microcracking leading to the development of shear failure planes (Gunther, et al., 2015) or large boundary 

parallel fractures as shown in Figure 2-21. 

 

Figure 2-21: Superficial slabbing at pillar boundary resulting from the low confining 

condition and shear stress induced by the ductile flow of the pillar core.  
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 Observations and practical implications for rock salt mining  

2.5.1 Long-Term Evolution of Excavations in Rock Salt  

The specific features of rock salt geomechanical behaviour has important implications for the analysis and 

design of underground excavations and their time-dependent behaviour. This section discusses practical 

observations that can be linked, at least in part, to previously described theoretical and fundamental 

concepts. Pictures from different rock salt mines are used to illustrate, as circumstantial evidence, the 

described phenomena. 

Rock salt’s non-linear visco-plastic behaviour implies that there is progressive stress redistribution 

around underground openings, during the extended period that precedes stationary state (when both the 

stress and strain rate fields remain constant). The application of natural and artificial support must take into 

account stress redistribution, and be designed to sustain the evolving deviatoric stresses. Sporadic support 

and localized reinforcement of rock salt leads to some stress transfer with zones of higher deviatoric stress, 

and increased inelastic strain rate. Figure 2-22 shows two locations where excavations with a complex 

geometry were reinforced with artificial support. In Figure 2-22 (a), telephone poles were massively 

installed in a trench exhibiting rapid convergence. The amount and condition of the wood poles showcase 

how complex geometries resulting in deviatoric stresses will lead to forceful convergence that can hardly 

be prevented by means other than literal backfill. Figure 2-22 (b) shows the 1400 level shaft landing station 

at the Weeks Island mine where the station was reinforced on its South side with concrete walls of 

approximately 2 meters, while the North section was left open. The resulting stress redistribution created 

large deviatoric stresses behind the concrete slabs. As a result, the rebar reinforced concrete walls converged 

by nearly 0.5 meters in less than 5 years. A concrete lined mine shaft in salt presents a good example of 

supported rock salt where confinement of the material is achieved in an isotropic fashion such that 

deviatoric stresses are minimal. However, landings where a change in excavation span, direction and 

support take place result in often increased plastic flow due to stress redistribution.  
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Rock salt pillars develop changing stress conditions according to considered depth within the pillar. 

The pillar initially exhibits changing deviatoric stress conditions during the excavation sequence where 

creep conditions converging towards stationary phase evolve as additional areas around the pillar are 

extracted. The pillar core reaches and subsequently undergoes stationary deformation and stress relief until 

stress conditions become isometric. Superficial salt around the pillar near the excavation undergoes 

deformation and deviatoric stress evolution due to vertical flow of the core, while being explicitly 

unconfined. As a result, low confinement near the opening renders the material weak, and plastic flow of 

the core create enhanced deviatoric stress in the form of a shear envelope around the excavation. As the 

pillar core continues to creep, stress conditions for superficial rock salt around the pillar converge towards 

the brittle threshold until failure (in the form of spalling) occurs. Figure 2-23 shows aging pillars at the 

Ojibway mine where an hourglass shape begins to form. Figure 2-23 shows localized spalling that follows 

stress redistribution path within the pillar, leaving the outlying portion at near-null confinement. Figure 

2-23 (b) shows an old room and pillar intersection at the Ojibway mine where corner pillars exhibit 

pronounced hourglass shape.  

Underground excavations within a tabular rock salt deposit will create zones of disturbance, stress 

redistribution, and relaxation in overlying layers. Evaporite and other sedimentary rocks bounding salt 

layers will often exhibit near-horizontal planes of weakness correlating the depositional sequence. These 

layers form horizontal beams above the excavation that have to resist tensile stresses induced around the 

excavation perimeter. The brittle behaviour of the excavation boundary in this situation is analogous to the 

Voussoir beam theory (Beer & Meek, 1982; Diederichs & Kaiser, 1999a). The inherent strength of this 

beam depends on structural characterization of joints perpendicular to the open surface, and vertical 

cohesion between the different layers. Diederichs & Kaiser (1999b), and Diederichs (2003) showed that 

relaxation of such a beam induced by the excavation sequence may result in structural instability and failure 

in tension. Consequently, room design in rock salt will intentionally leave a horizontal beam of salt between 

the excavation and layers of brittle material to prevent relaxation of the overlying material. The salt beam 
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may be supported using roof bolts to generate artificial confinement of the salt and increase its material 

resistance.  

 

Figure 2-22: Artificially supported rock salt converging: (a) stockpile trench at the Ojibway 

mine filled with wood piles to attempt prevention of ground movement, and (b) metallic 

pole adjoining a concrete pad at a landing station at the Weeks Island mine.  

 

Figure 2-23: Pillars at the Ojibway mine in old workings: (a) localized spalling induced by 

pillar core’s creep deformation, and (b) resulting pillar hourglass shape.  
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Figure 2-24 shows two collapsed roof sections from old workings at the Ojibway mine. The figure 

shows two pictures where the dolomitic shale collapsed in a dome-like shape. The pieces of failed roof 

exhibit near-horizontal failure planes. In these old workings, the pillars have converged vertically for over 

40 years, causing relaxation of the adjoining salt beam at the roof, and eventually leading to brittle failure 

driven by the overlying layers of dolomitic shale.   

A note on the excavation damage zone (EDZ) and roof support methods in rock salt. To this day, 

the evolution of the EDZ in rock salt remains extremely contentious. Researchers have attempted to couple 

plastic constitutive models with visco-plastic models by implementing calibrated dilation curves (Van 

Sambeek, et al., 1993; Sgaoula, 1997; Itasca, 2000), or calibrating the material to a defined criterion such 

as Mohr Coulomb or a more robust brittle threshold curve (e.g. MSDP) (Gunther, et al., 2015). As a 

consequence, the design and evaluation of roof support performance remains highly subjective and often 

empirical in nature. For example, roof support at the Avery Island mine is minimal (Gustafson, 1993) while 

the Weeks Island operation bolts systematically in all its excavations despite very similar geomechanical 

characteristics (Aubertin, et al., 2019). Similarly, the K+S Windsor Salt Pugwash (NS, Canada) and Seleine 

(QC, Canada) salt deposits present very similar material properties with high inherent cohesion of the 

material thanks to anhydrite impurities acting as a binding agent (Aubertin, et al., 2019). Nevertheless, the 

Seleine mine installs systematic mechanical bolts while Pugwash supports localized zones of structural 

instability induced by massive anhydrite.  

In some instances where pillars are sufficiently wide and support large stress loads, the redistributed 

stresses in the floors result in drastic deviatoric stress conditions which may lead to rapid floor convergence, 

i.e. floor heave. Figure 2-25 shows pictures taken at the Fairport mine (Ohio, USA) from (a) a primary 

crusher which was abandoned and eventually rose with floor heaving conditions; and (b) outcrop from a 

trench dug in the maintenance shop, where the lifting salt layers are seen above visibly intact dolomite.  
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Figure 2-24: (a) and (b) Roof falls at the Ojibway mine in old workings. Roof collapses 

follow a dome-like shape following stress redistribution profile around the excavation. 

 

Figure 2-25: Floor heaving at the Fairport mine: (a) an old primary crusher was abandoned 

and lifted by floor heaving; (b) outcrop of heaving salt with underlying layers of dolomite 

which appear completely intact.  

2.5.2 Considerations Towards Laboratory Testing 

2.5.2.1 Sampling and Sample Preparations 

The drilling and recovery of rock salt cores for reliable laboratory testing purposes present serious practical 

challenges due to its natural properties. Considerations include: 

• Coarser crystals which may require larger core diameter to meet testing specifications. 
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• High thermal expansion coefficient requires that the sampling process be cooled via fluid flushing. 

Saturated brine or oil must be used to avoid dissolution of the intact core.  

• Low cohesion of some rock salt can result in damaged or unrecoverable cores. 

• Heterogeneous geological transition, tabular bedding and localized anisotropic features can result 

in slabbing or crumbling of the cores, and influence the testing procedures (i.e. core orientation) 

and results.  

Core samples were drilled at the Weeks Island mine (La, USA) in 2017 for geomechanical 

characterization based on quasi-static tests. Figure 2-26 shows pictures of the coring system used during 

the sampling campaign. Cores of 12 inches in diameter were retrieved in situ and then further subsampled 

in the laboratory. Figure 2-26 (a) shows the core tubing used to retrieve the field samples. Figure 2-26 (b) 

shows the portable drill system connected to a source of saturated brine for cooling and flushing. Figure 

2-26 (c) illustrates the use of eye-bolts drilled in the sample to recover it.  

 

Figure 2-26: Coring equipment used at the Weeks Island mine for retrieving large rock salt 

samples for laboratory testing: (a) core tubing with diamond impregnated tips, (b) portable 

coring system, (c) core extraction process.  

0
.6

 m
 

0.3 m 

(a) (b) (c) 



53 

 

Retrieved cores are typically stored in pressurized containers under a isotropic confining pressure 

of 7 MPa at constant temperature for 7 to 14 days, to help with the healing of induced damages 

(microcracks) generated during the coring process. The cores are then subsampled and cut at the desired 

length using a saw and grinding wheel. Oil or saturated brine is used to cool the cutting systems because 

fresh water would dissolve the material.  

Samples and specimens are kept in plastic bags, lathe, or wax to avoid superficial recrystallization 

and the influence of air content moisture. Figure 2-27 (a) shows tanks used for sample healing at the 

RESPEC laboratory facilities located in Rapid City (South Dakota, USA). Figure 2-27 (b) shows a grinding 

wheel apparatus covered with curtains to enclose the oil-flushed system used for cooling purposes. Figure 

2-27 shows a set of samples kept in plastic bags during handling and storage. Figure 2-28 shows various 

rock salt specimens prepared for lab testing at the RESPEC laboratory facilities.  

 

 

Figure 2-27: Sample prepping systems for: (a) core healing under confinement, and (b) 

grinding wheel system covered by curtains and flushed using oil, and (c) samples kept in 

plastic bag for safe-keeping preservation. 
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Figure 2-28: Rock salt specimens prepared for testing at the RESPEC laboratory facilities. 

Specimen from 60 to 120 mm in diameter. 

2.5.2.2 Quasi-Static Testing 

Unconfined compressive tests are performed on rock salt specimens to obtain the uniaxial compressive 

strength, 𝜎𝑐 (MPa), the elastic modulus 𝐸 (GPa) and Poisson’s ratio 𝜈. Uniaxial compressive testing for salt 

is conducted by imposing a constant strain rate (휀̇ = 10-3 [s-1] to 10-4 [s-1]) and measuring the resulting load 

(Fairhurst & Hudson, 1999). Figure 2-29 shows a hydraulic loading equipment (press) used for uniaxial 

compressive testing (apparatus from Queen’s University Geomechanics research group, Kingston, ON, 

Canada). The specimens shown are 46 millimeters in diameter. Radial deformation strain gauges are 

mounted on the specimens (picture on the right) to evaluate volumetric strain in order to determine the 

strain (and stress) onset and evolution of dilation.  

        

Figure 2-29: Rock press at Queen's university, Geomechanics research group (Kingston, 

ON, Canada).  
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It is noted that rock salt exhibits a highly non-linear stress-strain curve under unconfined 

compressive loading due to the characteristically low elastic (yielding) limit and its ductile, viscoplastic 

(and hardening behaviour). Unconfined compressive testing of salt must include unloading cycles prior to 

reaching the peak stress to measure elastic-only stress-strain response (Jeremic, 1994; Sgaoula, 1997; 

Dusterloh, et al., 2015; Buchholz, 2017). Figure 2-30 shows a typical stress-strain curve from a uniaxial 

compression test, with two unload-reload cycles (giving elastic properties).  

Triaxial testing for rock salt is performed to characterize the brittle and dilatancy threshold of the 

material based on confinement conditions (Liang, et al., 2007; Guo, et al., 2012; Dusterloh, et al., 2015). 

Hunsche & Albrecht (1990) and Cristescu & Hunsche (1998) performed so-called “true” triaxial testing by 

testing cubic samples and applying different lateral confinement to effectively achieve 𝜎2 ≠ 𝜎3 . Such 

testing configuration provides the means to test anisotropic behaviour of rock salt with different strain and 

strain rate profiles. Cristescu (1993) and Cristescu & Hunsche (1998) also discussed triaxial testing of dog-

bone shaped samples to apply unloading cycles at control strain rates.  

 

Figure 2-30: Stress-strain curve measured during an unconfined compression test on rock 

salt from the Pugwash mine (NS, Canada). Unload and reload cycles were performed to 

measure the elastic modulus of the material.  
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2.5.2.3 Visco-Plastic Characterization 

Lab characterization of salt visco-plastic behaviour is performed via constant stress tests or constant strain 

tests. Constant stress testing aims to capture the stationary creep stage under known load conditions. Testing 

is performed at different differential stress conditions and maintained for typically > 30 days to properly 

achieve and capture stationary creep. Calibration of a power law formulation for stationary creep is achieved 

by statistical regression and requires 3 or more data points (May, et al., 2013; Salzer, et al., 2015; Dusterloh, 

et al., 2015). Constant stress testing presents limitations with regards to the calibration of transient creep as 

strain rate is not controlled, and thus strain and strain rate dependent internal variables cannot be captured 

properly. Constant strain rate tests provide the means to control the strain profile of the tested sample, and 

capture different paths to calibrate constitutive model parameters converging towards saturation.   

Figure 2-31 (a) presents results from constant stress tests performed on rock salt sample from the 

Waste Isolation Pilot Plant (WIPP). The strain with respect to elapsed time plot shows four visible steps in 

the strain rate associated with changes in differential stress (Dusterloh, et al., 2015). Figure 2-31 (b) shows 

constant strain rate testing performed on artificial rock salt (Yahya, et al., 2000). Load-unload cycles were 

performed using a triaxial cell to generate specific strain and strain rate paths while controlling confinement 

conditions.  

Figure 2-32 shows pictures taken at the RESPEC laboratory facilities located in Rapid City, USA 

of creep testing systems. Figure 2-32 (a) shows a triaxial cell used for constant strain rate and constant 

stress test under specified temperature connected to computers which control the axial movement of the 

piston applied to the sample. Figure 2-32 (b) shows hollow cylinder carved for creep testing purposes to 

replicate in lab conditions the thick cylinder condition. 
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Figure 2-31: Results from creep testing on salt: (a) constant stress rate on argillaceous rock 

salt from the WIPP (taken from Dusterloh et al. (2015)), and (b) constant strain rate tests 

on artificial rock salt with load-unload cycles in a triaxial apparatus system (taken from 

Yahya et al. (2000)).    

 

Figure 2-32: Creep testing systems used at the RESPEC laboratory facilities: (a) triaxial 

loading cell used for controlled stress-strain profile, and (b) hollow rock salt cylinder used 

for calibration of creep constitutive models.  
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Chapter 3  

Background on Rock Blasting with an Emphasis on Single Hole Blast Testing 

and Blasting of Rock Salt 

 Introduction 

This Chapter presents a review of rock blasting theoretical concepts with a focus on behaviour of single 

hole blasts and characterization of the resulting craters. The Chapter is structured as follows: 

• Terminology and basic features for rock blasting. 

• Explosions and the detonation process. 

• Pressure wave propagation in a rock mass media induced by an explosion event. 

• Fracture mechanisms and their role towards the formation of craters. 

• The concept of Single Hole Blast (SHB) testing, and applications to quantify blasting behaviour. 

• Practical considerations related to blasting in rock salt 

This review of the most relevant literature is complemented by practical observations and hands-

on experience gathered during the completion of the present research program. Rock salt specific 

applications and empirical evidence are also briefly discussed in light of commonly used (standard) 

industrial practices.  

  Basic Characteristics of Rock Blasting  

The configuration of a blast can be described geometrically by a combination of dimensions pertaining to 

the positioning of blastholes with respect to one-another, to the nearest free surface, and/or the intended 

final geometry (Rustan, 1998). The usual reference set for blast patterns is the bench, defined as one or 

more rows of vertical (or near-vertical) holes drilled parallel to a free surface. Figure 3-1 illustrates a bench 

configuration for two blastholes located a distance 𝐵 (burden, m) from a free surface, and separated by the 
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distance 𝑆 (spacing, m). The figure includes a description of relevant features and terminology used for the 

description of blast settings.  

 

Figure 3-1: Bench blast configuration with commonly used nomenclature and description.  

Horizontal blast patterns, also referred to as development rounds, can be described by the 

terminology used for bench blasting. However, development round patterns often involve more complex 

geometries due to physical constraints associated with room dimensions. Development rounds typically 

involve the creation of a cut, inside or below the face, for volume relief and blast wave reflection. The 

effective spacing and burden dimensions of a given blasthole evolves within a pattern according to the 

positioning of the nearest free surface provided by the cut. Figure 3-2 illustrates a typical horseshoe-shaped 

tunnel development round with a burn cut in the center section of the pattern.  

𝐵, Burden (m): Distance to nearest free 

surface, or between rows of blastholes. 

𝑆 , Spacing (m): Distance between 

blastholes within a row. 

𝐻 , Bench height (m): Vertical distance 

from top of bench to floor. 

𝐿, drillhole length (m) 

𝐿𝑒, charge length (m): Length of primary 

bulk explosive loaded in the blasthole. 

𝐶, Collar (m): Void at top of blasthole.  

Stemming: Length of void filled with 

coarse material at top of blasthole. 

𝐽, Sub-drilling (m): Blasthole extent below 

intended floor grade. 

𝜙,  Blasthole diameter (mm) 
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𝐻 

𝐽 

𝐿𝑒 

𝐶 

Floor 
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Figure 3-2: Development drill pattern with relief (burn) cut in the middle of the face. 

Adapted from Olofsson (1991). 

Blast patterns are initiated via delayed caps to control the sequence of blasthole detonations. 

Blasthole sequencing is performed to control the throw direction, optimize the volume of rock removed per 

blasthole, and improve excavation perimeter quality. The burden of a given blasthole is a key parameter 

defined by the shortest distance from the nearest free surface at the time of detonation. Figure 3-3 shows a 

development round pattern used at the Ojibway mine, marked with paint to delineate the different delay 

intervals during the blast sequence. The markings group the different intervals to showcase the surface area 

covered by each.  

 

Figure 3-3: Marked sequencing on a development round at the Ojibway mine; where the 

numbering represents the blasting delay order.  

Blastholes 

Burn cut 

Lifters 

Back  

or stoping holes 

Perimeter holes 
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Blasting configurations are also categorized according to the number of free surfaces available to 

assist in the cratering mechanism. A bench blasthole has two degrees of freedom: the top of the bench 

(perpendicular to the blasthole) and the bench face (parallel to the free surface). Similarly, any blasthole in 

a development round not part of the cut will have at least 2 degrees of freedom. A blasthole with only one-

degree of freedom is drilled perpendicular to a floor to achieve a doming crater. This configuration is 

encountered in the Vertical Crater Retreat (VCR) mining method and shaft sinking blasts (Pakalnis & 

Huges, 2011; Tiley, 2011). 

The investigation of rock blasting behaviour often aims at characterizing (quantifying) blastability. 

Blastability is defined as “the ability of rock or any material to fragment when being blasted” (Rustan, 

2010).. The quantifiable definition of blastability varies according to the intended application. In the present 

work, blastability relates to the specific value of the resistance of rock needed to remove a defined 

dimension. In reference blasting textbooks (e.g. Langefors & Kihlstrom, 1978; Persson et al. 1994; Rustan, 

2010), this value is measured for 1 meter burden in kg of explosives per cubic meter removed and is termed 

the rock constant 𝑐. In the present work, the definition of blastability is expended to the specific charge 

parameter  𝑞 (kg/m3) computed as (Persson, et al., 1994): 

 𝑞 = 𝑄/𝑉 (3.1) 

where 𝑄 is the explosive charge (kg) and 𝑉 is the rock volume (m3). Following this definition, the specific 

charge represents an output variable representative of the tested conditions, and provides a measure of 

explosive efficiency for a given set of conditions.  

The performance of a blast pattern can also be described in terms of its powder factor 𝑃𝐹 (kg/m3), 

defined as the ratio of the mass of explosives used in the pattern over the total volume of rock extracted by 

it. Although expressed with the same units, the specific charge q represents a specific geomechanical and 

operational parameter associated with blasting requirements, whereas 𝑃𝐹  describes the overall blast 

performance. 
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More information on generic blast designs, and relevant nomenclature can be found in Olofsson et 

al. (1991) and Persson et al. (1994). The International Society of Explosives Engineering (ISEE) also refers 

to Rustan et al.’s (2010) textbook for standardized terminology pertaining to rock blasting and related 

mining applications.  

 Explosions and the Detonation Processes 

The use of commercial explosives for rock breakage by blasting relies on the process of explosion: the rapid 

chemical decomposition of a thermally (or electrically) sensitive material transitioning to its gassy state 

with a drastic volume increase and heat generation. In a cylindrical charge, the chemical reaction creates a 

shock front propagating away from the initiation point (i.e. primer location) with the velocity of detonation 

(acronym VOD; symbol 𝐷, m/s), typically characterized by the sonic velocity in the material (i.e. about 2 

to 7 km/s; (Jimeno, et al., 1995)).  

The shock front propagating along a cylindrical charge leads a zone of energy exchanges delimited 

by the Chapman-Jouget (C-J) plane, beyond which the energy resulting from the explosion no longer assists 

in the propagation of the shock front (Udy & Lownds, 1990; Saharan, et al., 2006). The span of this zone 

depends on energy loss factors such as heat transmission to rock boundaries and explosive charge 

characteristics (e.g. ANFO has a characteristic critical minimum diameter of 35 mm below which 

detonation cannot take place).  

The mechanisms involved in the shock propagation can be described via the Rankine Hugoniot 

theory, using a series of governing equations expressed as a function of the mass, momentum and energy 

balance of the chemical (Persson, et al., 1994; Jimeno, et al., 1995). These sets of equations are conveniently 

represented in the Pressure-Volume (P-V) plane for intuitive description of the evolutive process. Lownd 

(1991) compared the P-V curve of the detonation process with the surrounding rock mass host to describe 

the explosive energy components during a rock fragmentation by blasting event. Figure 3-4 shows P-V 

relationship (black line) with 5 zones referring to the explosive energy components. The red line refers to 
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the rock mass P-V relationship. This P-V plot and associated relationships represent a conceptual 

representation from idealized gas conditions.  

 

Figure 3-4: Pressure-volume relationship for expanding gases (black line) and rock mass 

(red line) during an explosion. Energy components are delineated below the curves to 

highlight key elements of the fragmentation process (adapted from Udy & Lownds (1990)). 

Figure 3-4 can be used to describe the series of events during an explosion, after the detonation (i.e. 

when the detonation pressure has already reached, P3). Following the detonation event, the explosives are 

transformed into gases which undergo drastic volume expansion and conversely a loss of pressure. Gas 

pressures are applied to the borehole wall, which initially follows the volume growth of the explosives. The 

rock mass P-V relationship in the rock before reaching the explosive’s curve is portrayed as a linear elastic 

response with accumulating strain energy (zone 2). Zone 1 refers to kinetic energy from the increase in 

gases volume and decrease in pressure. As gases continue to expand, the rock undergoes near-borehole 

P3

P4

P5
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Volume
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1 :      Kinetic energy 
2:       Rock strain
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crushing due to pressures that exceed its strength . A series of well-defined fractures will emerge beyond 

the near-borehole crushed zone, and are considered to be largely responsible for burden removal as part of 

engineered blasts in hard rocks. The combination of kinetic and strain energy (zones 1 and 2) are referred 

to as brisance, the energy associated with rock fragmentation originating from the blasthole emitted 

pressure.  

 On the curves shown in Figure 3-4, P5 identifies the pressure point where gases reach the 

atmosphere, implying that fractures have reached a free surface. Zones 3 and 4 represent the crack 

propagation energy. 

The concept of brisance and crack propagation energy has been challenged by some as it neglects 

other fracture propagation components contributing to the fragmentation process (Spathis, 1999). 

Nevertheless, this conceptual P-V relationship is a valuable tool to understand the effect of the explosive 

chemical reaction and the interactions with the surrounding rock. 

When analyzing rock blast mechanisms, it is relevant to consider the explosion process in terms of 

the pressure imparted to the blasthole surface and then transmitted to the rock. The pressure-time 

relationship exerted on the borehole wall 𝑃(𝑡) is characterized by a rising phase up to peak stress 𝑃𝑝𝑒𝑎𝑘 

(GPa), followed by a decline in pressure. The time increments for these two phases are referred to as the 

rise and fall time 𝑡𝑟 and 𝑡𝑓 (s) (Yan, et al., 2016). 

The peak pressure imparted to the blasthole surface is estimated to be close to half of the detonation 

pressure 𝑃𝐷 (GPa) (Jimeno, et al., 1995): 

 𝑃𝑝𝑒𝑎𝑘 = 𝑃𝐷/2 (3.2) 

The detonation pressure can be evaluated (approximately) from the Hugoniot equation in the P-V 

plane: 

 𝑃𝐷 =
𝜌𝑒𝐷2

𝛾+1
 (3.3) 
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where 𝜌𝑒 is the explosive density (kg/m3); 𝛾 is the ratio of specific heat of the explosive, which 

typically takes a value of 3 for industrial explosives in cylindrical borehole charges (Persson, et al., 1994; 

Jimeno, et al., 1995; Yan, et al., 2016; Yang, et al., 2017) Equation 3.3 then becomes: 

 𝑃𝑝𝑒𝑎𝑘 =
𝜌𝑒𝐷2

8
 (3.4) 

The actual pressure pulse evolutive function 𝑃(𝑡) is very difficult to measure due to the extremely 

violent and rapid nature of an explosion event. Thermo-dynamic equations implemented in numerical codes 

and tests in steel cylinders have been used to calibrate explosive pressure pulses under realistic conditions 

(Katsabanis & Mortazavi, 1997; Sanchidrian & Lopez, 2006; Lopez, et al., 2013; Lopez, et al., 2018). 

Researchers have relied on a generic formulation for the pressure pulse that can be conveniently calibrated 

to match most pulse representations, based on modifications of the basic Green’s equation, which can be 

expressed as (Kawasumi & Ryoiti, 1935; Sharpe, 1942): 

 𝑃(𝑡) = 𝑃𝑝𝑒𝑎𝑘 ∙ 𝑒−𝛼𝑮𝑡 (3.5) 

where 𝛼𝐺 is a decaying exponent and 𝑡 is time (s). 

Equation 3.5 represents a declining pressure pulse starting at 𝑃𝑝𝑒𝑎𝑘 (i.e. 𝑡𝑟 = 0). Green’s equation 

has been used extensively in the early development of solutions for the pressure wave transmitted elastically 

to the rock medium, in part due to convenient identities with its integration and derivatives (Blake, 1952; 

Duvall, 1953). 

Duvall and Atchinson (1950) proposed the following modified Green’s equation with two 

exponents to describe the rise (𝛽𝐺):and decay (𝛼𝐺 ) of the pulse 

 𝑃(𝑡) = 𝑃𝑝𝑒𝑎𝑘 ∙ (𝑒−𝛼𝑮𝑡 − 𝑒𝛽𝐺𝑡) (3.6) 

Equation 3.6, which represents the basic formulation to represent various pressure pulse shapes 

(Yan, et al., 2016; Lak, et al., 2019), is shown in Figure 3-5 to illustrate conceptually the pressure pulse 

relationship. A two-component bi-linear simplification, defined by the rise and fall distances and 𝑃𝑝𝑒𝑎𝑘, is 

overlaid on the plot. Such a bi-linear simplified representation has been used extensively for numerical 

modelling purposes (e.g. (Lu, et al., 2012; Yan, et al., 2016). 
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Figure 3-5: Idealized and simplified representation of seed blast pulse imparted to the 

blasthole wall (adapted from Yan et al., 2016).  

Cho & Kaneko (2004)proposed a modification of Equation 3.6 to conveniently express the decay 

exponents and related time 𝑡𝑟: 

 𝑃(𝑡) = 𝑃𝑝𝑒𝑎𝑘𝜉(𝑒−𝛼𝑮𝑡 − 𝑒𝛽𝐺𝑡) (3.7) 

 𝜉 = 1/(𝑒−𝛼𝑮𝑡𝑟 − 𝑒𝛽𝐺𝑡𝑟) (3.8) 

Considering that 𝑃(𝑡) = 𝑃𝑝𝑒𝑎𝑘 when 𝑡 = 𝑡𝑟, the value of 𝑡𝑟 can then be obtained from Equation 3.7 by 

taking its derivative of Eq. 3.7 and solving for 𝑃′(𝑡) = 0 : 

 𝑡𝑟 =
log(

𝛽𝐺
𝛼𝐺

)

βG−𝛼𝐺
 (3.9) 

Lak et al. (2019) recently postulated, based on Duvall (1953)’s solution, that the modified Green’s equation 

exponents are related to the frequency of the propagation and rarefaction wave travelling within the 

blasthole according to its angular frequency 𝜔: 

  𝛼𝐺 = ω/4√2 (3.10) 

t = tr 

P = Ppeak

Simplified 
pressure pulse

t = 0
P = 0

Emitted 
pressure pulse

t = tf - tr

P = 0

Pressure (Pa)

Time (s)

𝑃 𝑡 = 𝑃𝑝𝑒𝑎𝑘 𝑒−𝛼𝑡 − 𝑒𝛽𝑡
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 𝛽𝐺 = 𝜔/2√2 (3.11) 

 𝜔 =
2√2𝑉𝑝

3𝑟0
 (3.12) 

The above solution implies 𝛽𝑔/𝛼𝐺 = 2 which is an imposed feature of Lak’s solution. For comparison, Cho 

& Kaneko (2004) postulated a ratio 𝛽𝑔/𝛼𝐺 = 1.5, while Duvall (1953) suggested that the ratio of these two 

exponents is proportional to the ratio of cycles achieved over the propagation span of the growth and decay.  

Jong et al (2005) proposed a modified version for Equation 3.6 based on an alternative approach to 

quantify the Green’s function exponents and rise time: 

 𝑃(𝑡) = 4𝑃𝑝𝑒𝑎𝑘(𝑒−𝛽𝐺𝑡/√2 − 𝑒−√2𝛽𝐺𝑡) (3.13) 

where the exponent associated to pressure increase can be obtained from the rise time as:  

 𝛽𝐺 =  √2ln (1/2)/𝑡𝑟 (3.14) 

The approach for quantifying the rise time varies with the rationale behind the mostly theoretical concept. 

Various authors (e.g. Yilmaz & Tugrul (2014), Yan et al. (2016), Yang et al. (2017)) have relied on Lu et 

al. (2012) decomposition of the detonation process to quantify the rise time as: 

 𝑡𝑟 = 𝐿𝑒/𝐷  (3.15) 

where 𝐿𝑒 is the length of the charge column (m), and 𝐷 is the VOD (m/s). 

Equation 3.15 is rationalized by arguing that the volume-pressure relationship of the explosive 

column continues to evolve through the propagation of the detonation front. The pressure reaches its peak 

once that front has reached its physical boundary, i.e. the column extent, and rarefaction waves are reflected 

back in the column (i.e. decay starts).  

 Pressure Wave Propagation and effect on the rock 

3.4.1 Crushing and Fracture propagation Near the Blasthole 

The early onset of explosion pressure applied to the blasthole surface is generally much greater than the 

rock strength. The near-borehole zone is pulverized by the transmitted pressure wave over a span ranging 

3-5 times the borehole radius (Fairhurst, 1975). Radial fractures propagate beyond the crushed zone up to 
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10-15 times the borehole radius as elastic strains propagate through the medium, associated with stresses 

below the failure threshold (Lu, et al., 2011). Figure 3-6 shows a conceptual representation of the near-

blasthole zones starting with crushing around the hole. Small radial cracks then develop around the crushed 

zone, with a few of them propagating further into the rock. The blasthole then undergoes volume expansion 

as pressure is transmitted past the crushed zone (mostly) elastically into the rock mass.  

 

 

Figure 3-6: Conceptual evolution of the rock zone around the blasthole: (a) crushing of the 

near blasthole zone, (b) development of radial fractures near the crushed zone, (c) 

expansion of a few radial cracks past the crushed zone, and  (d) elastic expansion of the 

blasthole volume and propagation of elastic strain past the crushed zone. Taken from 

Kutter & Fairhurst (1971). 

The ratio of crushed radius 𝑟𝑐 (m) to blasthole radius 𝑟0 (m) can be estimated from the relationship 

proposed by Djordjevic (1999) based on Griffith’s fracture theory as: 
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𝑟𝑐

𝑟0
=  √

𝑃𝑝𝑒𝑎𝑘

24∙𝑇0𝑑𝑦𝑛

 (3.16) 

where 𝑇0𝑑𝑦𝑛
 is the dynamic tensile resistance of the rock. Kanchibotla et al. (1999) postulated that this ratio 

can also be determined as: 

 
𝑟𝑐

𝑟0
=  √

𝑃𝑝𝑒𝑎𝑘

𝜎𝑐𝑑𝑦𝑛

 (3.17) 

where 𝜎𝑐𝑑𝑦𝑛
 is the dynamic uniaxial compressive strength of the rock. Equations 3.16 and 3.17 

imply that the ratio of dynamic compressive to tensile strength is equal to 24, which is an empirically 

reasonable estimate; for instance, RocScience software estimates a ratio of 20-25 (see also Brady & Brown 

(1993), and Jaeger et al. (2009); the rock salt ratio is also in the 20-25 range (see Chap. 2; see also Buchholz 

(2017) and Aubertin et al. (2019b)). 

3.4.2 Elastic Propagation of Strain Waves 

The pressure pulse travelling beyond the crushed zone propagates elastically at a stress level below the 

material failure strength. Pressure losses from near-borehole expansion have been estimated from the ratio 

of crushed to initial radii (Persson, et al., 1994; Yan, et al., 2016): 

 
𝑃𝑒(𝑡)

𝑃(𝑡)
= (

𝑟0

𝑟𝑐
)

𝛼𝑟
 (3.18) 

where 𝑃𝑒 is the elastic pressure pulse transmitted past the crushed zone to the elastic boundary, and 𝛼𝑟 is 

the rock’s attenuation exponent, which can be computed as: 

 𝛼𝑟 = 2 +
𝜈

1−𝜈
 (3.19) 

The pressure pulse applied to the elastic boundary past the crushed zone transmits a compression 

strain wave into the medium that propagates at velocity 𝑉𝑝 (n.b. shear waves for blasting applications are 

typically neglected due to lower speed and limited influence on breakage; (Duvall, 1953; Kutter & 

Fairhurst, 1971; Lu, et al., 2011; Lak, et al., 2019)). The propagating wave is composed of radial 𝜎𝑟 and 
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tangential 𝜎𝜃 (MPa) stress components. The propagating wave exhibits a sinusoidal shape that attenuates 

with increasing distance from the source 𝑟.  

Explicit analytical solutions for the pressure wave shape propagating elastically were first derived 

for point load seismic events (Kawasumi & Ryoiti, 1935; Sezawa & Kanai, 1936), and subsequently 

adapted to spherical and cylindrical charges with one or two decay exponents (Sharpe, 1942; Duvall & 

Atchinson, 1950; Blake, 1952; Mow & McCabe, 1965). A complete solution for a point load blast pulse 

with numerical modelling validation can be found in Lak et al (2019). An analytical solution for a 

cylindrical charge is included in the Appendices. Figure 3-7 shows a plot for 𝜎𝑟 and 𝜎𝜃 as a function of 

distance and time.  

  

Figure 3-7: (a) Radial and (b) tangential stress over time at different distances normalized 

by the source radius.  

The sinusoidal nature of the pressure wave shape was visually represented by Fourney et al. (1993) 

via small scale single hole blast test shots in translucent plastic. High speed cameras were used to capture 

the light refraction intensity induced by the strain level within the transmitting material (Figure 3-8). The 

variation in intensity observed from the light refraction reveals a discrete number of fringes associated with 

the number of wavelengths that travelled within the plastic. Interested readers can also refer to Yang et al. 

(2019) for the application of high-speed digital imaging for the visualization of blast wave propagation.  
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Figure 3-8: Blast test shot in plexiglass performed by Fourney et al. (1993). Light refraction 

is captured to illustrate the strain distribution during pressure propagation through the 

medium. 

3.4.3 Stress Wave Reflection Due to Change in Impedance 

Impedance of a material is defined as the work or effort required to induce particle movement by imparting 

stress. Impedance of a rock 𝑍𝑟 (kg ∙ m−2 s−1) is defined as (Zaid, 2016): 

 𝑍𝑟 = 𝜌𝑟 ∙ 𝑉𝑝 (3.24) 

A pressure wave propagating elastically and encountering a change of impedance is partially 

reflected back and transmitted with an opposite amplitude. Such a change in impedance can be the result 

of geological variations, or the effect of a free surface. Discontinuities represent a special case where partial 

reflection occurs, as such voids can act as a free surface unless the gap is closed, allowing for transmission 

of the wave (see Resende (2010) for more on stress wave propagation through jointed rock masses). 

Classical theory on elastic stress wave propagation (Zaid, 2016) can be used to assess the impact 

of a change in impedance on the propagating and reflected waves. The particle velocity 𝑉 (m/s) of the 

material undergoing strain is described as:  
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 𝑉 =
𝜎

𝜌𝐶
  (3.24) 

where 𝜎 is stress (MPa) and 𝐶 is the wave velocity (m/s).  

Force equilibrium for a pressure wave propagating from medium 1 with cross-sectional area 𝐴1 to 

medium 2 with cross-sectional area 𝐴2 dictates that (Zaid, 2016): 

 (𝜎𝐸 + 𝜎𝑅) 𝐴1 =  𝜎𝑇 𝐴2  (3.25) 

where 𝜎𝐸, 𝜎𝑅 and 𝜎𝑇 are the emitted, reflected and transmitted pressure waves respectively (MPa).  

The relationship between the three stress components can be obtained by considering particle 

velocities continuity over one dimension: 

 𝑉𝐸 − 𝑉𝑅 = 𝑉𝑇 (3.26) 

where 𝑉𝐸, 𝑉𝑅 and 𝑉𝑇 are the emitted, reflected and transmitted particle velocities (m/s). Solving for 𝜎𝑟 in 

3.25, and replacing 𝜎𝑡 using Equation 3.24 and 3.26 gives: 

 𝜎𝑅 = 𝜎𝐸
𝐷−1

𝐷+1
 (3.27) 

where 

 𝐷 = 𝐾/𝐹 (3.28) 

 𝐾 = 𝐴2/𝐴1 (3.29) 

 𝐹 =
𝜌1𝐶1

𝜌2𝐶2
 (3.30) 

Solving for 𝜎𝑇 gives: 

 𝜎𝑇 =  −𝜎𝐸 [
(𝐷−1)

𝐷+1
− 1] /𝐹 (3.31) 

 When a pressure wave encounters a free surface (𝜌1 ≫ 𝜌2), 𝐹 becomes very large, and 𝜎𝑇 

becomes very small. In such a situation, reflection can be assumed to be nearly perfect, yielding 

a reflected wave with opposite amplitude to the emitted wave:  

 𝜎𝑅 ≈  −𝜎𝐸  (3.32)  
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Figure 3-9 illustrates the application of this approach with the emitted and reflected pulses near a 

single blasthole detonated at a distance B from a free surface. The reflected tensile wave (red) can be seen 

as originating from a virtual borehole source located a distance 𝐵 beyond the free surface. The pressure 

waves are shown at different time intervals by circular lines propagating radially away from the source. 

 

 

Figure 3-9: Emitted and reflected pressure pulse geometry at different time intervals.  

 Fracturing Mechanisms due to Rock Blasting 

Burden removal by blasting in rock results from the formation of a crater from the generation and 

coalescence of fractures from the blasthole to the free surface. There are two well defined and 

acknowledged mechanisms associated with the formation of craters in hard rock blasting: radial fracture 

propagation and spalling (Fairhurst, 1975; Hagan, 1979; Jimeno, et al., 1995).  
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The concept of radial fracture propagation is illustrated in Figure 3-10. This figure shows a cross-

sectional view perpendicular to a circular blasthole located at some distance from a free surface. Following 

pressure waves due to the explosion moving away from the borehole, tensile waves are generated by the 

reflection at the free surface and travel back towards the blasthole. These tensile stress waves encounter 

radial cracks that propagated from the borehole, and act on them according to the angle of incidence. The 

cracks developing (nearly) perpendicularly to the tensile wave propagating direction are expanded by the 

tensile stress acting on them.  

 

 

Figure 3-10: Reflected tensile wave assisting in the propagation of favorably oriented radial 

cracks originating from the blasthole. Adapted from Fairhurst (1975). 

The concept of radial fracture propagation was described at length in a landmark publication by 

Field and Ladegaard-Pedersen (1971). Field and Ladegaard-Pedersen described the concept through an 

analytical solution developed for a simplified two dimensional triangular crater resulting from a single 

blasthole. This analytical solution, which takes into account the compressional stress wave propagation 

velocity 𝑉𝑝 and the fracture propagation velocity 𝑉𝑓𝑟𝑎𝑐 (m/s), is briefly summarized below. 
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Consider a crack propagation length 𝑦 (m) and travel distance 𝑟′ (m) for a wave reflected by a free 

surface. It can be shown that the ratio of the two distances is equivalent to the ratio of the two respective 

velocities: 

 
𝑦

𝑟′
=

𝑉𝑓𝑟𝑎𝑐

𝑉𝑝
 (3.33) 

Simple trigonometry gives the following relationship expressing the distance 𝑦 as a function of the 

burden B (m) and triangular breakage angle  (°). 

 𝑦(𝐵, 𝛼) =
2∙B

cos(𝛼/2)+ √
𝑉𝑝

2

𝑉𝑓𝑟𝑎𝑐
2 −sin2 𝛼/2

 (3.34) 

Figure 3-11 shows the effect of different ratios 
𝑉𝑝

𝑉𝑓𝑟𝑎𝑐
 on the value of 𝑦 normalized by 𝐵 with respect 

to (half) the breakout angle 𝛼, according to Equation 3.34.  

 

Figure 3-11: Ratio of crack propagation distance to burden (y/B) for different velocity 

ratios, with respect to angle α/2 (adapted from Field and Ladegaard-Pedersen (1971)). 
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Based on Figure 3-11, Field & Ladegaard-Pedersen indicated that for practical blasting 

applications, the angle of incidence in rock (
𝑉𝑝

𝑉𝑓𝑟𝑎𝑐
> 5) has no significant impact on the distance where 

fractures intersect with reflected waves. Hence, cracks tend to propagate according to their incidence angle 

with the reflected tensile wave. Figure 3-12 shows plots from computations presented by Field and 

Ladegaard-Pedersen (1971). The rising curve gives the intensity of interaction from the reflected wave with 

the propagating fracture, based on breakout angle, with the maximum occurring for /2 near 90°. Two more 

curves are plotted for different Poisson’s ratio to represent intensity reduction from the emission of shear 

wave as a result of surface deformation. In the case of rock salt (𝜈 ≈ 0.35) with spacing to burden ratio 

below 2 (i.e. 𝛼/2 < 45°), these results indicate that intensity losses from reflection would be less than about 

10%.  

 

Figure 3-12: Intensity of the reflected wave with respect to the incidence angle 𝜶/𝟐, and for 

the reflected intensity based on induced energy losses from surface deformation. Adapted 

from Field and Ladegaard-Pedersen (1971). 

Field and Ladegaard-Pedersen (1971) also conducted a series of model scale single blasthole tests 

to further investigate the influence of the tensile wave on fracture propagation and resulting crater. The 
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configuration was analogous to a bench blast condition with two degrees of freedom and a charge length 

≈ 1/3 of the borehole length. Other tests were performed with the same configuration while adding a 

metallic plate at the free surface (𝑍2 > 𝑍1) to impede the reflection of the propagating pressure wave. It 

was observed that the crater shape without the metal plate had smaller breakout for comparable burden 

dimension.  

Spalling is defined as the failure in tension induced by the pressure wave reflected in tension at the 

free surface (Rustan, et al., 2010). The concept of spalling is best visualized by considering the concepts 

behind the Hopkinson Bar testing system. Hashemi & Katsabanis (2018) presented experimental tests 

where a charge was detonated at the end of cylindrical rod. Strain gauges were installed along the rod to 

derive the stress attenuation profile. The induced pressure wave is reflected at the tip of the rod in tension. 

The reflected wave is counteracted by the tail end of the emitted wave (exact opposite direction). The 

reflected wave eventually propagates sufficiently beyond the tail-end of the incoming pressure wave to 

reach a localized amplitude higher than the rod material strength. The distance from the tip of the rod is 

used to derive the dynamic tensile strength of the material. Figure 3-13 shows a conceptual drawing of the 

testing apparatus, overlaid with a strain-time plot from test results.  

Radial fracture propagation is commonly regarded as the predominant mechanism in crater 

generation as part of burden removal by blasting (Kou & Rustan, 1992; Olsson, et al., 2002). Other 

fracturing mechanisms induced by blasting events may include in-flight collision from projected materials 

(Jimeno, et al., 1995), release of load concentric failure near the blasthole following blast pressure 

dissipation (Hagan, 1979), and flexural failure induced by differential movement of the burden over the 

charge length (Hagan, 1979; Mortazavi & Katsabanis, 2001). 
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Figure 3-13: Measurement of the dynamic tensile strength by inducing high strain rate on 

one end of a rod. The pressure attenuation profile is monitored via strain  gauges. The 

reflected pressure waves fracture the rod in tension. The distance from the tip is used to 

derive the dynamic tensile strength of the material. Adapted from Hashemi & Katsabanis 

(2018).  

The gas pressures play a key role in fracture propagation during blast events by imparting internal 

pressures on the rock and generated cracks, and projecting away the fragmented material. Mosinets (1966) 

suggested that 75 to 80% of rock breakage is due to the stress waves induced by explosion pressures, while 

gas pressure effects account for less than 25%. This view is supported by various investigations performed 

based on variations of SHB tests using metallic tubes (such as swellex bolts) in the blasthole to prevent 

gases from propagating into the cracks and venting them forcefully through the collar (Brinkmann, 1987; 

1990; Fourney, et al., 1993; Olsson, et al., 2002). These types of experiments all lead to a general consensus 

that crater breakout is driven by the induced stress-wave, with radial cracks dictating the shape, while heave 

and projection is governed by gas pressures (Ouchterlony & Moser, 2012).   
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 Single Hole Blast (SHB) testing 

The investigation of single hole blasts (SHB) has provided researchers with a wealth of information on 

cratering mechanisms. SHB tests have been conducted on small scale blocks (Field & Ladegaard-Pedersen, 

1971; Fourney, et al., 1993), large scale benches (Bilgin, 1991; Kou & Rustan, 1992), and under one-degree 

of freedom cratering condition (Nicholls & Hooker, 1962; Ye, 2008). The author of this Thesis has also 

conducted this type of test in situ (as described in the following Chapters and Manuscripts). 

Figure 3-14 illustrates a vertical SHB crater configuration with two degrees of freedom. The figure 

identifies key parameters for SHB testing: the breakout angle 𝛼 (°), the crater width 𝑊 (m), and the burden 

𝐵 (m). SHB testing consists in reproducing the configuration of Figure 3-14 (horizontally or vertically) 

while systematically varying different parameters to obtain breakout relationships. SHB testing is mostly 

conducted by varying the burden distance, B, to quantify its influence on the resulting crater shape and size.  

 

 

Figure 3-14: SHB testing configuration for a bench setting with subdrilling. Taken from 

Ouchterlony & Moser, 2012. 

SHB testing with two degrees of freedom was formalized in a series of publications by Rustan and 

collaborators (see also the Doctoral Thesis of (Rustan, 1995)). Rustan et al. (1983) initially presented a 
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series of model scale single blasthole tests in magnetite concrete blocks, aimed at investigating the influence 

of the specific charge, burden and rock properties on fragmentation and crater geometry.  

A first series of block test results were used to develop an expression for the mesh size k50 (m) 

which 50% of the blasted fragments pass through: 

 𝑘50 = 𝐴1
(𝐵)𝐴2

𝑞𝐴3  
 (3.35) 

 where A1, A2, and A3 are rock mass and blasting condition parameters, and 𝑞 is the specific charge achieved 

(kg/m3). 

The above expression was validated for a range of burden, explosive types, and specific charges in 

magnetite concrete. Equation 3.35 expanded on previous formulations (Kuznetsov, 1973; Lowrison, 1974) 

by incorporating a geometrical component (𝐵𝐴2) to the fragmentation relationship.  

Rustan et al. (1983) also presented a second series of model scale block tests to investigate the 

relationship between critical burden (Bc, m) and the potential strain energy release rate of the blasted 

material. Single blastholes were detonated in concrete blocks (300mm x 300mm x 100mm, block height of 

100 mm) using charges of 1 to 3 g/m Pentaerythritol tetranitrate (PETN).  

A statistical regression was applied to the measured crater results to obtain an relationship between 

the breakout angle  (°) and the value of B and of the p-wave velocity Cp (m/s): 

 𝛼 = 𝐴1 + 𝐴2 ∙ 𝑉𝑃  ∙ (𝐴3 − 𝐴4 ∙ 𝑉𝑃) ∙ 𝐵  (3.36) 

where A1, A2, A3 and A4 are parameters used to fit the regression for test measurements. 

The volume of rock V (m3) expulsed, determined from the test blasts, follows, using the equation: 

 𝑉 = 𝑘1 ∙ 𝐵𝑘2
 (3.37) 

where 𝑘1 and 𝑘2 are material parameters ranging from 0.45 to 9.09 and 0.96 to 2.13 respectively for these 

SHB tests.  

In light of experimental results presented in subsequent chapters of this Thesis, it is worth noting 

that the volume of blasted rock resulting from a SHB test with two degrees of freedom can be computed as 
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the product of the crater cross-sectional area 𝐴 (m2), and the length of the blasthole 𝐿. Equation 3.37 can 

thus be rewritten as: 

 𝐿 ∙ 𝐴 = 𝑘1 ∙ 𝐵𝑘2   (3.38) 

Equation 3.38 is analogous to the formulation later proposed (Chapter 6) for crater shape relation to burden 

dimension 𝐵.  

Rustan & Lin (1987; 1992) later performed a series of full-scale SHB tests in a limestone benching 

operation. The work built from previous tests and aimed at comparing model scale to large scale shots. The 

blast tests were conducted using site-specific operational parameters (e.g. blasthole diameter, charge 

length).  

Figure 3-15 summarizes the pile throw relationship with respect to burden. The throw was 

measured with respect to its height, full length, and through (i.e. distance from the bench to the pile peak).  

 

Figure 3-15: SHB test results for pile throw with respect to burden measured from (a) pile 

length and peak distance (i.e. through), and (b) pile height (adapted from Rustan & Lin, 

1992). Blasthole diameter 𝝓 = 𝟗𝟓 𝒎𝒎. 
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Bilgin (1991), building from Rustan & Lin’s (1987) rationale for a standardized breakout angle 

characterization and testing procedure, presented a case study on the use of SHB in an open pit mine to 

investigate the influence of the burden distance on blasting parameters for safe and economical blasting. 

Vertical drill holes were blasted with the same configuration as the mine’s operational specification to 

assess the influence of the burden on the resulting crater. A range of burden from three (3) to six (6) meters 

was tested to investigate the rock mass response to blasting.  

Figure 3-16 shows a conceptual representation of the large scale vertical SHB configuration 

implemented by Bilgin (1991). The figure lists key dimensions measured as part of the proposed testing 

protocol.  

 

Figure 3-16: Single blasthole test configuration for shots performed along the vertical rock 

surface at an open pit mine (adapted from Bilgin, 1991).  

This study led to the development of relationships between the burden and blasting parameters. 

These relate the breakout angle and removed volume to the burden to characterize blastability of the rock 

mass and assert some practical findings for drilling and blasting optimization at the mine. 

Figure 3-17 presents the SHB test results from Bilgin (1991), in terms of the breakout angle and 

volume removed with respect to tested burden. A value of B = 6.1 m was tested without yielding any crater, 

which was labelled as critical burden 𝐵𝑐. 
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Figure 3-17: Breakout angle  and volume of rock broken V expressed as a function of the 

burden B for large scale SBH tests performed in a hard rock open pit mine (adapted from 

Bilgin, 1991). Blasthole diameter 𝝓 = 𝟏𝟗𝟑. 𝟕 mm. 

It is observed from Figure 3-17 that the 𝑉 − 𝐵 relationship follows a specific trend, with an initial 

increase followed by a decrease after a peak that occurs before the 𝛼 − 𝐵 relationship starts dropping 

towards 𝐵𝑐. Bilgin’s (1991) main findings can be summarized as follows: 

• There exists a critical burden 𝐵𝑐 beyond which a crater cannot form.  

• The 𝛼 − 𝐵 relationship exhibits a decreasing (quasi) linear trend before a sudden drop towards 𝐵𝑐. 

• The 𝑉 − 𝐵 relationship reaches a peak where powder factor is at its lowest for burden removal 

purposes.  

Kou and Rustan (1992) investigated the relationship between burden B (m) and borehole diameter  (m), 

based on a simple prism geometry, resulting from a single blasthole with a length much larger than the 

burden. The configuration is illustrated in Figure 3-18. This representation is analogous to the crater shape 
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conceptualization of Field and Ladegaard-Pederssen (1971) and Bilgin (1991), and assumes that the crater 

is due to the development of radial cracks from the blasthole to the free surface.  

 

Figure 3-18: Crater prism to assess blasting influence factors for a bench (a) cross-sectional 

view and (b) plan view (adapted from Kou & Rustan, 1992).  

Kou and Rustan (1992) proposed a formulation for the specific charge 𝑞 based on the conservation 

of energy principle. The relationship is rationalized by balancing energy yield from the explosives charge 

with the fracture and heave energetic components. Figure 3-19 (a) plots the relationship for the specific 

charge with respect to burden for Scandinavian hard rock masses. Figure 3-19 (b) plots the optimal burden 

with respect to blasthole diameter within Scandinavian Granite for different types of explosives. It was 

noted that the specific charge formulation is dominated by the fracture profile (i.e. cross-sectional area) at 

small burden, while the heave energy is predominant at large burden values. The practical application for 

the burden range (1-10 m) exhibits a plateau dictated by the fragmentation energy. More information on 

energy balance for an explosion event can be found in Saharan et al. (2006) and Sanchidrian et al. (2007). 

An adapted formulation of the energy balance is presented in Chapter 8.  
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Figure 3-19: (a) specific charge with respect to burden and (b) optimal burden with respect 

to blasthole diameter based on energy balance formulation. Taken from Kou & Rustan 

(1992). 

Wimmer et al. (2008) investigated a modified SHB testing methodology by using inclined 

blastholes (not parallel to the surface) for different hard rock deposits (blasthole diameter from 𝜙 = 45 to 

118 mm). The resulting craters were surveyed using photogrammetry to describe the evolution of the burden 

along the blasthole axis. Figure 3-20 shows a surveyed crater point cloud with incremental slices along the 

blasthole axis. The figure denotes the free surface profile and the position of the blasthole. The figure 

emphasizes an evolving crater shape as the burden increases along the blasthole axis.  

(a) (b) 
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Figure 3-20: Crater point clouds for SHB performed at high inclination with respect to top 

free surface (surveyed via photogrammetry). Taken from Wimmer et al. (2008).  

The different crater profiles observed by Wimmer et al. 2008 were classified according to 4 main classes 

of the shape factor 𝐹 . Figure 3-21 illustrates the different 𝑆𝐹 values and the corresponding crater shape.  

Figure 3-22 presents the results from Wimmer et (2008). Figure 3-22 (a) plots the measured burden 

along the blasthole axis, while Figure 3-22 (b) plots the value of SF observed for the crater with respect to 

the burden. The results suggest an inversely proportional relationship between SF and B. 

  

 

Figure 3-21: Shape factor described from the different inclined SHB tests performed by 

Wimmer et al. (2008). 
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Figure 3-22: SHB test results from Wimmer (2008) photogrammetry models: (a) measured 

burden along the inclined blasthole axis, and (b) the shape factor SF with respect to burden 

dimension.  

Limitations associated with SHB testing can be summarized as follows: 

Large scale SHB tests in rock masses featuring the presence of structural elements (e.g. joints and 

other discontinuities) will increase the spread in the results due to local heterogeneities. Joints and pre-

existing cracks (e.g. damages from previous row) can assist in crater generation or act as crack stoppers 

depending on their orientation. Variability in geological and structural features can be addressed, at least in 

part, by increasing sample size and accounting for observed features post-testing. Methods for crater point 

cloud corrections to avoid such inconsistencies are presented in Chapter 5.  

The reporting methodology associated with SHB testing varies depending on the authors and 

settings. A recurring feature is the simplification of the test shot results to obtain a single data point fitting 

the overall shape. This approach does not take into account localized variations near the collar and toe of 

the blasthole, or variations of the burden along the blasthole axis. Parameters reported are accordingly 

forced into a best fit to describe triangular crater shapes. The shape factor 𝑆𝐹 presented above constitutes a 

step towards describing the crater with a more robust formulation based on measurements along the 
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blasthole axis. But this may not be sufficient to alleviate the problems related to natural variations observed 

with most blast hole craters. 

More information on SHB testing applications can be found in Ouchterlony & Moser (2012). 

Interested readers are also referred to cratering work by Ye (2008), and collaborative work between NIOSH 

and the Kiruna Mine (Sweden) on the application of SHB testing for the assessment of blast damage 

(Tesarik, et al., 2009). 

It is concluded based on the above review of SHB testing that a void exists within the literature, 

and there exists a need for standardized SHB testing for systematic and reproducible reporting to enhance 

value of such tests. Such a reporting method must take into account the various crater shapes possible and 

observed from SHB craters. This aspect is treated in detail in Chapter 5 and 6. 

 Rock Salt Blasting 

Development blasting in rock salt mines has historically relied on creating  a relief cut, also referred to as 

a kerf, at the base of the face to add a second free surface. The blasting pattern is designed to expulse the 

rock (“shoot”) towards the kerf in a configuration similar to bench blasting. 

Undercutters used today to create the kerf are based on machines designed in the first half of the 

20th century for the exploitation of coal seams. Pierce (1936) presented a technical publication on drilling 

and blasting practices at the Carlsbad salt mine (New Mexico). Horizontal development rounds of 3 m (10 

ft.) were developed using a 3.3 meter (11 ft) undercutter and fan blast pattern. The common undercutter 

application described by Pierce (1936) indicates  how far back kerf cutting has taken place in salt mines 

around North America. The recent publication of Konya (2016) presents the blasting method at the Avery 

Island mine (Louisiana, USA). The striking resemblance with Pierce’s (1936) technical description of the 

development approach illustrates how little blasting practices have evolved in rock salt mines in North 

America.  

Figure 3-23 shows a 4.3 m (14 ft.) undercutter used at the Pugwash mine (Nova Scotia, Canada). 

Figure 3-24 shows the undercutter being used at a face at the beginning of the cutting phase. The same type 
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of undercutter is still widely in used today at rock salt mines despite the arguably archaic design of the 

machine.  

The process of undercutting is highly time and energy consuming. The undercutting phase for a 

development round can take as much as 40% of the total mining cycle time.  

 

 

Figure 3-23: Undercutter used at the Pugwash Mine (N.S., Canada)  

 

 

Figure 3-24: Undercutter punched in for a development round as it starts the cutting 

process. 
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Figure 3-25 shows a drill and blast pattern from the Pugwash mine, with an undercutter kerf at the 

bottom of the face. The cross-section (side-view) of the face on the right hand-side shows the inclination 

of the drillholes with respect to elevation. The first row is inclined towards the kerf in order to project the 

material into the cut and away from the face. The rows above progressively flatten until almost becoming 

horizontal. The last row is angled slightly upward to avoid losing volume from development progression. 
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Figure 3-25: Drill and blast pattern at the Pugwash mine (Nova Scotia, Canada).  
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A few rock salt mining operations in North America have started to move away from using 

undercutters due in part to scarcity in replacement parts, and also maintenance and operational costs. A 

promising alternative, very popular in North-Eastern Europe evaporite deposit mines, is the creation of 

large relief holes in the face parallel to the development direction. These holes act in a similar fashion as 

an open face (i.e. blast wave reflection, fracture propagation and rock expulsion). The holes are generated 

using auger drills equipped with conical picks (similar in shape to the picks on undercutters).  

Figure 3-26 shows an auger drill machine used at the Fairport salt mine (Ohio, USA). Figure 3-26 

(a) shows the holes drilled with the auger drills; these holes are approximately 30 cm (1 ft.) in diameter.  

 

Figure 3-26: (a) Relief holes drilled using (b) a triple-headed auger drill, equipped with (c) 

conical bits 

An alternative drill pattern used at the Fairport mine (Ohio, USA) is shown in Figure 3-27. This 

pattern includes relatively large augered blastholes located in the middle of the face to act as a relief cut. 

(a) 
(b) 

(c) 

0.3 m 
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Figure 3-27: Development round drill pattern at the Fairport mine (Ohio, USA). The red line traces the drilling progression. 

Numbers next to the blasthole locations identify their order in the drilling process. Numbers in brackets refer to delay inte rval 

as part of the blasting sequence (sequencing numbers are unitless and represent blasting order) . 
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The main bulk explosive used in rock salt is Ammonium Nitrate Fuel Oil (ANFO). ANFO is used 

primarily because of low associated costs and dry conditions encountered in salt mines. ANFO density 

varies according to loading condition from in-place deposition (0.80 g/cc) to pneumatic loading at moderate 

pressure (0.85-0.9 g/cc) up to even higher loading pressure (> 1 g/cc). It is noted that ANFO is occasionally 

loaded under high pressure under the assumption that the VOD and detonation pressure will increase 

accordingly. It has been shown however that ANFO requires the high porosity of Ammonium Nitrate (AN) 

to impregnate uniformly the prills with fuel, and provide localized air voids (i.e. hot spots) to facilitate the 

detonation process as the shock front passes the column during explosion (Jimeno, et al., 1995). High 

loading pressures of ANFO can thus have adverse effects on the blast efficiency.  

In the presence of water (i.e. in situ brine), or for very humid conditions, ANFO can be replaced 

with Emulsion, composed mainly of dissolved Ammonium Nitrate. Emulsion generates higher detonation 

pressure and VOD, which may affect breakage and face pull. The use of high VOD explosives in rock salt 

tend to produce a larger crushed zone near the blasthole (𝑟𝑐 > 0.5 m) and increased energy losses. In part 

because of this aspect, few salt mines actually use Emulsion (when alternatives are available). As a side 

note, recent changes in European laws with regards to Nitrogen-Oxides (NOx) and diesel particulate matters 

(DPM) has spurred new considerations towards replacing ANFO with Emulsion as the primary bulk 

explosive agent (as Emulsion chemical reactions are much more efficient and generate significantly less 

NOx than ANFO).  

Bulk explosives loaded in blastholes are initiated using detonators (typically non-electric in North 

America, referred to a “nonel”), complemented by boosters. Cartridges of Emulsion are occasionally added 

to the bottom charge where a small amount of water could be encountered. The non-electric detonators are 

initiated using PETN based det-cord, in turn connected to an electric detonating cap. The electric caps are 

typically initiated using central blast systems operated from a control center underground or from the 

surface. Electric detonators can also be initiated via induced voltage using battery powered devices. In some 

instances, the electrical cap can be replaced by “Safety Fuse”, which are slow combusting agents aimed to 

provide a specific reaction time per length used.  
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Figure 3-28 shows explosives used at the Weeks Island mine. The figure shows a 22 kg (50 lbs.) 

ANFO bag (a), an Emulsion (b), a 90 gram booster (c), a 150 ms non-electric cap (d), and detonating cord 

(e).  

 

 

Figure 3-28: Typical explosive components used in the underground Weeks Island rock salt 

mine: (a) ANFO, (b) Emulsion, (c) 90 g booster, (d) non-electrical cap, (e) detonating cord. 

It is noted that investigation on rock blasting behaviour of rock salt has been primarily conducted 

by industrial partnerships. As such, large rock salt and potash companies (e.g. K+S, Germany; Potash Corp, 

Canada) have limited the open-access publications of significant developments towards blasting 

characterization and optimization.  

Few detailed papers have thus been published in recent years. A note-worthy technical publication 

on blasting in rock salt was produced at the US Bureau of Mines (USBM) by (Nicholls & Hooker, 1962). 

Early in the 1960s, the USBM undertook the initiative to characterize the response of various rocks and 

materials during blasting events (including rock salt). The work performed by Nicholls & Hooker (1962) 

aimed at investigating strain wave profiles from emitted blast pulses in single hole blasts with one degree 

(a) (b) (c) 

(d) (e) 
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of freedom. The testing involved drilling a series of blastholes and install probes (in Gageholes) to measure 

the seismic activity resulting from the blasting events. The gageholes were instrumented with strain gauges 

to measure the induced strains in the surrounding rock (see Figure 3-29).  

 

Figure 3-29: Conceptual representation of SHB tests performed in rock salt to investigate 

the strain profile resulting from the blast waves (Nicholls & Hooker, 1962). 

Nicholls’ & Hooker’s (1962) work on rock salt was performed at the Winnfield Salt dome (see Hoy 

et al. (1962) for geological settings of the deposit), located in the Winn parish of Louisiana. Test results 

indicated an average 𝑉𝑝 = 4401 m/s (14440 ft/s), which is consistent with measurements taken in other salt 

domes of Louisiana. Nicholls & Hooker (1962) describes the strain wave measured at the guageholes in 

terms of peak particle velocity (PPV), peak strain, peak rise time, and peak fall time. Testing was performed 

on four different explosive types while varying the charge amount and distance from sensors.  

Table 3-1 lists the explosives and related parameters used by Nicholls & Hooker (1962) for their 

testing in rock salt. The table also lists the extreme values measured for the rise and fall time of each 
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explosive. Figure 3-30 plots the rise and fall times obtained with TNT with respect to the scaled distance 

𝑆𝐷 computed as: 

 𝑆𝐷 = 𝑟/𝑄1/3 (3.42) 

Table 3-1: Explosives parameters and measured strain profile rise and fall time in rock salt. 

Adapted from Nicholls & Hooker (1962).  Basthole diameter 𝝓 = 𝟕𝟔 𝐦𝐦. 

Explosives type Density VOD (m/s) 
𝑷𝑫 

(GPa) 

Min 

𝒕𝒓 (ms) 

Max 

𝒕𝒓 (ms) 
Min 𝒕𝒇 Max 𝒕𝒇 

High Velocity 

Gelatin (HGV) 
1.4 g/cc 6156 11.4 0.21 0.65 0.30 1.0 

Semi-gelatin 1.1 g/cc 4663 5.7 0.22 0.62 0.35 0.66 

Granular TNT 1.0 g/cc 4571 5.2 0.23 0.53 0.32 0.91 

Permissible 

Ammonia 

Dynamite 

0.7 g/cc 2804 1.6 0.25 0.54 0.27 0.94 

 

 

Figure 3-30: Rise and fall time with respect to Scaled Distance for AD-P type explosives. 
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Except at small 𝑆𝐷 values, the observed rise and fall times were fairly constant. This information is 

pertinent when considering the wave span covered by the compressive pulse. From Table 3-1, it can be 

estimated that the equivalent wave span ((𝑡𝑟 + 𝑡𝑓) ∙ 𝑉𝑝) ranged from 2.1 meters to 7.1 meters, which is 

consistent with the 𝑡𝑟 formulation presented by Lu et al. (2012). For a typical burden B of 2 m, the equivalent 

wave span would range from 1 to 3.5 times the burden distance, which is consistent with 

computationsdescribed in Chapter 7.  
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Chapter 4  

Applications of remote sensing survey to geological engineering problems 

 Introduction 

The present Chapter reviews technical concepts associated with remote sensing tools. Emphasis is put on 

data collection for three-dimensional mapping purposes using terrestrial laser scanners (TLS). Theoretical 

notions associated with remote sensing are discussed to introduce key data processing notions including 

registration, scan placement, and error estimation and minimization. A series of practical applications for 

TLS surveys are briefly discussed. The Chapter is structured as follows: 

• Methods of remote sensing surveys 

• Point cloud interpretation and manipulation 

• Quantifying uncertainty 

• Examples of engineering applications 

 Remote Sensing Methods 

According to the United States Geological Survey, remote sensing can be defined as: “[…] the 

process of detecting and monitoring the physical characteristics of an area by measuring its reflected and 

emitted radiation at a distance”. In the context of engineering applications, remote sensing represents a 

surveying methodology implemented to map three-dimensional features of an area, complemented by 

physical parameters such as color or light reflection.  

Remote sensing technology is essentially divided between optical measurements, electromagnetic 

distance measurement (EDM), and photogrammetry. Optical tools such as the theodolite rely on 

deformation properties of internal lenses to measure vertical angle on graduated rulers and derive the 

horizontal distance. Figure 4-1 (a) illustrates the internal components of a theodolite used to measure vertical 

angles.  Figure 4-1 (b) shows a section of a graduated staff used to measure the vertical angle with a 
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theodolite, and derive the distance between the two points. Theodolites are still actively used in underground 

mines where control stations are limited.  

 

Figure 4-1: (a) Cross-sectional representation of a theodolite with internal lenses and (b) 

graduated staff used to measure vertical angles and derive horizontal distances. Taken from 

Schofield & Breach (2007). 

Electromagnetic distance measurement (EDM) represents the technical basis behind total station 

tools and light/laser detection and ranging (LiDAR) technology. The measurement of a distance from a 

pulse source to a surface relies on the explicit measurement of the time of flight ToF (pulse method), or the 

phase difference method (Schofield & Breach, 2007). The phase difference is based on two pulses of known 

wavelength 𝜆 (m) that are emitted, and the fraction of a full wavelength is captured from the reflected pulse 

𝛿𝜆 (see Figure 4-2).  

By emitting two pulses of known wave length, 𝜆, it becomes possible to determine the number of 

wavelength 𝑀 that travelled the full distance 𝐷, and derive the according distance from the known pulse 

travel speed 𝐶 (m/s): 

 𝐷 = 𝑀
𝜆

2
+ 𝛿𝜆 (4.1) 

 

(a) (b) 



117 

 

 

Figure 4-2: Distance measurement based on phase difference method. Taken from Schofield 

& Breach (2007).  

The total station represents the basic EDM surveying tool widely used within the construction and 

mining industry. A total station is equipped with laser transmitting and receiving capabilities, and serves to 

measure the angle between three points, and the distance between two points. The total station eclipsed the 

theodolite in most practical surveying applications, and represents the primary surveying tool in 

underground applications where GPS control is not available. Understandably, the total station is often 

preferred for underground mine survey applications, as compared to more advanced three-dimensional 

scanners where point clouds (104 − 107 points per scan) require time-consuming processing.  

Total station surveys rely on accurately determining the positioning of infrastructure or features 

with respect to a pre-established reference coordinate system. In contrast to 3D scans which rely on an 

abundance of datapoints to manage and minimize error, total station surveys require the creation of closed 

loops (see Figure 4-3) to provide a reliable reference coordinate system. The survey of data points or creation 

of new local stations is performed using traverse methods which involve redundant referencing of 

measurements from known data points (see Figure 4-4).   

Over the last three decades, technologies have emerged from enhanced computing capabilities and 

advancement of EMD rate of measurements. These remote sensing tools generate point clouds by mapping 

surfaces at defined spacing intervals as opposed to specific focus points. These mass data collection methods 

can be sub-classified between stationary and mobile approaches. 
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Mobile mass data collection incorporates a level of complexity from movement of the remote 

sensing tool, which must be accounted for in data processing. The addition of speed variability tends to 

decrease the achievable precision of the data, and requires the use of calibration tools to register the data 

points adequately (see for example Structure from Motion SFM software tools (Westoby, et al., 2012; Cook, 

2017)).  Mobile mass data collection can be performed using flight (e.g. planes, helicopters, unmanned aerial 

vehicles UAV), ground vehicles, or from a pedestrian holding the tool. Figure 4-5 shows a point cloud 

collected from UAV means using photogrammetry technology. The point cloud was collected to map the 

topography of the Daan River Gorge in Taiwan.  

 

 

 

Figure 4-3: Positioning of permanent survey stations to form series of closed loops for the 

coordinate reference system at an open pit mine. Taken from Jarosz (2011). 
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Figure 4-4: Traverse process to create new wall stations from two reference control points 

in an underground drift. Taken from Jarosz (2011). 

 

Figure 4-5: Point cloud collected from UAV photogrammetry surveys for topography 

mapping. Taken from Cook (2017). Location is the Daan River Gorge (Taiwan).  

Stationary mass data collection relies on fixed remote sensing tools to collect data points of interests. 

In the case of laser scanning devices, the terminology “terrestrial laser scanner” (TLS) is applied to refer to 

3D scanners relying on LiDAR technology. Figure 4-6 shows a FARO X-130 laser scanner used for TLS 

applications. Figure 4-6 (b) shows the tool on a tripod in an underground mine, and presents a dimensional 

perspective of the tool.  
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Figure 4-6: Example of TLS tool: (a) FARO X-130 LiDAR scanner (FARO Technologies 

Inc., 2014), and (b) X-130 scanner in use in an underground rock salt mine (taken from 

Aubertin et al. (2017b)).  

Mass data collection relies on one of two methods: LiDAR and photogrammetry.  Photogrammetry 

was developed during the First World War to map landscapes and key features from pictures taken from 

planes (i.e. aerial photogrammetry). Topographic measurements from photographs relies on the concept of 

stereo restitution (i.e. stereoscopy) of two photographs at known locations to derive a third dimension for 

both sets of pictures. Photogrammetry surveys therefore require detailed knowledge of the camera lenses 

(see Figure 4-7 (a)), and relative positioning from one picture to the next (see Figure 4-7 (b)). In the case of 

terrestrial photogrammetry, a theodolite or positioning tool is often used to define a reference distance for 

the taken photographs. In the case where relative positioning of the object is not necessary, modern 

photogrammetry processing tools can derive a three-dimensional coordinate system from three or more 

pictures.   

1.4 m 

(a) 
(b) 
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Figure 4-7: (a) lens and positioning measurements for photogrammetry based distance 

computations, and (b) different survey placement with known relative positioning for 

measurement calibrations.  

The application of photogrammetry tools presents challenges when considering differential lighting 

conditions (e.g. night aerial scans, underground photogrammetry). In essence, the issues arise from 

processing software which must discern contrasting features to delineate three-dimensional variations and 

compare common features from different photographs. Intense lighting has been used in underground 

applications where photogrammetry is the selected tool. Because of these limitations however, LiDAR has 

become the predominant mass data collection tool for underground applications. 

Light/Laser Detection and Ranging (LiDAR) tools, also referred to as laser scanners, are equipped 

with pulse generating and capturing devices which allow distance measurement via pulse method or phase 

method. The phase method is preferred for single point measurements requiring high accuracy, while the 

pulse method presents a rapid solution for long range (> 1 km) data collection (Schofield & Breach, 2007). 

Laser scanners are also equipped with mechanical apparatus necessary to map the surroundings of the tool 

in a systematic fashion. TLS tools will typically incorporate a robotic head that can rotate horizontally to 

capture a complete panoramic view, and rotating mirrors onto which the pulse is emitted for vertical ranging 

detection. Modern TLS robotic heads provide rapid data collection, which can be leveraged to increase 
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accuracy by repeating measurements and averaging the obtained results. Some TLS tools also incorporate 

photographic overlapping capabilities to enhance the visual perspective of 3D scans. Figure 4-8 (a) shows 

the point cloud of a tunnel from the scan view (in panoramic representation).  Figure 4-8 (b) shows a 

combination of multiple scans with overlaid colors from photographs taken using TLS.   

 

Figure 4-8: (a) point cloud of a tunnel collected from TLS survey. The cloud is viewed a 

panoramic perspective of the TLS position. (b) combined TLS scans with assigned color 

values from photogrammetry overlap. Scans were taken using a FARO X model scanner. 

Taken from Cox (2015). 

 Point Cloud Interpretation and Manipulations 

Data points collected using data collection tools such as TLS are compiled through systematic encryption 

methods defined by manufacturers to minimize space allocation for the point clouds. In their simplest form, 

data points are tabulated into an easily accessible file format (e.g. “.txt”) for sharing and cross-platform 

sharing purposes. The tabulation of point clouds is based on the measured features (e.g. color, intensity) 

combined with the three-dimensional coordinates in the reference system. Table 4-1 shows an example of a 

point cloud tabulation format of n data points with coordinates, color (divided into three reference intensity 

colors), and reflection intensity. Such tabulation stored on files such as “.txt” cannot explicitly define table 

boundaries (i.e. rows and columns). The data points are therefore separated via predefined markers (e.g. 

comma, delineation) for column differentiation, and successive line entries for differentiation of rows.  

 

 

(a) (b) 
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Table 4-1:Tabulation of collected datapoints from remote sensing mass data collection.  

X – coordinate Y – coordinate Z – coordinate Red  

(0-255) 

Green  

(0-255) 

Blue  

(0-255) 

Intensity  

(0-1) 

Data point 1 

Data point 2 

[…] 

Data point n 

 

Point cloud processing for engineering applications will often require geometrical manipulations to 

properly position datapoints together, or achieve coherent alignment between multiple scans taken from 

different locations (i.e. scan registration). Geometrical manipulations are performed by considering each 

datapoint as matrices. A point, 𝑃, defined within the X-Y-Z (cartesian) coordinate system is represented in 

matrix form as: 

 𝑃 = [𝑥, 𝑦, 𝑧] = [
𝑥
𝑦
𝑧

]

𝑇

 (4.2) 

where 𝑥, 𝑦, 𝑧 are the coordinates in the respective X-Y-Z coordinate system, and 𝑇 is the transpose 

of a matrix.  

Two fundamental data manipulations are typically involved in point cloud processing: scan 

registration, and change detection. These manipulations involve the simple geometrical transformations 

referred to as translations and rotations. The translation of a point 𝑃 = [𝑥, 𝑦, 𝑧] by the vector defined by �⃗⃗� =

[𝑎, 𝑏, 𝑐] to obtain point 𝑃∗ is obtained as: 

 𝑃∗ = 𝑃 + �⃗⃗� = [𝑥 + 𝑎, 𝑦 + 𝑏, 𝑧 + 𝑐] (4.3) 

The rotation of a point 𝑃  along reference axis 𝑖 ∈ (𝑋, 𝑌, 𝑍) by angle 휃  (°), is given by the dot 

product of 𝑃 with rotation matrix 𝑅𝑖 to obtain rotated point 𝑃∗ (Stewart, 2011): 
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 𝑃∗ = 𝑃 ∙ 𝑅𝑖 (4.4) 

where  

 𝑅𝑥 = [
1 0 0
0 cos 휃 − sin 휃
0 sin 휃 cos 휃

] (4.5) 

 𝑅𝑦 = [
cos 휃 0 sin 휃

0 1 0
− sin 휃 0 cos 휃

] (4.6) 

 𝑅𝑧 = [
cos 휃 − sin 휃 0
sin 휃 cos 휃 0

0 0 1
] (4.7) 

In the absence of a reference coordinate system, which is often the case for underground surveying 

(e.g. GPS referencing), laser scanners generate a scan-specific reference system with origin defined from 

the center of the tool. In most instances, the vertical axis is defined internally from a gyroscope sensing the 

Earth’s gravity. When multiple scans of a common area are taken, it becomes necessary to reconcile the 

different coordinate system through scan placement, a process termed registration.  

Registration is differentiated between target and target-less processes. Registration with targets 

ensures a higher level of confidence in point cloud correspondence and reduction of error margins. Target-

based registration presents obvious challenges that give rise to the need for target-less registration: the 

inconvenience of leaving fixed targets for prolonged timelines in an underground setting, and a time 

consuming reconciliation process.  

Cox (2015) presented a comparison of three different point cloud processing software packages 

(FARO Scene, Autodesk Recap, and Trimble Realworks), considering divergence between target-based and 

target-less registration. Cox observed that target-less registration results in systematically noticeable vertical 

divergence. It was pointed out as well that time saved on field with target-less registration can be 

counterbalanced by additional computer work necessary to apply a coarse initial registration before fine 

registration algorithms can take over.  

Bellekens et al. (2014) presented a review of important target-less registration algorithms. The 

underlying premise of the process consists in determining a cost function affecting the quality of the 
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registration, and identifying the direction which impacts the measuring parameter the most (i.e. defined 

cumulative error coefficient). The simplest approach is the least-squared method where the straight-line 

distance between points are squared and minimization is iteratively attempted by applying transformations.  

 

Figure 4-9: Cost function for a least-squared approach based on number of iterations. Taken 

from Bellekens et al. (2014).  

Registration algorithms rely on the concept of covariance matrices. The covariance between two 

variables 𝑋𝑖 and 𝑋𝑗 for the point 𝑘, 𝑐𝑖𝑗
𝑘 , is defined as: 

 𝑐𝑖𝑗
𝑘 =

1

𝑛−1
∑ (𝑋𝑖

𝑘 − 𝑋�̅�)(𝑋𝑗
𝑘 − 𝑋�̅�)𝑛

𝑖=1  (4.9) 

where 𝑋�̅� is the average of the variable 𝑋𝑖, and 𝑛 is the number of data points. The covariance matrix 

𝐶𝑖𝑗 is defined as the tensor formed by the covariance between the different variables: 

 𝐶 = [

𝑐𝑖𝑖 … 𝑐𝑖𝑗

⋮ ⋱ ⋮
𝑐𝑗𝑖 … 𝑐𝑗𝑗

] (4.10) 

An early approach for point cloud registration is referred to as a Principal Component Analysis 

(PCA). PCA aims to provide a rough registration by aligning the eigenvectors of the respective covariance 

matrix (i.e. the vectorized direction of highest variance). The centroids of the respective clouds are 

subtracted from each data point to identify the greatest differences. The covariance matrix for the two point 

clouds is obtained, and their eigen vectors (i.e. vectorized direction of greatest variance) are aligned to 
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determine the largest vector. This latter vector is then used as a rotation transformation for one of the point 

clouds, which is then translated by the equivalent of the difference between the two centroids. 

The Singular Value Decomposition (SVD) algorithm compounds the PCA approach with Eucledian 

distances between points within the point clouds. Once initial registration has taken place, an iterative 

approach is taken to systematically reduce the global variation in distances between points. The translation 

vector to adjust the respective centroids is adapted to reflect the direction in which the least squared sum of 

errors between corresponding distances is achieved (Cox, 2015). Bellekens et al. (2014) notes that this 

approach is problematic when outliers are present, or significant variation has taken place as the vectors 

cannot be weighed and are assumed to be true.  

The Iterative Closest Point (ICP) algorithm further improves from PCA and SVD by iteratively 

disregarding outliers between point clouds (Cox, 2015). After rough registration has taken place, distance 

between points are determined, and points are matched to determine the minimum distances in least squared 

approach. Outliers are iteratively tested to assess their impact on error summation. ICP represents the typical 

registration algorithm implemented in point cloud processing software (e.g. fine registration functionality 

of the popular open source software CloudCompare).  

Change detection represents a fundamental application for three-dimensional scans. Change 

detection aims to measure the distance between features. The distances are measured between points, from 

cloud data points to a defined mesh (C2M), or from iterative variations of multiscale planes averaged from 

point agglomerations (M3C2) (Lague, et al., 2013). Barnhart & Crosby (2013) presented a case study 

comparing C2M to M3C2 change detection methods and relevant respective applications. Aubertin et al. 

(2019a) applied a mesh to point based on a simplified M3C2 approach to measure roughness along 

excavation surfaces, with details on the computational algorithm. The article is included as Appendix G for 

reference.  

Change detection, and its variations are shown in Figure 4-10 where two blasts were surveyed 

before and after to measure the differences using TLS surveys. Figure 4-10 (a) displays the observed largest 

distance between the original and new surface created by the blast. Figure 4-10 (b) shows a crater resulting 
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from a single hole blast test. The surface is colored according to a color scale for cloud to cloud distance 

with respect to the original surface. It is worth noting that more advanced change detection investigations 

aim to quantify the vector of change. For example, the projection of the muckpile in Figure 4-10 (b) can be 

defined by a vector of change, which can be used to assess the overall throw.  

 

Figure 4-10: (a) TLS point clouds for vertical benches before and after the blast, and (b) 

crater resulting from single blasthole test with color scale for cloud to cloud absolute 

distance.   

 Handling Uncertainty 

Three sources of uncertainty arising from mass data collection tools include: (i) position, (ii) registration, 

and (iii) change detection. Uncertainty within point cloud processing arises from noise (e.g. vegetation), 

survey density, tool accuracy, and laser beam footprint. It is important to note that the detection scale will 

dictate to a large extent the level of acceptable uncertainty and required accuracy (e.g. rock blast induced 

change detection versus tension cracks forming along a rock slope).  

The positional error induced by the laser beam footprint is proportional to the size of the beam, 

distance of the measured point, and incidence angle; and forms an ellipse shape on the surveyed surface 

(Fey & Wichmann, 2017).  The error induced can be computed from the horizontal (i.e. perpendicular to 

beam) and vertical (parallel to beam) components 𝜎𝑥𝑦
𝑏𝑒𝑎𝑚 (m) and 𝜎𝑧

𝑏𝑒𝑎𝑚 (m) (Shar, et al., 2007):  

 𝜎𝑥𝑦
𝑏𝑒𝑎𝑚 =

1

3
∙ max (|

𝑎𝑥

𝑎𝑦
| , |

𝑏𝑥

𝑏𝑦
|) (4.11) 

6 

0 m  1.8 m  
Muckpile 
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 𝜎𝑧
𝑏𝑒𝑎𝑚 =

1

3
∙ max(|𝑎𝑧|, |𝑏𝑧|) (4.12) 

where |
𝑎𝑥

𝑎𝑦
| , |

𝑏𝑥

𝑏𝑦
| are the long and short distances of the ellipse formed by the truncated cone of 

the beam, and 𝑎𝑧 and 𝑏𝑧 are the long and short length of the truncated cone.  

The total error induced by the beam 𝜎𝑡𝑜𝑡𝑎𝑙
𝑏𝑒𝑎𝑚 (m) is computed as (Fey & Wichmann, 2017): 

 𝜎𝑡𝑜𝑡𝑎𝑙
𝑏𝑒𝑎𝑚 =  √𝜎𝑥𝑦

𝑏𝑒𝑎𝑚2
+ 𝜎𝑧

𝑏𝑒𝑎𝑚2
 (4.13) 

Figure 4-11 plots the induced beam error for a beam divergence of 0.15 mrad (0.009°). It is noted 

that the error component for incidence angle is equal to the beam radius for incidence angle < 45°. For long 

range scanning exercises, the angle of incidence is estimated from a tangential plane best fitting the location 

(the radius of the tangential plane is based on surface roughness and discussed further in Fey & Wichmann 

(2017)).  

 

Figure 4-11: Positional error induced by laser beam footprint. Taken from Fey & Wichmann 

(2017). 

Registration uncertainty is defined by spatial confidence interval associated with the minimum 

detectable change, referred to as level of detection 𝐿𝑂𝐷 in terms of a confidence level (𝐿𝑂𝐷95% is for a 95% 
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confidence interval). The 𝐿𝑂𝐷 is computed from the local surface roughness of each point and registration 

error induced from the method selected (software specific).  

𝐿𝑂𝐷95% can be computed as (Lague, et al., 2013): 

 𝐿𝑂𝐷95% =  ±1.96 (√
𝜎𝑒𝑟𝑟𝑜𝑟1

𝑁1
+

𝜎𝑒𝑟𝑟𝑜𝑟2

𝑁2
+ 𝜎𝑟𝑒𝑔) (4.14) 

where 𝜎𝑒𝑟𝑟𝑜𝑟1
 and 𝜎𝑒𝑟𝑟𝑜𝑟2

 (m) are the uncertainty errors associated with the first and second point clouds, 

and 𝑁1 and 𝑁2 are the size of the sub-sample spanning the plane that best fit the roughness of the location 

considered.  

The selection of the radius of measurement for roughness computations is not a trivial matter and 

depends largely on features of interest. For example, the roughness induced by the intersection of two 

surfaces (e.g. pillar corner) creates a large radius within which to capture the change, while local asperities 

along the rock surface require a small radius of measurement. The selection of a radius of measurement for 

roughness computation is discussed in Aubertin et al. (2019a) (included as Appendix G). Additional 

information on 𝐿𝑂𝐷 computations, and variations to the formulation given in Equation 4.14 can be found 

in Kromer et al. (2017)) and Fey & Wichmann (2017). 

 Engineering Applications 

4.5.1 Generalities 

This section presents applications associated with engineering practice, with special focus on 

underground mining operations. Fekete et al. (2010) presented an insightful review of TLS applications in 

drill and blast tunneling operations. Table 4-2 lists the applications identified by Fekete et al., according to 

interested professionals. The table complements previously identified applications by the addition of a blast 

engineer entry based on practical experience and relevant literature.   

The application of laser scanner tools (TLS and airborne) for slope stability analysis has gained significant 

traction in the past two decades  following technological progress around topographical mapping(see Lato 

et al. (2009) and Lan et al. (2010) for historical progression). Mass data collection tools provide the means 
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to achieve high spatial density with high temporal frequency. Laser scanners have been used to capture rock 

slope failure precursors through evolving mechanisms over very large scales (e.g. mountain slope).  

Table 4-2: TLS applications for drill and blast tunneling and mining operations. Adapted 

from Fekete et al.  (2010).  

Operator / tunnel (mine) 

engineer 

Geological engineer / geologist Blast engineer 

As-built tunnel survey Structural discontinuity 

geometry 

Round advance/volume 

measurement 

High density surface profiling Joint spacing Fragmentation measurement 

Support installation quality 

control 

Joint surface characterization Muckpile throw description 

(through, height, distance) 

Leakage location mapping  Structural overbreak analysis Overbreak measurements 

Scaling quality control Structural feature mapping Single hole blast (SHB) testing 

 

4.5.2 Identification of Rock Slope failure Precursors and Hazard Analysis 

TLS measurements can be complemented with other geotechnical monitoring tools (GPS data, 

extensometers, inclinometers) to provide a full suite of temporal analysis over long periods of time with 

various calibration standpoints; see for example the monitoring program of the Aknes rock slide, Norway 

(Oppokofer, et al., 2009). More information on the combination of remote sensing techniques and other 

geotechnical monitoring tools for slope stability analysis can be found in (Vanneschi, et al., 2017). 

Slope stability assessments are typically focused towards landslides (large-scale slow rate of 

movement for weak rock masses and soft or fine soils), rockfall (rock slope failure process) and debris-flow 

(slope movement from debris forming a flow). Jaboyedoff et al. (2012) published a literature review on 

LiDAR application for slope stability investigation (see also Abellan et al. (2014)). The review sub-

classified the use of LiDAR into four classifications: (i) detection and characterization, (ii) hazard 

assessment and susceptibility mapping, (iii) modelling calibration and baseline, and (iv) monitoring.  

The detection and characterization of topographical components (i.e. features and mechanisms) 

revolves around change detection, edge detection and filtering of unwanted or error-inducing components 
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(e.g. water, vegetation). Brody & Lague (2012) presented automated processes applied to TLS point clouds 

to characterize various components and classify relevant scales within capture scenery.  The scale dependent 

mesh to point cloud distance method M3C2 introduced previously was derived for the detection and 

classification of complex topographical features (see Lague et al. (2013) for an introduction to the algorithm 

and practical applications).  

Kromer et al. (2015; 2017) applied the concept of change detection between point clouds (at 

different time intervals), and identified a series of rock slope failure precursor mechanisms from the 

monitoring of rock slopes in Western Canada along rail corridors using TLS surveys. The analysis revealed 

four key risk indicators: (i) slope deformation, (ii) superficial rock fall events, (iii) volume variation of talus 

deposition, and (iv) material loss induced by tension cracks. Figure 4-12 shows a point cloud of a rock slope 

monitored for the identification of failure precursors. The point cloud color scale represents the minimal 

distance from the original (baseline) surface.  

 

Figure 4-12: Identification of slope failure precursors from change detection analysis 

between point clouds at different time intervals over 200 days. Taken from Kromer et al. 

(2015). 
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It is observed from Figure 4-12 that deformation measurements for slope stability analysis are 1-2 

factor of magnitudes smaller than for rock blasting, and the distance between the scanner and the object of 

interest is generally much larger. Error computations and uncertainty mitigation for slope topographical 

point clouds are discussed at length in Fey & Wichmann (2017) and Kromer et al. (2015; 2017).  

More information on topographic mapping and hazard analysis using mass data collection tools can 

be found in reference text books by Heritage & Large (2009) and Shan & Toth (2018).  

4.5.3 Identification and Classification of Geological Structures 

Edge detection based algorithms have been adapted to recognize geological structures such as 

discontinuities, joints and failure planes. The aim for these point cloud processing tools is to achieve 

automated detection and classification of geological structures, and potentially the characterization of rock 

masses (with additional inputs). Sturzenegger and Stead (2009) presented a review of TLS and close range 

digital photogrammetry applications towards discontinuity characterization on rock cuts. The publication 

presents a series of case studies with emphasis on advantages associated with mass data survey tools and 

limitations. Sturzenegger and Stead underscored the advantages gained from multiple scan positions which 

can capture different orientations of existing structures (i.e. along the dip and dip direction) but limitations 

associated with line of sight (see Figure 4-13) can prevent collection of full data sets (e.g. occlusions).  

Figure 4-14 shows an example of a rock surface outcrop point cloud (a), and the resulting processed 

surface overlaid with the identified discontinuity planes. The color code groups the different sets of joints 

identified along the measured surface. Algorithms implemented to convert point clouds into mesh surfaces, 

and to detect discontinuity surfaces can be found in Lato et al. (2009) and Voge et al. (2013). More 

information on recent developments towards increasing reliability of automated discontinuity recognition 

systems can be found in Riquelme et al. (2014; 2017). 
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Figure 4-13: Occlusion error induced from the positioning of the survey tool which cannot 

capture certain discontinuity orientations located within shadow zones.  

 

Figure 4-14: (a) 3D point cloud of a rock outcrop and (b) overlaid discontinuity sets 

represented by circular planes with dip angle and directions. Visuals from Polyworks. 

Taken from Sturzenegger & Stead (2009). 

Joint mapping from three-dimensional point clouds has been applied to underground openings. 

Fekete & Diederichs (2013) performed virtual joint mapping along an underground tunnel to define the 
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structural geology in place. The identified discontinuity sets were implemented into a discrete element 

method (DEM) model to simulate ground conditions and perform stability analysis on the excavation. 

Vazaios et al. (2017) compared different virtual mapping approaches (automated and manual) for 

underground discontinuity identification, and presented a detailed procedure to generate a discrete fracture 

network (DFN) for DEM modelling applications.  

4.5.4 Rock Blasting 

Mass data collection surveying tools have been used in various rock blasting applications. Basic 

applications pertain to large change detection analysis (volume removed, muckpile throw). A major focus 

point in the present work, crater blast testing and single hole blast testing, benefit greatly from recent 

advancements of TLS and photogrammetry tools. As briefly discussed in Chapter 3, Wimmer (2008) applied 

photogrammetry survey to SHB testing to effectively capture the evolving profile of the crater dimensions. 

Despite these advancements, measurements towards SHB testing and crater blasting still rely on manual 

handling which incorporates non-negligible subjectivity (Ye, 2008; Ouchterlony & Moser, 2012). 

Applications of TLS survey towards SHB testing is discussed at length in Aubertin et al. (2017a; 2017b). 

Procedural limitations and necessary improvements for reliable SHB testing with TLS applications were 

presented in Aubertin et al. (2018). Chapter 4 (Aubertin, et al., 2020a) presents a systematic methodology 

for the application of TLS surveys in SHB testing for obtaining objective and reproducible results. 

TLS survey has been applied towards quantifying rock blast throw. 3D point clouds of the muckpile 

allows for convenient and safe measurements of the throw (i.e. distance from top of pile to original surface), 

pile height, peak distance, and spread. Figure 4-15 shows 3D point clouds collected from TLS surveys for 

two set of blasted rock piles at the K+S Windsor Salt Pugwash mine. The blast pattern in (b) was altered to 

yield a greater spread (c) and render the extraction process easier on hauling equipment.  



135 

 

 

Figure 4-15: Comparison between two test patterns on the muckpile projection surveyed via 

TLS (FARO X-130). (a) view from TLS position for a muckpile with two reference 

measurement points, (b) and (c) are cross-sectional view of the surveyed muckpiles achieved 

with two different blast patterns. The blast displayed in (c) yielded a greater throw and the 

pile was easier to handle for excavating machinery. Visuals obtained from the Scene 

software (FARO Technologies Inc., 2016).  

The use of mass data collection system for rock fragmentation by blasting has evolved noticeably 

in the last two decades and gained significant interest with mining operators. Photography based analysis 

has been applied since the late 1990s to derive fragmentation distribution. During a fragmentation workshop 

at Fragblast 5, Maerz et al. (1996) introduced the photograph based WipFrag software that incorporated an 

edge detection algorithm and which could output a fragmentation curve calibrated according to the Rosin-

Ramler model. As WipFrag evolved and gained traction within the industry, digital image processing 

became increasingly popular with numerous applications developed for fragmentation analysis (Palangio & 

Maerz, 1999; Noy, 2012).  

The advent of 3D mapping has led to convenient calibration tools to further improve the reliability 

of tools such as WipFrag. Photogrammetry based fragmentation analysis still poses challenges with edge 

detection affected by shadowing effects which consequently still requires active involvement of users. Jang 

et al. (2020) discussed the issues with digital imaging processing calibration errors and presented a 

photogrammetry based edge detection approach to facilitate the registration process. Figure 4-16 shows an 

(a) 

(c) 

(b) 

Measurement 

points 
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experimental demonstration performed by Jang et al (year) which illustrates the traditional edge detection 

mapping outcome (b), and the enhanced fragmentation analysis achieved using 3D point clouds from 

photogrammetry data (c). The original rock pile sample is shown in Figure 4-16 (a).  

 

Figure 4-16: Fragmentation analysis experimental demonstration taken from Jang et al. 

(2020). (a) the original rock pile, (b) the traditional edge detection outcome performed using 

WipFrag, and (c) edge detection using 3D point cloud from photogrammetr y surveys.  

Laser scanner technology has risen as a robust alternative to photogrammetry towards rock 

fragmentation analysis given the lack of constraints associated with lighting (Onederra, et al., 2015). 

Campbell & Thurley (2017) presented a series of practical examples using TLS surveyed point clouds for 

the determination of rock fragmentation in underground mines. Processing relies on automated edge 

detection using morphological gradient from spherical structures to classify elements in different categories 

(see also Thurley (2013)). The points clouds are projected orthogonally on 2D planes for convenient edge 

detection processing. Figure 4-17 shows a muckpile (a) scanned using TLS. Figure 4-17 (b) shows 

delineated fines areas. Figure 4-17 (c) shows delineated particles as part of the fragmentation analysis 

process.  
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Figure 4-17: Muckpile profile from 3D point cloud collected with TLS. (a) original point 

cloud, (b) fines area, (c) particle delineation. Taken from Campbell & Thurley (2017). 

4.5.5 Mining Applications of Interest 

Mass data collection tools provide the means to capture remote or inaccessible locations without having to 

place the tool or a person in that location. Underground excavations often present rapidly evolving ground 

conditions which may limit access. Laser scanners effectively provide the means to capture evolving 

conditions in places with limited access. Figure 4-18 shows a point cloud data set collected at an 

underground mine (location not disclosed). The left section of the surveyed area is barricaded and 

inaccessible due to unstable roof conditions. Water slowly accumulates at low elevation points. TLS survey 

was used to map the area as a reference base point for future ground movement and water migration. Figure 

4-19 shows a surveyed point cloud data set collected in the production mine shaft at Morton Salt Weeks 

Island. Mass data collection survey was performed in the shaft to define a baseline and measure future 

inclination induced by underground convergence.  

 

(a) 

(b) 
(c) 
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Figure 4-18: Surveyed point cloud for inaccessible zone due to roof fall in a salt mine. Water 

slowly accumulates in the area, and is periodically measured using remote sensing tools.  

 

Figure 4-19: Surveyed point cloud data set for the production shaft at the Weeks Island 

mine: (a) shaft cross-section along the length, and (b) shaft station at the 1400 level.  
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Chapter 5  

Horizontal Single Hole Blast Testing – Part 1: Systematic Measurements 

Using TLS Surveys 

 Scope 

The present Chapter was submitted to the Tunneling and Underground Space Technology journal 

publication. Academic supervisors D. Jean Hutchinson and Mark S. Diederichs are co-authors of this paper. 

The format was modified from original submission to match Thesis formatting.   

 Abstract 

Large scale Single Hole Blast (SHB) testing is used to characterize blasting behaviour in a cost-effective 

manner. SHB testing provides the means to assess the effect of blasting specifications (e.g. burden 

dimension, explosive used, borehole diameter) on rock cratering and blast efficiency. The observed 

behaviour depends significantly on the testing procedure and measurements recorded. Crater characteristics 

are commonly described by the displaced volume of rock and breakout shape. Analysis of SHB test results 

relies on reproducible measurements.  

This paper proposes a method for analysis of horizontal SHB tests using data collected via terrestrial 

laser scanning (TLS) surveys. The procedural algorithms, point cloud manipulations, and analysis facilitate 

systematic SHB testing, including the use of a reference axis aligned with the blasthole orientation.  The 

definition of crater extents, absolute burden measurements, methods for crater slicing, and filtering are 

developed to maintain consistency with the plane strain assumption. Crater partitioning protocols are 

elaborated to enhanced details of captured data. A detailed workflow of the analysis is provided with 

examples from compiled field testing. The conventional SHB measurement approach for crater breakout 

angle is refined to account for superficial surface roughness, and to capture the full crater shape. Data 

captured for the craters is represented along the blasthole length to capture the plane-strain component  of 
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single blasthole cratering.  Comprehensive results from full scale field experiments are presented in a 

companion paper.  

  Introduction 

Rock fragmentation by blasting is controlled by three main aspects: (i) explosive specifications, (ii) rock 

mass geomechanical properties, (iii) and geometry of the blast. Explosives used for rock fragmentation are 

characterized by the resulting pressure pulse imparted on the cavity walls. The pulse is transmitted to the 

rock as compressive longitudinal pressure waves which create localized fractures near the borehole and 

reflect in tension at free-surfaces. Burden removal by blasting results from the combination of localized 

peak stresses and the propagation of cracks from reflected tensile pressure waves (Field & Ladegaard-

Pedersen, 1971; Langefors & Kihlström, 1978). 

Numerous authors have studied the influence of geomechanical parameters on blasting efficiency 

(Afrouz, et al., 1988; Singh & Sarma, 1983; Sauvage, 2010; Singh & Andul, 2010; Aubertin, et al., 2017; 

Salum & Murthy, 2019). Semi-empirical models for the design of blast patterns (i.e. spacing, burden, 

blasthole diameter, specific charge) have been developed to incorporate fracture mechanics fundamentals 

with existing geomechnical characterization approaches (Fraenkel, 1958; Holmberg & Persson, 1978; 

Hustrulid & Holmberg, 1991). 

Single hole blast (SHB) testing has been commonly used to quantify rock fragmentation by blasting, 

and assess blastability (Field & Ladegaard-Pedersen, 1971; Rustan, et al., 1983; Kou & Rustan, 1992; 

Fourney, et al., 1993; Wimmer, et al., 2008).  As part of SHB testing, a single hole is drilled parallel to a 

free surface and detonated to produce a crater. The crater is then characterized in terms of volume removed 

and breakage orientation. The process is repeated by varying a parameter (typically the burden) so that a 

characteristic relationship can be obtained.  

Large scale SHB testing provides valuable information with respect to actual site-specific practices 

for the characterization of blasting conditions, while being relatively cheap (cost-effective). On the other 

hand, SHB campaigns reported in the literature often present limitations in terms of reproducibility of the 
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results. Key limitations can be attributed to the challenge of obtaining reliable data from large scale 

conditions due to the inherent variability of the crater and original surface geometry. A standard 

measurement (characterization) procedure for SHB testing is needed to provide data using a reproducible 

methodology.  

This paper proposes a large scale SHB testing methodology based on the use of terrestrial laser 

scanning (TLS). The methodology provides guidelines regarding the field testing procedures, surveying 

method, and measuring processes. The approach includes a point cloud processing technique with relevant 

algorithms. The measurements are made on discernable and characteristic crater features, making the 

procedure reproducible. A complete set of test results is presented in a separate follow-up paper as a Part II 

of the present work using the methodology described here.  

 Background and theory 

5.4.1 Terrestrial Laser Scanning for Underground Applications 

Three-dimensional surveys of exposed surfaces provide a set of mutually referenced coordinates, referred 

to as point clouds. Point clouds can be obtained from mobile (e.g. motorized vehicle, air based) surveys, or 

from fixed locations. Three-dimensional surveys can be obtained from two main technologies:  

photogrammetry and  light/laser detection and ranging (LiDAR). Photogrammetry has become popular for 

surface applications with large feature measurements (Benton, et al., 2016; Zhang, et al., 2017). 

Photogrammetry (with digital image analysis) however presents significant limitations, particularly with 

poorly lit locations such as underground excavations. Although this paper focuses only on laser ranging 

point cloud techniques, models built from photogrammetry, with proper lighting and scaling conditions 

could also be used with the proposed methodology.   

Laser ranging measurements are obtained by emitting a laser pulse of known frequency towards a 

target  surface. The pulse is  reflected by the surface so the distance to  the pulse source can be  obtained 

using the time of flight (ToF) from emission to observation (Lato, et al., 2010). Modern LiDAR tools 

incorporate rotating mirror heads that provide near 360° horizontal and vertical (i.e. three-dimensional) 
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surveys. The resulting point cloud density is defined by the frequency at which the pulse is emitted and 

measured. 

Terrestrial laser scanning (TLS) has been shown to provide high spatial and temporal resolution 

from stationary locations. For instance, TLS surveys are used to monitor, study, and predict potential 

landslides and rock falls near civil infrastructure (Dewitte, et al., 2008; Kromer, et al., 2015; Kromer, et al., 

2017) and for open pit mines (Vanneschi, et al., 2017). TLS applications in underground workings have 

grown in popularity in recent years. Fekete et al. (2010) presented an extended summary of original 

applications for LiDAR in underground tunneling operations.  

5.4.2 Single Hole Blast (SHB) Testing 

Single hole blast (SHB) testing consists of a series of individual test shots performed while varying one (or 

more) specific design parameter(s) to assess trends and relationships. Ouchterlony and Moser (2013) 

identified two primary types of SHB configurations: one degree of freedom or two degrees of freedom. The 

former is mainly associated with crater blasting applications such as the VCR mining method and shaft 

sinking.  The latter is analogous to a blasthole in conventional bench mining operations. SHB with two 

degrees of freedom is subcategorized according to the location of the toe of the borehole: at or below the 

bench floor level, and above bench floor level. The present work focuses on SHB with two degrees of 

freedom, and no floor plane in the vicinity of the toe.  

SHB testing with two degrees of freedom was formalized by Rustan and collaborators  (Rustan, et 

al., 1983; Rustan & Nie, 1992; Rustan, 1995). Small scale SHB was used to quantify crater breakage angle, 

displaced volume, throw distance and fragmentation size distribution. Large scale SHB test campaigns were 

also used to quantify specific charge (weight of explosives per volume or weight of rock mass displaced) 

with respect to burden.  

Figure 5-1 (a) shows a conceptual view of a SHB test performed at an open pit mine as reported  by 

Bilgin (1991). Figure 5-1 (b) illustrates the relationship between the crater breakout angle 𝛼 (°) and the 

displaced volume 𝑉 (m3) with respect to tested burdens B (m). Points plotted in Figure 5-1 were obtained 
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by best fitting a triangular wedge defined by the reported average breakout angle value along the tested 

length.  

 

Figure 5-1: Large scale SHB tests (a) conceptual crater representation and (b) reported 

results in terms of  breakout angle 𝜶 (°) and volume removed 𝑽 (𝒎𝟑). Adapted from Bilgin 

(1991). Blasthole diameter 𝝓 = 𝟏𝟗𝟑. 𝟕mm. 

 Proposed Methodology 

5.5.1 Experimental Protocol for SHB with TLS Measurements  

Figure 5-2 presents the proposed step-by-step procedure for SHB testing configurations with TLS surveys. 

This procedure is applicable to horizontal and vertical SHB tests. Emphasis is placed here on the coordinate 

system for horizontal SHB. SHB measurements presented in this work focus on crater shape, size, and 

associated volume removal (represented by crater cross-sectional area).  

It is noted that debris removal near the crater must not impact the resulting crater shape. Material 

that cannot be removed without damaging the surface should be left in place.  

Figure 5-3  shows  a conceptual representation of a horizontal SHB crater based on field 

observations. The figure illustrates the crater with a pseudo-isometric view (a), a plan view (b), and a face 

view (c). A set of reference axes is included in the three views with vectors in the respective positive 

directions. These reference axes are subsequently used for the 3-dimensional coordinate system.  
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Figure 5-2: Horizontal single blasthole (SHB) testing procedure for systematic assessment 

of burden influence.  

 

Figure 5-3:Horizontal SHB crater from a (a) pseudo-isometric view, (b) plan view, and (c) 

face view. Coordinate axis vectors are in the respective positive directions.   



150 

 

Three fundamental features are highlighted with the displayed shape in Figure 5-3 : (i) the crater 

past the toe (extremity of the hole) forms a half cone-like shape, (ii) the crater near the collar forms a half,  

truncated cone-like shape, (iii) the bulk of the crater along (most of) the borehole length is represented by  

a uniform elliptical shape. The straight section can be associated with a plane strain condition along a large 

portion of the blasthole. The breakout shapes near the toe and collar is explained by considering the blasthole 

as a combination of infinitely small charges with their respective burden distances (Blair, 2008; Lu, et al., 

2012). The zone near the collar close to the wall surface (perpendicular to the borehole) is influenced by a 

secondary pathway for fracture propagation, which creates the collar breakout. Such sections are filtered 

out from SHB analysis due to their incidental influence of a third axis voiding plane strain considerations.   

5.5.2  TLS Positioning 

Figure 5-4 illustrates a typical five-position survey of the wall before and the crater after the blast. The 

scanner positions are selected  to collect information around a pillar as well as to collect detailed information 

from the resulting crater. A FARO X-130 laser scanner (FARO Technologies Incorporation, 2014) was used 

to obtain the different point clouds used in this investigation. Registration of multiple scans is performed 

using fixed points common to different clouds. The methodology requires scans to be positioned to create 

between 20% to 30% overlap, depending on the software and excavation geometry. A minimum spacing of  

1/3 times the borehole diameter , 𝜙 (mm), between points is proposed for SHB surveys to ensure key 

features are captured. 
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Figure 5-4: Scanning instrument placement for horizontal SHB using TLS technology in a 

room and pillar underground mine setting. The crater surface is denoted by a scalar color 

field for absolute distance to the original surface.  

 Point Cloud Treatment 

5.6.1 Blasthole referencing 

The orientation of the borehole axis vector �⃗�  is defined by the average vector aligned along the discernable 

half-barrel of the test shot. Figure 5-5 presents a screenshot of a crater point cloud using the software Scene 

(FARO, 2016). The half-barrel of the blasthole is identified on the figure.  

Figure 5-6 presents a horizontal cross-section from the point cloud of a SBH crater, before and after 

the blast. The crater surface (red) follows the borehole path as illustrated in Figure 5-5, with an  opening 

towards the original surface past the toe. The collar position is defined by the intersection of the borehole 

vector with the original wall surface.  Figure 5-6 highlights the extrapolated collar location by extending the 

borehole axis beyond the original surface.  The origin of the coordinate system is positioned at the collar’s 

location.  

 

13 m 
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Figure 5-5: Lidar point cloud showing the SHB crater surface. The discernable portion of 

the half-barrel from the blasthole is highlighted with arrows. The point cloud was captured 

using the FARO X-130 laser scanner. The illustration was obtained from the Scene software.  

 

Figure 5-6: Horizontal cross-section along the blasthole axis for the crater surface (in red) 

and original surface (in black).  

A second axis, 𝑍, is defined from the borehole axis and the vertical axis associated with the natural 

gravity vector, �⃗�. Most laser scanners incorporate inclinometers, so the point clouds already have a pre-
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registered vertical axis, which is used to define the Z-axis. 𝑍 is initialized by rotating the pointcloud around 

the borehole axis, �⃗�, to position 𝑍 within the plane formed by �⃗� and �⃗� . A third axis, �⃗⃗�, is defined as 

perpendicular to the other two vectors 𝑍 and �⃗�. It is noted that �⃗⃗� may not be exactly perpendicular to the 

original free surface, depending on drilling accuracy and wall geometry as illustrated in Figure 5-6. This 

latter aspect is addressed with the measurement methodology instead of attempting to best fit the vector 

perpendicularly to the crater width.  

The origin and orientation of the coordinate axes are implemented by applying transformations to 

the crater point clouds.  Let P be the set of registered points from a 3-dimensional cloud set, and let p be a 

point from P ; the  location of p is defined by the vector [x, y, z], where x, y and z, are the coordinates of p 

defined by the axis vectors �⃗�, �⃗⃗�, and 𝑍. The borehole axis is defined by the unit vector 𝑖 = [𝑎, 𝑏, 𝑐]. The 

rotation angles around the Y-axis and Z-axis, 휃𝑦 and 휃𝑧 (°) are then calculated as follows: 

 휃𝑧 = tan−1|𝑏/𝑐|  (5.1) 

 휃𝑦 = tan−1|𝑐/𝑎|  (5.2) 

The point cloud is rotated to match the defined X-axis, Y-axis, and Z-axis. The point 𝑝 = [𝑥, 𝑦, 𝑧]  

is rotated to obtain 𝑝∗ = [𝑥∗, 𝑦∗, 𝑧∗] using the following transformation. 

 [x, y, z] ∙  [
𝑐𝑜𝑠휃𝑧 
𝑠𝑖𝑛휃𝑧

0

−𝑠𝑖𝑛휃𝑧

 𝑐𝑜𝑠휃𝑧

0
 
 0
 0
 1

] ∙ [

𝑐𝑜𝑠휃𝑦

0
−𝑠𝑖𝑛휃𝑦 

0
1
0

 𝑠𝑖𝑛휃𝑦

0
 𝑐𝑜𝑠휃𝑦

] = [𝑥∗, 𝑦∗, 𝑧∗]  (5.3) 

5.6.2 Crater Slicing 

The point cloud is parsed into smaller clouds defined by different increments along the borehole axis to 

enforce plane strain measurements. Figure 5-7 illustrates a slicing example based on a post-blast crater point 

cloud. The original surface boundary is delineated in the figure with a dashed line. The recommended slice 

thickness is about 1/3 of the blasthole diameter 𝜙 (mm) based on this work.  
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Figure 5-7: Slicing samples from crater surface point cloud. Slices are oriented 

perpendicular to the blasthole axis. Crater is presented using (a) isometric view, (b) plan 

view, and (c) face section view.  

5.6.3 SHB Parameters 

Three key features are identified from a SHB crater: the borehole axis and the crater’s extent above and 

below the blasthole (side to side for vertical SHB). Any measurements along the crater is referenced to these 

three objective and easily identifiable features.  

Figure 5-8 illustrates how measurements are obtained from the crater point clouds. The crater cross-

section orientation in this figure represents a situation where the crater is not symmetrical with respect to 

horizontal plane. Data points are identified as being above (upper section) or below (lower section) the 

borehole itself. Two parameters are measured explicitly at every interval as illustrated in Figure 5-8: the 

crater breakout burden 𝑏 (𝑚) and the crater distance 𝐶𝐷  (𝑚) measured between the borehole axis and the 

crater’s extent. The subscript 𝑢 and 𝑙 are added to the measured parameters to identify the upper and lower 

half measurements. Parameters measured for both upper and lower sections are given the subscript 𝑖 ∈
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(𝑢, 𝑙) for generic definitions. For the present work, the differentiation is made between the breakout burden 

𝑏 measured with respect to the crater’s extent, and nominal burden 𝐵 (m) measured empirically at the face 

as an idealized measurement of the shortest distance from the blasthole axis to the original surface along the 

plane strain section.  

Table 5-1 lists the key parameters determined from crater point cloud slices along the borehole 

length. Symbols, measurement guidelines, and relevant Equations are provided in this table to summarize 

the proposed measurement and processing algorithm.  

Table 5-1: SHB measurements and key parameters from surveyed crater surfaces.   

Parameter Symbol Equation / measurement details  

Breakout burden (m) 𝑏𝑖 Distance along the Y-axis from the borehole to the 

projected crater’s edge as shown in Figure 5-8. 

 

Crater distance (m) 𝐶𝐷𝑖 Distance within the 𝑍-�⃗⃗� plane from the borehole to the 

edge of the crater as shown in Figure 5-8. 

 

Partial breakout 

angle (°) 

𝛼𝑖 sin−1( 𝑏𝑖/𝐶𝐷𝑖)  (5.6) 

Breakout angle (°) 𝛼  𝛼𝑢 + 𝛼𝑙  (5.7) 

Total crater width 

(m) 

𝑊 𝐶𝐷𝑢
2 + 𝐶𝐷𝑙

2 − 2 ∙ 𝐶𝐷𝑢 ∙ 𝐶𝐷𝑙 ∙ cos (𝛼)  (5.8) 

Simplified cross-

sectional area (m2) 

𝑎  √𝑠(𝑠 − 𝐶𝐷𝑙)(𝑠 − 𝐶𝐷𝑢)(𝑠 − 𝑊)  

Where   𝑠 = (𝐶𝐷𝑙 + 𝐶𝐷𝑢 + 𝑊) /2  

(5.9) 

(5.10) 

Real cross-sectional 

area (m2) 

𝐴 |(𝑧1𝑦2 − 𝑧2𝑦1) + (𝑧2𝑦3 − 𝑧3𝑦2) +  

                                        … + (𝑧𝑛𝑦1 − 𝑧1𝑦𝑛)| ∙
1

2
  

(5.11) 

Absolute burden (m) 𝑏 2a/𝑊  (5.12) 

Interval along �⃗� 𝑘 Defined by reference coordinates as [𝑘, 0, 0]  
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5.6.4 Crater Partitioning 

The proposed SHB reporting methodology introduces the concept of crater partitioning to properly describe 

the actual crater shape along the hole axis. Crater partitioning, which is based on the individual 

measurements between the borehole axis and the crater extent 𝐶𝐷𝑖, (𝑖 ∈ (𝑢, 𝑙)), can be defined by the 

maximum distance along the borehole at interval 𝑘, above and below the borehole axis, 𝐶𝐷𝑢
𝑘 and 𝐶𝐷𝑙

𝑘. The 

maximal crater extent of fraction 𝐹 (%) along the borehole axis interval 𝑘 is defined as follows: 

 𝐶𝐷𝑖,𝐹
𝑘 = 𝐶𝐷𝑖,100

𝑘  ∙ 𝐹            with 0 ≤  𝐹 ≤  100 %  (5.4) 

where 𝐶𝐷𝑖,100
𝑘  is the crater distance along borehole axis interval 𝑘 for the original crater fraction. A given 

point along the borehole axis interval 𝑘, 𝑝𝑘 , is part of the crater fraction ensemble 𝐹∗  associated with 

fraction 𝐹 according to the following definition.  

  {  𝑃𝑘  ∈ 𝐹∗ |  𝐶𝐷𝑝 ≤ 𝐶𝐷𝑖,𝐹
𝑘   }  (5.5) 

where 𝐶𝐷𝑝 is the distance from the borehole to point 𝑝 in the considered cross-sectional plane.  

Figure 5-8 illustrates conceptually an SHB crater cross-section perpendicularly to the blasthole axis. 

Measurements are taken with respect to discernable features, i.e. the blasthole and crater edge. Partitioning 

is defined by a common 𝐶𝐷 values as illustrated in the figure and defined by subscript 𝐹 (%). The crater 

does not exhibit symmetry along the horizon as is typically the case, and measurements above and below 

the axis are considered separately.  
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Figure 5-8: Conceptual representation of a horizontal SHB crater cross-section 

perpendicular to the blasthole axis.  

5.6.5 Crater Corrections 

A common problem with horizontal SHB resides in the seating of projected fragments in front of the crater 

obstructing line of sight for the survey. Obstructions can be mechanically removed when possible without 

damaging the crater surface. Remaining obstructed portions of the crater should be manually removed from 

 
 

a 
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the results point cloud. Figure 5-9 (a) shows a point cloud of an SHB crater with loose material obstructing 

a portion of the crater. Figure 5-9 (b) shows the zone that was cropped from the crater.  

 

Figure 5-9: (a) Loose material seated inside an SHB crater that could not be removed 

manually, and (b) isometric view of crater with delineated cropped zone.  

The missing section is manually generated from a reflection of datapoints through a plane defined 

by the burden direction and the borehole axis. Datapoints above the blasthole axis are reflected below the 

blasthole if 𝐶𝐷 > 𝐶𝐷𝑙𝑚𝑎𝑥

𝑘 , where 𝐶𝐷𝑙𝑚𝑎𝑥

𝑘  is the largest distance from blasthole to any remaining data point 

below the blasthole axis. Figure 5-10 (a) shows sample slices from a crater with a cropped zone and (b) 

corrected crater from the reflection of data points.  

 

 

Figure 5-10: (a) sample slices from SHB crater with cropped zone, (b) corrected crater from 

the reflection of points above blasthole axis.  

 

 

 

6 m 
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5.6.6 Sample of SHB Work Flow Results   

Horizontal SHB testing provides the opportunity for detailed mapping of test results along the length of the 

blasthole. Figure 5-11 presents result samples from a surveyed SHB crater. Figure 5-11 (a) plots the 

simplified burden 𝑏100 and crater breakout 𝛼100 along the borehole axis. Figure 5-11 (b) plots measured 

simplified area a100 and breakout angle 𝛼100 with respect to simplified burden 𝑏100. The collar and toe 

breakouts are highlighted on the plots to emphasize the zones discrepancy from plane strain conditions. The 

main region between the two breakouts are present a seemingly linear trend between the a100 and 𝑏100. 

 

Figure 5-11: SHB result plots for (a) 𝒃𝟏𝟎𝟎 and 𝜶𝟏𝟎𝟎 along the borehole axis, and (b) 𝜶𝟏𝟎𝟎 and 

𝒂𝟏𝟎𝟎 with respect to 𝒃𝟏𝟎𝟎.  

The processed data is refined to exclude the toe and breakout collar by only considering crater 

sections where discernable portions of the half barrel can be identified from the point cloud. For a slice 

along interval k, 𝑆𝑘, a point P meeting condition outlined in Equation 5.13 must be part of the ensemble to 

be included for final processing.   

 𝑃 = [𝑘, 0 ∓ 𝑠𝑝, 0 ∓ 𝑠𝑝] (5.13) 

where 𝑠𝑝 is defined by the point cloud spacing maximum tolerable value. For the present work, 𝜙/3 was 

selected as the spacing reference value. 

Figure 5-12 presents the breakout angle 𝛼𝑖  and crater area  𝑎𝑖 for fraction values 𝑖 from 10% to 

100% with 10% increments. Values measured within the collar and breakout and toe zones are filtered out 
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from the displayed data. The observed trend showcases consistent elliptical like crater shape. The trend must 

be quantified and is discussed further in the next section.  

 

Figure 5-12: Breakout angle 𝜶𝒊 and simplified crater area 𝐚𝒊 with respect to burden 𝑩𝒊 for 

𝟎 ≤ 𝒊 ≤ 𝟏𝟎𝟎 (%) for a single hole crater. Toe and collar breakout are filtered out of plotted 

results. 

 Discussion and Forward Thinking 

SHB analysis presented in this work presents novel and enhanced means of describing and quantifying the 

total crater shape. It is observed from Figure 5-12 that characteristic trends along a plane-strain section of 

the craters can be discerned, and serve as the fundamental basis for quantifying cratering behaviour. 

It can be shown that the relationship for the specific charge to burden can be represented by an 

expending Taylor series of the form ∑ 𝜓𝑖𝐵𝜖𝑖𝑘
1  where 𝑘 is the number of components considered in the series 

(Langefors & Kihlström, 1978). The series is often dominated by one term reflecting the scale considered. 

Following this rationale, a generic formulation of the crater extent 𝑌 (m) is proposed by considering one 

primary component of the series expansion to describe the crater shape:  
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 𝑌 = 𝜓 ∙ 𝑏𝜖∗
 (5.14) 

where 𝜓 and 𝜖∗ are model parameters. The special case where 𝜖∗ = 1 defines a triangular crater shape (e.g. 

Biling et al., 1991). Values of 𝑛 below 1 would are elliptical like craters as illustrated in Figure 5-3, while 

𝑛 > 1 presents a convex shape (e.g. Wimmer et al., 2008).  

Figure 5-13 plots the breakout angle 𝛼, the simplified crater area a and real crater area 𝐴 with 

respect to the breakout burden 𝑏 for the model defined by Equation 5.14 for the special case where 0 <

𝜖∗ < 1. The trends plotted in the conceptual figure are comparable to sample results presented in Figure 

5-12. The simplified and total crater area a and 𝐴 are derived from 5.14 as the integral under the curve and 

the simplified triangle.  

 

Figure 5-13:Conceptual trends of the breakout angle 𝜶, crater area A and simplified area 𝒂 

for crater model 𝒀 = 𝝍 ∙ 𝒃𝝐∗
 where 𝟎 < 𝝐∗ < 𝟏.  

 Conclusion 

A detailed methodology for SHB testing with point cloud processing algorithm was presented. The goal of 

this work was to introduce an objective and reproducible reporting methodology for SHB experiments. 

Sample results presented above provided insight on corrective measures and detailed measurements required 
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to perform the necessary processing treatments. The proposed methodology revolves around objective 

measurements to allow the collection of comparable and reproducible data. Results are obtained from a 

series of procedural steps defined by fundamental features: (1) measurements from reference points along a 

crater surface (i.e. blasthole axis, and crater’s extent), (2) cratering inconsistencies near the toe and the collar 

are removed from the analysis, (3) incremental measurements perpendicular to the blasthole axis to capture 

burden variation and influence on plane strain assumption. 

The presented sample data is part of a large set of field testing results to be presented in subsequent 

work. Future investigation is necessary for the comparison between different test blasts, and applications 

pertaining to site comparison. A generic crater model was introduced to match previously reported data 

within the literature and from a test sample presented in this work. Ongoing work aims to investigate the 

data compiled using the proposed methodology considering the generic crater model. 
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Chapter 6   

Horizontal Single Hole Blast Testing – Part 2: Findings and Trends from 

SHB Campaigns at two Underground Salt Mines   

 Scope 

The present Chapter was submitted to the Tunneling and Underground Space Technology journal 

publication. Academic supervisors D. Jean Hutchinson and Mark S. Diederichs are co-authors of this paper. 

The format was modified from original submission to match Thesis formatting.   

 Abstract 

This paper follows basic principles and methodology for horizontal Single Hole Blast (SHB) testing using 

terrestrial laser scanning (TLS), introduced in Part 1, and presents SHB applications as a means of 

investigating rock blasting behaviour. Part 1 presented a detailed procedure for consistent and systematic 

SHB testing to provide the means for reproducible and comparable data collection and characterization. The 

concept of crater breakout angle was expanded to account for the crater’s shape, and measurements were at 

increments along the blasthole to capture variability of the overall geometry.    

Part 2 presents SHB testing campaigns conducted at two underground salt mines. Traditional 

reporting parameters (e.g. breakout angle, crater area) are presented in an enhanced approach by capturing 

their evolution along the blasthole, and with respect to measured burden dimensions. A new crater model is 

proposed to capture and describe crater trends observed, and remove the necessity for imposed 

simplifications such as best-fitting of triangular crater shapes. Results from the field campaigns are 

presented at length using LiDAR point clouds and SHB characteristic plots of the crater shapes. The crater 

model is calibrated from the test results to obtain site-specific burden-dependent trends of the crater shape. 

Two methods for implementing SHB test results into blast pattern designs are presented using the proposed 

crater model. 
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 Introduction  

This investigation relates to single hole blast (SHB) testing used as a means to investigate rock blasting 

behaviour in mines. Part 1 introduced a methodology for SHB testing using three-dimensional point clouds 

of the resulting crater surface characteristics. LiDAR technology is applied via terrestrial laser scanning 

(TLS) to survey the surfaces before and after the blast.  The work described here focuses on horizontal SHB 

tests in underground mines, conducted near the edge of pillars. The procedural algorithms, introduced 

previously, can easily be adapted for vertical SHB applications, as discussed in Part 1. This Part 2 illustrates 

the practical application of the proposed methodology at two underground salt mines, and discusses key 

observable trends and how these are reported concisely to provide a quantifiable set of index values 

describing the blasting conditions tested.  

Small and large scale SHB tests have been used by various authors to investigate burden distances 

and optimal powder factor requirements (Field & Ladegaard-Pedersen, 1971; Rustan, et al., 1983; Bilgin, 

1991; Kou & Rustan, 1992; Rustan & Nie, 1992; Fourney, et al., 1993; Wimmer, et al., 2008; Ouchterlony 

& Moser, 2013; Aubertin, et al., 2017). Field investigation of practical interests for general mining 

applications typically involves performing single blasthole tests with two degrees of freedom, analogous to 

a bench mining configuration. Tests are repeated with different burdens to obtain relevant trends in blasting 

behaviour to assist in operational design.   

Applying the methodology introduced in Part 1, the present work utilizes sets of data obtained from 

SHB testing campaign performed at the salt mines Ojibway (Windsor, Canada) and Pugwash (Pugwash, 

N.S., Canada) to quantify site-specific blasting conditions. The evolution of the measured parameters along 

the borehole are reported for the different tests. The observed burden-dependent relationship are presented 

as combined sets of data points measured at different fractions within the crater. Results observed at the two 

salt mines present non-linear breakout trends, and are characterized by elliptical crater shapes. A Power 

Crater Model is presented to capture the measured trends. The model is calibrated for the two sites and used 

to quantify the burden-dependent site-specific crater trends. The model is used to present two SHB 
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applications towards blast design: (method I) blast design based on empirical ranges, and (method II) 

burden-dependent crater shape trend.   

 Site Description 

The Ojibway mine exploits a near horizontal halite layer at approximately 300 meters below surface. The 

ore body is located south of the city of Windsor (Ontario, Canada), and follows the USA-Canada boundary 

below Lake Erie. The exploited portion of the deposit is located at the junction of the Michigan basin 

spanning under the north protrusion of Michigan between Lake Huron and Lake Erie, and the Appalachian 

basin to the south of Lake Erie (Sun, et al., 2018). The first operational level of the Ojibway mine extracts 

a section of the Salina B layer referred to as F-Salt (Goodman, 1983). The 6-7 meters thick rock salt layer 

is encased between dolomitic shale above and below. Salt extracted at Ojibway varies in purity from 95% 

to 99% NaCl. Clay and anhydrite impurities are present in the exploited rock salt layer. Figure 6-1 shows 

an active working at Ojibway after the face was cleaned and marked for the next blasting round. Red 

markings are used to identify the toe of the previous blastholes. Anhydrite and clay impurities can be 

observed as horizontal gray and brown bands throughout the face.  

 

 

Figure 6-1: Active working face at the Ojibway mine. Red delineate blastholes toe. Clay and 

anhydrite bands are discernable as horizontal layers of brown and dark gray material.  

The Pugwash (N.S., Canada) salt deposit is a structurally complex diapir uprooted from the Windsor 

Group rock salt succession located 3.5 to 4.5 km below surface (Gibbling, et al., 1992). Current exploitation 
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at Pugwash is taking place at a depth of 400 m. The diapir is part of the Maritimes Basin which hosts several 

other industrial mineral exploitations for rock salt, potash bearing minerals, and gypsum.  

The Pugwash deposit is characterized by severe deformation following the uplifting and tectonic 

overprinting (Evans, 1965; Boehner, 1987). Clear, coarse grained rock salt layers are intertwined with 

massive anhydrite bands. Most of the deposit is composed of argillite rock salt with anhydrite and clay 

impurities. Composition of the extracted salt ranges from 88% to 94% NaCl content. Carnallite and other 

potash bearing mineral layers can also be found along the boundary of the deposit.  

The geology at Pugwash features overlayered anticlines resulting in numerous and often 

unpredictable plunging and non-plunging synforms (Aubertin, et al., 2019). Figure 6-2 shows a pillar at the 

Pugwash mine with various folds and bends of rock salt, anhydrite impurities and massive anhydrite.  

 

 

Figure 6-2: Pillar at Pugwash. High purity white salt is intertwined with anhydrite and clay 

to form low grade grey bands, and brown and black massive layers.   

Mining at Ojibway and Pugwash takes place via 4 meters horizontal advances excavated by drilling 

and blasting. A second free surface is punctured at the bottom of the face using an undercutter that creates  

volume relief and acts a reflective surface parallel to the blastholes. Boreholes have a diameter of 46 mm . 

ANFO (0.9 g/cc, loaded pneumatically) is used as the primary bulk explosive. ANFO detonation is initiated 

via 8 grams boosters and non-electric detonators. A single electric detonator connected to PETN detonating 

cord, is used to initiate the face.   
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 Methodology 

Field testing was performed under site specific operational conditions. Borehole drilling was performed 

using tunnel-type jumbo drills with combined rotary and percussive actions. Holes were loaded 

pneumatically via a diesel-powered powder rig. Testing parameters common to both sites are listed in Table 

6-1. Site specific conditions and SHB design parameters are listed in Table 6-2. 

Table 6-1: Horizontal SHB testing applied at Ojibway and Pugwash mines.  

Parameter Value 

Drill length 4.3 m 

Primary bulk explosive ANFO 

Initiation device Non-electric caps 

Initiation location Bottom priming 

Empty collar length 0.4 m 

Stemming None 

 

Table 6-2: Site specific conditions and SHB design parameters.  

Parameter Ojibway Pugwash 

Compressive strength 31.6 MPa 30-38 MPa 

Elastic modulus 25-32 GPa 28-35 GPa 

Poisson ratio 0.28 0.26 

Room height 6 m 18 m 

Room width 12 – 14 m 18 – 20 m 

Test elevation from floor 3 m 5 m 

Blasthole diameter  44 mm 51 mm 
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SBH surveys were performed using a Faro X-130 laser scanner (FARO Technologies Incorporation, 

2014). The FARO software SCENE (version 5.5.3), and the software CloudCompare version 2.6.3 

(Girardeau-Montaut, 2011) were used to process and visualize scans. Figure 6-3 shows an isometric (a) and 

top view (b)  of a crater surface point cloud. The blasthole remaining half barrel is discernable along the 

scan surface. The visuals obtained from the CloudCompare software represent a combination of 5 different 

scans (see Chapter 5 for processing methodology).  

        

Figure 6-3: Crater sample visualized using the CloudCompare v2.6.3 software from (a) 

isometric view, and (b) top view.  

Measurements are taken along the length of the blasthole axis at small intervals (15 mm in this 

work) to assess the burden-breakout trends in an implicit plane strain condition perpendicularly to the hole 

axis.  Figure 6-4 (a) presents a conceptual representation for a crater cross section. Figure 6-4 (b) shows the 

picture of a crater with markings to highlight measurements methodology.  

Crater measurements are taken along the plane section perpendicular to the blasthole axis by 

partitioning the crater into fraction 𝐹 (%) based on the total in-plane crater extent. As such, parameters with 

the subscript 𝑖 = 100%  represent the measurement for the total crater shape (e.g. Figure 6-4 (b)). 

Parameters with subscript 𝑖 < 100%  represent fractions of the crater as defined by the crater extent 

dimension 𝐶𝐷100 (see Figure 6-4 (a)). The in-plane distance along the burden axis for a considered fraction 
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is referred to as the fractional burden with symbol 𝑏𝑖 (m), i.e. 𝑏100 is equivalent to the effective in-plane 

burden 𝐵 (m).  

 

Figure 6-4: Crater measurements for (a) generic representation and (b) marked picture of 

a test result sample. Characteristic features are defined by the breakout angle 𝜶 (°), crater 

width 𝑾 (m), cross-sectional area 𝒂 (m2) and simplified burden 𝒃 (m). The subscript 𝒊 refers 

to the in-plane fraction (%) based on 𝑪𝑫𝟏𝟎𝟎.  

 Results 

Figure 6-5 andFigure 6-6 present the surveyed crater profiles for Pugwash and Ojibway tests respectively. 

Each test is described by a plot of the in-plane total burden 𝑏100 and resulting total crater breakout angle 

𝛼100, along the blasthole axis. A coloured point cloud of the crater surface is presented with highlighted 

blasthole axis (color scale for absolute distance from original surface). A second plot for the fractional 

breakout angle and simplified crater area, 𝛼𝑖 and a𝑖 is included with respect to the measured distance along 

the in-plane fractional burden distance 𝑏𝑖.  
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Some of the test results required corrections of the surveyed point clouds due to obstruction from 

seated fragments which were not projected sufficiently far by the blast. The zones were cropped and replaced 

by reflected data points from the other side of the blasthole-burden plane. These corrections are shown as 

grey datapoints in the figures. 
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Figure 6-5: Test results for SHB campaign at the Ojibway mine. Plots are for the breakout 

angle 𝜶𝟏𝟎𝟎  and burden 𝒃𝟏𝟎𝟎  along the borehole axis; and for 𝜶𝒊  and 𝒂𝒊  with respect to 

burden 𝒃𝒊. 

 

 

 

 

 

 

 

Ojibway – Test A 

 

 

 

Ojibway – Test C 
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Figure 6-5 (Continued). 

Ojibway – Test H 

 
  

Ojibway – Test Q 

 
  

Ojibway – Test R 

   

Ojibway – Test T 
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Figure 6-5 (Continued) 

Ojibway – Test U 

   

Ojibway – Test V 

   
Ojibway – Test W 

   

Ojibway – Test X 
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Figure 6-6: Test results for SHB campaign at the Pugwash mine. Plots are for the breakout 

angle 𝜶𝟏𝟎𝟎  and burden 𝒃𝟏𝟎𝟎  along the borehole axis; and for 𝜶𝒊  and 𝒂𝒊  with respect to 

fractional burden 𝒃𝒊. 

  

Pugwash Test 1 

   

Pugwash Test 2 

 
  

Pugwash Test 3 
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Figure 6-6 (Continued). 

Pugwash Test 4 

   

Pugwash Test 6 

   

Pugwash Test 7 

  
 

Pugwash Test 8 
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Figure 6-6 (Continued). 

Pugwash Test 9 

   

Pugwash Test 10 

 
 

 

Pugwash Test 11 

   

Pugwash Test 12 
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Figure 6-5 and Figure 6-6 present trends that are consistent throughout the tests and between the 

two sites. In the first set of graphs, the burden and breakout angle reported along the blasthole axis present 

inversely proportional trends. This observation is reinforced in the second set of plots for the breakout angle 

relationship with respect to in-plane fractional burden. It is noted also from the first set of plots that the 

reported parameters systematically exhibit variations in their burden-dependent trends near 𝑥 = 0, and past 

a certain distance along the blasthole axis. These effects are due to collar and toe breakout induced by the 

change in available free surfaces for fracture propagation. These anomalies were filtered out in the second 

set of plots. 

The plots for breakout angle and crater area as a function of in-plane fractional burden showcases 

clear non-linear trends. In the case of the breakout angle, a triangular breakout shape cannot be applied due 

to the inversely proportional relationship with in-plane fractional burden 𝑏𝑖. The fractional simplified crater 

area a𝑖 suggests an exponential relationship which implies a concave opening trend.  

It is noted that some of Pugwash test results in Figure 6-6 present trend disparities when considering 

the breakout shape to fractional burden relationships. Upon further inspection of the post-blast surfaces, it 

was noted that disparities and localized exacerbations were the result of geological features. This outcome 

was not unexpected given the complexity of the deposit as exposed by Aubertin et al. (2019). In three 

instances (test 1, 4 , and 11), a structural joint was reported along the crater surface and resulted in distinct 

expansion of the crater upward along a portion of the blasthole. Pugwash SHB tests exhibit more pronounced 

variations in the trends, mainly due to the heterogeneity of the deposits. Similar variations are encountered 

in full scale operational conditions which still warrants SHB testing. These variations can be incorporated 

in design considerations by applying confidence ranges towards the cratering parameters.  

 Discussion and Analysis 

The formulation of a crater model is proposed to capture non-linear result trends observed at the two salt 

mines. It has been shown by Langefors and Kilström (1978) that the specific charge of a given blast 

condition can be expressed in terms of the design burden 𝐵 according to the expansion of a Taylor series. It 
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is argued that, under similar rationale, the shape of a crater defined by its extent 𝑌 (m) can be defined by the 

expansion of a Taylor series with the in-plane burden 𝑏:  

 𝑌(𝑏) =  ∑ 𝜓𝑖𝑏𝜖𝑖𝑖= 𝑛
𝑖= 1  (6.1) 

where 𝜋𝑖 and 𝜖𝑖 are parameters of the series, 𝑛 is the number of components within the series, and 𝑏 is the 

in-plane fractional distance along the burden axis.  

It is postulated that one component of the series dictates the overall trend of the crater shape. A 

similar argument has been made for the charge to burden relationship by Afrouz et al. (1988), and 

comparable crater trends were reported by Fornefeld (1988) in potash deposits of North-Eastern Europe. 

Equation 6.1 is rewritten as the Power Crater Model:  

 𝑌(𝑏) ≈  𝜓∗𝑏𝜖∗
 (6.2) 

where 𝜋∗ and 𝜖∗ are the parameters from the expanded Taylor series for the dominating term of the series.  

The Power Crater model presents the implicit advantage of capturing a larger spectrum of crater 

shapes without the necessity to impose simplifications explicitly through best fit such as a triangular crater 

(i.e. 𝜖∗ = 1). The case where 𝜖∗ > 1 represents convex opening of the crater shape as reported in very 

inclined SHB tests by Wimmer (2008). For the case where 𝜖∗ < 1, the crater opening is concave as the 

breakout angle decreases along the fractional burden length as observed at the two salt mines. 

The Power Crater Model presents obvious advantages in formulating other relevant parameters. The 

total area 𝐴 and simplified (triangular) crater area a are derived conveniently from trigonometric identities 

and the integration along 𝑏 of Equation 6.2: 

 𝐴 ≈
2ψ

𝜖∗+1
𝑏𝜖∗+1 (6.3) 

 a ≈  𝜓∗𝑏𝜖∗+1 (6.4) 

The above identities provide useful information towards the calibration of the Power Crater Model. 

Two methods are proposed for calibrating the model from SHB test results for practical applications towards 

the design of blast patterns.  
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 Method I: Empirical Design Range 

The first method consists in defining a plausible range of crater parameters from empirical evidence. The 

compiled test results are inspected using Equations 6.3 and 6.4 to calibrate the model parameters 𝜓 and 𝜖∗. 

Referring to the second set of plots in Figure 6-5 and Figure 6-6, a power fit is obtained for the simplified 

crater area a𝑖 with respect to fractional burden 𝑏𝑖. A similar data collection is performed for the total area 

𝐴𝑖 of the crater. Table 6-3 presents the calibrated model parameters for each test. It is noted that the trends 

collected from simplified crater ai  provide stronger statistical validity when compared to 𝐴𝑖 . This 

discrepancy is explained by the scatter in data points near the crater perimeter and near the blasthole. Both 

zones are smoothened by crater partitioning which reduces the respective weight of these data points. 

Calibration through 𝐴𝑖 takes into account variability enduced by the crushed and fractured zone near the 

blasthole, and surface asperities near the perimeter.  

The ranges of model parameters are used to construct plausible spectrum for the real crater area 

based on a minimum, maximum and mean basis. Figure 6-7 plots the plausible real area spectrum based on 

burden for both sites. The application of crater area for blast design is discussed in Persson et al. (1994) and 

Jimeno et al. (1995). The different curves serve as design tools based on intended outcome (e.g. reduce 

fines, optimize powder factor).  
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Table 6-3: Measured crater model parameters. 

Test ID 𝑨 ≈
𝟐𝝍

𝝐∗ + 𝟏
𝒃𝝐∗+𝟏 𝒂 ≈ 𝝍𝒃𝝐∗+𝟏 

𝜖∗ 𝜓 𝑅2 𝜖∗ 𝜓 𝑅2 

Ojibway 

A 0.36 1.80 0.98 0.39 1.81 0.99 

C 0.49 1.66 0.99 0.48 1.71 0.99 

D 0.49 1.83 0.99 0.45 1.67 0.99 

H 0.28 1.68 0.96 0.36 1.90 0.99 

Q 0.39 1.24 0.86 0.44 1.53 0.97 

R 0.35 1.27 0.98 0.36 1.40 0.98 

T 0.31 1.34 0.99 0.35 1.45 0.99 

U 0.49 1.39 0.97 0.52 1.58 0.99 

W 0.22 1.37 0.97 0.30 1.63 0.99 

V 0.38 1.49 0.87 0.50 1.80 0.98 

X 0.31 1.10 0.92 0.42 1.33 0.98 

Min. 0.22 1.10 - 0.30 1.33 - 

Max. 0.49 1.83 - 0.52 1.99 - 

Avg. 0.37 1.47 - 0.42 1.62 - 

 

Pugwash 
      

Test 1 0.22 1.59 0.63 0.25 2.15 0.97 

Test 2 0.47 1.65 0.96 0.54 2.0 0.92 

Test 4 N.A. 0.23 1.55 0.97 

Test 7 0.58 3.23 0.90 0.51 3.25 0.94 

Test 9 0.32 2.38 0.80 0.44 3.0 0.90 

Test 10 0.25 2.00 0.55 0.42 3.17 0.98 

Test 11 0.30 1.14 0.37 0.59 2.21 0.89 

Test 12 0.34 1.41 0.84 0.53 2.12 0.98 

Min. 0.22 1.14 - 0.25 1.55 - 

Max. 0.58 3.23 - 0.59 3.25 - 

Avg. 0.35 1.91 - 0.44 2.43 - 

 

  

Figure 6-7: Real crater area derived from the power crater model defined by 𝒀 = 𝝍 ∙ 𝒃𝝐∗
. 
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 Method II: Burden Dependent Formulation 

The second method consists in defining a relationship between the design burden 𝐵 and model parameters. 

Every measured cross-sectional plane was assigned a 𝜓 and 𝜖∗ value matching the in-plane breakout shape, 

and compared to the measured burden 𝑏100. Sections with 𝑏100 within 1% were averaged to obtain one 

characteristic, site-specific, burden-dependent value for the two parameters. It was observed that 𝜖∗ does 

not exhibit a burden dependent behaviour, suggesting a site and operational specific value (0.41 for Ojibway, 

0.53 for Pugwash). The 𝜓 to burden relationship is plotted for both sites in Figure 6-8..  

The data points plotted in Figure 6-8 suggest that the parameter 𝜓  is geometry dependent, 

effectively capturing the increased effort needed to break a larger volume. This relation is consistent with 

Langefors & Kihlström (1978) formulation of the specific charge which is geometry dominated for smaller 

burden. Considering that Ojibway and Pugwash operational settings (e.g. explosive used, blasthole 

diameter) are extremely similar, it is supposed that the exponent 𝜖∗ is linked to the geomechanical properties 

of the blasted material. Figure 6-9 plots the crater extent 𝑌 and breakout angle computed using the calibrated 

models for Ojibway (Figure 6-9 (a)), and Pugwash (Figure 6-9 (b)). The plots are generated considering 4 

burden dimensions (0.5, 1, 1.5, and 2 m). 

 

 

Figure 6-8: Power Crater Model 𝛙  with respect to burden 𝑩  for (a) Ojibway and (b) 

Pugwash. 
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Figure 6-9: Crater shape and breakout angle computed for 4 burden dimensions, calibrated 

for (a) Ojibway, (b) Pugwash. The upward curves are for 𝒀(𝒃, 𝑩), while the downward 

curves are for 𝜶(𝒃). 

Figure 6-9 provides a baseline for the design of underground blast patterns where spacing is 

constrained by the predefined width of the development round. Accordingly, a spacing to burden ratio and 

matching burden can be selected to produce the optimal blast pattern (typically in the 1.5 – 2 range, See 

Mohd & Singh on the selection of optimal spacing-burden ratio (2015)). 

  Conclusions 

A complete SHB testing procedure and analysis approach was presented in Part 1 of this work. The proposed 

testing methodology consists of capturing key features from SHB craters through LiDAR surveys of the 

blasted surfaces. Measurements are reported along the blasthole axis at incremental intervals to capture the 

trends of the breakout parameters with respect to measured burden. This approach multiplies the amount of 

data points available for quantifying the crater shape and its nature. SHB testing campaigns were performed 

at two underground salt mines to quantify the cratering trends, blastability conditions, and provide 

information on breakout shape towards pattern design. The observed results at the two salt deposits 

presented concave opening (𝛼𝑖 inversely proportional to 𝑏𝑖) which required an adaptable reporting method 

to capture the crater shape along the blasthole axis. The Power Crater Model (𝑌(𝑏) = 𝜓𝑏𝜖∗
) was proposed 
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to describe the crater shape. The versatile formulation can be adapted to capture various cratering shapes 

presented in the literature (e.g. 𝜖∗ = 1) and is conveniently calibrated through simple identities pertaining 

to 𝐴𝑖 and a. Two calibration methods were proposed for the crater model based on intended applications: 

empirical design with confidence ranges, and total burden dependent formulation (𝑌(𝑏, 𝐵)). Referring to 

the second method, SHB results from the two salt mines revealed an inversely proportional 𝜓 − 𝐵 

relationship, while 𝜖∗ appeared to be consistent for the two sites, suggesting a geomechanically dependent 

relationship.  
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Chapter 7  

On the Interaction Between Emitted and Reflected Blast Waves as a 

Cratering Mechanism in Rock Salt 

 Scope 

The present Chapter was submitted to the International Journal of Rock Mechanics and Mining Sciences 

publication. Dr. Ali Saadatmand Hashemi and academic supervisors D. Jean Hutchinson and Mark S. 

Diederichs are co-authors of this paper. The format of was modified from original submission to match 

Thesis formatting.   

 Abstract 

Two fundamental fracturing mechanisms generally act as the primary drivers for burden removal in rock 

blasting: the propagation of radial cracks from the borehole furthered by reflected tensile stress waves, and 

the failure in tension relatively close to a free surface associated with spalling. A third mechanism may also 

influence cratering upon burden removal when the emitted compressive pulse is compounded by the 

reflected tensile pulse to generate localized zones of high deviatoric stresses. This paper describes the 

conditions under which this additional mechanism could play an important role, with particular attention 

paid to rock characterized by relatively low wave impedance and weak mechanical strength such as rock 

salt and potash. The concept is described analytically and illustrated using numerical modelling results that 

simulate development stages for the phenomenon, with mapping of relevant sections of the influence zones. 

The effect of key parameters, including pulse width, tangential stress and damping, are also analysed with 

simulations performed with the FEM model LS DYNA to investigate their relative influence. The numerical 

simulations also assess the influence of explosives parameters and the prevalence of this additional 

mechanism in  geological media.  
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 Introduction 

A controlled  explosion  taking place in a blasthole creates a zone in the rock that undergoes extreme 

straining due to the detonation pressure, and which is  pulverized over a distance extending up to 5 times 

the borehole radius (Langefors & Kihlstrom, 1963; Olsson, et al., 2002). A series of radial fractures develop 

past the crushed zone and tend to propagate under tensile stresses. The radial pressure pulse propagating 

beyond the crushed zone, initially compressive by nature, is significantly reduced in intensity due to the 

energy required to fragment the rock. The blast waves are reflected at the free surface and the resulting 

tensile stresses further expends radial cracks at specific incidence angles as they travel back towards the 

blast source (Mosinets, 1966; Persson, et al., 1969; Field & Ladegaard-Pedersen, 1971; Fourney, et al., 

1993).  

Traditional guidelines for rock blast designs have historically been centered around geological  

media  behaving as  hard rock (Afrouz, et al., 1988; Persson, et al., 1994; Bhandari, 1997; Lowrie, 2002; 

Stiehr & Dean, 2011). Blast cratering in hard rock arises from the above mentioned mechanism due to the 

propagation of radial cracks furthered by reflected tensile waves, and also from failure in tension (spalling) 

near a free surface close to the rock wall (Field & Ladegaard-Pedersen, 1971; Fourney, et al., 1993). Radial 

cracking and spalling are generally considered the two main processes involved in rock fragmentation by 

blasting. 

Soft rocks, such as evaporites (i.e.  rock salt and potash), coal beds, porous limestone, and altered 

shale, have been known to behave differently during blast events. Of particular relevance for this work, low 

porosity rock salt (i.e. halite) and potash (sylvinite) deposits typically require different design considerations 

for burden removal  (Nicholls & Hooker, 1962; Fornefeld, 1988; Aubertin, et al., 2017; 2018). The use of 

explosives with a high velocity of detonation (𝐷, m/s)  in such crystalline evaporites tend to be much less 

efficient due to their low mechanical strength, resulting in a large crushed zone that leave much less energy 

transmitted elastically beyond this zone. Rock salt drilling and blasting operations compensate by creating 

additional free surfaces in the form of large burn holes or undercut “kerfs” (Fornefeld, 1988; Aubertin, et 

al., 2019).  
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Blasted craters in crystalline evaporites also feature noteworthy shapes. Following a series of large 

scale single hole blast (SHB) tests in rock salt mines, Aubertin et al. (2017; 2017; 2018) (see also Chapter 

5 and 6) observed  an ellipse-like breakage trend for the resulting craters, as illustrated in Figure 7-1. 

 

Figure 7-1: Single hole blast (SHB) craters in rock salt exhibiting an ellipcal  shape at the 

Ojibway mine, Ontario, Canada (a); Pugwash mine, Nova Scotia, Canada (b); and Weeks 

Island mine, Louisiana, USA (c). The Ojibway and Pugwash SHB tests were performed 

horizontally along vertical pillars. The Weeks Island SHB test was performed vertically 

along a production bench.  

The photos in  Figure 7-1 show  single hole blast (SHB) craters at three different rock salt mining 

operations, where the rock masses feature varying degree of metamorphism, grade and geotechnical 

properties (see Aubertin et al. (2019) for a detailed geological description of each deposit). The SHB tests 

were performed horizontally at the Ojibway and Pugwash mines, and vertically at Weeks Island mine. All 

of these present elliptical shaped craters, similarly to  results reported by Fornefeld (1988) in rock salt and 

potash deposits of Eastern Europe. Such cratering feature is much less prevalent in other types of rock mass, 

although not completely absent (Wimmer, 2006; 2008; Ouchterlony & Moser, 2012). 
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These observations suggest that elliptical cratering in rock salt may result from a third cratering 

mechanism, in addition to the two main ones mentioned above. This third cratering mechanism originates 

from the interaction between emitted compressive waves generated by the blast source and tensile waves 

reflected at a free surface. Constructive interaction between the two sets of waves can be shown to generate 

zones of high deviatoric stresses and low mean stresses (with low confinement conditions).  

This paper aims to establish the basis for this complementary  cratering mechanism, which could 

become predominant for  burden removal by blasting in rock salt. The mechanism is first introduced 

conceptually and described through analytical representations for special cases with simplified blast wave 

patterns. The mechanism is  represented under  elastic, plane strain conditions, under a  range of blast pulse 

conditions. Numerical simulations conducted with  the Finite Element Method (FEM) software LS DYNA 

(Livermore Software Technology, 1998) are then used to help validate the concept under realistic wave 

propagation response, and to illustrate the influence of the pulse seed shape on the rock response. Pulse 

interactions in rock salt and granite are simulated and compared in term of the  zones of interaction in the 

two type of rock media, emphasizing the resulting stress fields and effect of  material strength. The results 

indicate  that the proposed (third)  mechanism can only act as a meaningful cratering agent for materials 

with characteristically low wave impedance and low mechanical strength, such as rock salt.  Additional 

simulation results with different types of explosives  show that the characteristically low material strength 

of rock salt favors the use of low velocity of detonation (𝐷, m/s) explosives, which limit energy losses 

around the blasthole and produce  longer blast pulse seeds that favors  the prevalence of this additional  

mechanism.  

 Conceptual and Theoretical Background 

7.4.1 Applied Explosion Pressure Waveform 

The pressure pulse imparted to the borehole internal surface by the rapidly expanding explosive’s gases is 

practically impossible to measure due to the intensity and heat involved in the process. Various authors have 

nonetheless defined  the shape of the blast pulse on the borehole wall from a theoretical expression of the 
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detonation process and the thermodynamic properties of explosives (Kolski, 1953; Mow & McCabe, 1965; 

Fairhurst, 1975; Hinzen, 1988; Olsson, et al., 2002; Ainalis, et al., 2016). The modelled pressure pulse 

generated by the explosion is  commonly represented by Green’s equation (Sharpe, 1942): 

 𝑃(𝑡) = 𝑃0𝑒−𝛼𝐺𝑡 (7.1) 

This equation was later modified by adding a decay term to define the rising pressure with a 

declining pressure component (Duvall & Atchinson, 1950; Blake, 1952): 

 𝑃(𝑡) = 𝑃0 (𝑒−𝛼𝐺𝑡 − 𝑒−𝛽𝐺𝑡) (7.2) 

In these equations,  𝑃0 is the pressure reference value (Pa), 𝑃 is the varying pressure at the borehole 

surface (Pa), 𝛼𝐺 and 𝛽𝐺 are decay exponents, and 𝑡 is time (s). Equation 7.2 represents the  predominant 

(generic) form for the pressure pulse applied to the borehole surface during explosion events for analytical 

and modelling purposes (Duvall, 1953; Kolski, 1953; Langefors & Kihlstrom, 1963; Kutter, 1967; Kutter 

& Fairhurst, 1971; Massé, 1981; Denny & Johnson, 1991; Brady & Brown, 1993; Cho & Kaneko, 2004; 

Lak, et al., 2019).  

Figure 7-2 (a) plots conceptually the pressure pulse seed applied to the blasthole surface as described 

by Equation 2. The plot also includes a two-component linear simplification of the pulse, defined by the rise 

and fall time 𝑡𝑟 (s) and 𝑡𝑓 (s) (Yan, et al., 2016). The resulting radial pressure wave propagating through the 

rock mass can be derived from the equation of motion with Equation 7.2 as a boundary condition (Blake, 

1952; Duvall, 1953). This wave function is illustrated in   Figure 7-2 (b) for  a conceptual representation of 

the resulting propagating radial pressure  wave at a given distance from the source.  
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Figure 7-2: (a) Theoretical (Eq. 2)  and simplified (bi-linear) representations of an elemental 

blast pressure pulse in the rock around the borehole (adapted from Yan et al., 2016); (b) 

radial pressure wave  at a certain distance from the source. Adapted from Duvall (1950) and 

Blake (1952). 

Equation 7.2 was modified  by Starfield and Pugliese (1968) and adapted by Jong et al. (2004; 2005) 

to define the time-dependent pressure as a function of the peak pressure 𝑃𝑝𝑒𝑎𝑘 . The pressure pulse 

representation can then be described as:.  

 𝑃(𝑡) = 4 𝑃𝑝𝑒𝑎𝑘(𝑒−𝛿𝑡/√2   − 𝑒−√2𝛿𝑡)  (7.3) 

 𝛿 =  −√2 ln(1/2)/𝑡𝑟 (7.4) 

where 𝛿 is the decay exponent derived from the rise time 𝑡𝑟 (s).  

Lu et al. (2011; 2012) described the process considering that the borehole pressure rises according 

to the propagating detonation front at velocity 𝐷, and continues to increase until the front has reached 

stemming or the borehole collar (for bottom hole priming). The detonation front is reflected and produces 

rarefaction waves that propagate back through the blast hole and initiate the pressure fall. The rise time 𝑡𝑟 

(s), shown in Fig. 2.1a, can then be estimated as:     

 𝑡𝑟 =  𝐿/𝐷  (7.5) 

where 𝐷 is the velocity of detonation (m/s) and 𝐿 is the column charge length (m). 
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The rock  near the blasthole is subjected to intense pressures resulting in pulverization of the 

material. The size of the resulting crushed zone can be estimated from an appropriate failure criterion to 

obtain an empirical relationship between the peak pressure and  rock  strength. The crushed zone radius 𝑟𝑐 

(m) can then be  estimated from the dynamic compressive strength of the rock as folllows (Kanchibotla, et 

al., 1999).  

 𝑟𝑐 = 𝑟0√
𝑃𝑝𝑒𝑎𝑘

𝜎𝑐𝑑𝑦𝑛𝑎𝑚𝑖𝑐

 (7.6) 

where 𝑟0 is the blasthole radius (m).  

The radius 𝑟𝑐 can alternatively be estimated from the dynamic tensile strength of the rock mass, 

based on the Griffith criterion  (Djordjevic, 1999):  

 𝑟𝑐 = 𝑟0√
𝑃𝑝𝑒𝑎𝑘

24∙𝑇0𝑑𝑦𝑛

 (7.7) 

where 𝜎𝑐𝑑𝑦𝑛𝑎𝑚𝑖𝑐
 and 𝑇0𝑑𝑦𝑛

 are the dynamic compressive and tensile strength of the rock mass (MPa), and 

𝑟0 is the borehole radius (m). 

The equivalent pressure pulse applied to the intact (elastic) zone past the crushed zone can be 

defined by the following equations   (Lu, et al., 2011): 

 𝑃𝑒(𝑡) = 𝑃(𝑡) (
𝑟0

𝑟𝑐
)

𝛼𝑟
 (7.8) 

 𝛼𝑟 = 2 +
𝜈

1−𝜈
 (7.9) 

where 𝑃 is the pressure seed applied to the borehole wall (Pa), 𝑃𝑒  is the pressure load applied past the 

crushed zone (Pa), 𝛼𝑟 is the attenuation exponent, and 𝜈 is the Poisson ratio.  

Once transmitted to the intact rock beyond 𝑟𝑐, the pressure wave is progressively attenuated by 

energy losses from heat generation and growth of the volume covered by the wave (Qian, et al., 2009; Liu, 

et al., 2018). Using the Blake (1952) and Duvall (1953) solutions for the wave equation, it can be shown 

that the pressure attenuation factor 𝜅 can be estimated closely from the ratio 𝑟0 ∙ 𝜋/𝑟, where 𝑟 (m) is the 

distance from center of blast source. Figure 7-3 illustrates the typical relationship between the radial stress 
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𝜎𝑟 (MPa) normalized by 𝑃𝑟=𝑎 (MPa) and the approximation corresponding to  𝑟0 ∙ 𝜋/𝑟. The simplification 

for 𝜅 as plotted in the figure is used for estimating attenuation in subsequent analytical computations.   

 

Figure 7-3: Attenuation factor 𝝎 with respect to distance from the source normalized by 

blasthole radius (adapted from Blake (1952) and Duvall (1953) solutions for the wave 

equations); and proposed approximation of the attenuation factor 𝝎.  

7.4.2 Reflected Elastic Wave 

Acoustic impedance is defined as the characteristic amount of energy transferred to a material to induce 

particle displacement (Jimeno, et al., 1995). In the context of blast wave propagation, the impedance  

represents the ratio between stress and particle velocity at a given point (Jaeger, et al., 2009); it can be 

expressed  by the product of the rock density 𝜌 (kg/m3) and sonic wave velocity V (m/s).  

A propagating pressure pulse that encounters a change in impedance is partially transmitted to the 

new medium and partially reflected. A change in impedance is typically associated with a variation of 

transmitting medium properties such as different rocks or a free surface. Discontinuities in rock masses tend 

to behave as free surfaces unless the gap is tightly bridged, so wave propagation through the medium can 
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resume (Daehnke, 1999; Resende, 2010). Such discontinuities are seldom encountered in rock salt deposits, 

at the scale of the blasthole. 

The transmitted 𝜎𝑇 (MPa) and reflected 𝜎𝑅 (MPa) pressure pulses  can be expressed  from the wave 

propagation theory by considering the particle velocity relationship with respect to the imposed stress 𝜎𝐸 

(MPa), considering material density and wave propagation speed (e.g. Jaeger et al. 2009;  Zaid 2016).   The 

solution typically postulates that a very large difference in density, such as a free surface, results in the 

(quasi) complete reflection of the pulse, leading to   𝜎𝑅 ≈ −𝜎𝐸  for 𝜌1 ≫ 𝜌2 , where 𝜌1  and 𝜌2  are the 

material density of the two transmitting media (g/cc).   

7.4.3 Cratering Mechanisms 

7.4.3.1 Near-Borehole Crack Propagation 

Burden removal in hard rock is primarily attributed to fracture propagation initiated at the blasthole 

(Persson, et al., 1969; Kou & Rustan, 1992; Olsson, et al., 2002). Field and Ladegaard-Pedersen (1971) 

performed a series of model scale test shots in Perspex to assess the influence of reflected waves on fracture 

propagation and burden removal. Spall plates were added to the blocks to evaluate more specifically the 

influence of the reflected stress wave on the propagating fractures. Experimental and analytical work by 

Mosinets (1966) suggests that blasting fragmentation of typical hard rock caused by stress-waves represents 

at least 75% of the total rock breakage, while the action of gas pressures account for 25% or less. Brinkmann 

(1987; 1990) conducted a series of experimental tests using blasthole liners made of steel tubes. The liners 

acted as vent tubes to prevent gas from propagating through the fractured rock mass. The results indicated 

that  gas penetration governs rock mass projection while the shockwave controls fragmentation.  

Fourney et al. (1993) conducted a series of small scale tests on translucid Homalite-100 to capture 

the cratering process via high speed photography. The glass plates were rigged with a t-shaped tube to allow 

venting of the explosive’s gases. Fourney et al. observed that radial fractures caused by the compressive 

pressure wave govern the crater shape, while the spalling effect superficially damages the medium near the 

free surface, reduces the burden and induces  tangential cracking. These tests again showed that cratering is 
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mainly due to the gas pressure physically moving the fragmented medium, confirming the large importance 

of fracture propagation near the borehole.  

Large scale bench tests experiments were conducted by Olsson et al. (2002) using Swellex bolts as 

tubes for coupling the blasthole and vent the gases to investigate contour blasting profile for different types 

of explosives. Their observations concurred  with previously reported results about the major influence of 

gas pressure and fracture propagation. Olsson et al. also showed  that higher velocity of detonation 

explosives leads to high impact pulses transmitted to the rock while increasing the number of radial cracks 

at the vicinity of the blasthole.  

7.4.3.2 Spalling 

Spalling induced by a blast event is associated with tensile failure near the free surface following the 

reflection of the compressive wave when it reaches a much lower impedance medium (Kolski, 1953; 

Weerheijm & Van Doormaal, 2007). Rock blasting spalling generally occurs in the form of slabbing failure 

at small distances from a free surface.  

The concept behind Spalling can be investigated using the Hopkinson bar testing apparatus, which 

shares the same  underlying principle. This test is commonly used to measure the elastic parameters and 

dynamic tensile strength of rock (or other stiff materials such as concrete) (e.g. Jaeger et al., 2009). The 

experimental procedure consists of applying an intense shockwave to one end of a long and slender cylinder 

to impart a dynamic pressure  pulse. The compressive wave is reflected at the end of the cylinder and 

produces a tensile stress wave that may  fracture the cylinder at a certain distance from the tip. By knowing 

the shockwave pressure characteristics and measuring the strain-time profile along the sample, one can 

determine the tensile strength at which failure occurred based on the fracture plane distance from the tip 

(Lindholm, 1964; Hashemi & Katsabanis, 2018). 

7.4.4 Interaction of Emitted and Reflected Pulses as a Third Cratering Mechanism 

The two cratering processes described above tend to dominate the response around blast holes in 

hard rock.  Another mechanism may also play a role and become prevalent in soft rocks such as rock salt. 
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This mechanism is introduced here through a simplified analytical solution and conceptual representations 

for an idealized pressure pulse.  

Consider a two-component compressive (radial) pressure wave propagating perpendicularly to the 

blasthole axis, and defined as follows: 

 𝜎𝑟(𝑘, 𝑡) = {

𝑃𝑝𝑒𝑎𝑘 ∙
𝑇𝑟

𝑡𝑟
                           if  𝑇𝑟 ≤ 𝑡𝑟

𝑃𝑝𝑒𝑎𝑘 ∙ (1 −  
𝑇−𝑡𝑟

𝑡𝑓
) ∙ 𝐻(𝑡𝑟 − 𝑇)             if 𝑇 − 𝑟  > 𝑡𝑟    

 (7.10) 

 𝑇𝑟 = 〈𝑡 −  
𝐶𝑝

𝑘
〉 (7.11) 

where 𝜎𝑟 is the radial stress component (MPa) at time 𝑡 (s) and distance 𝑘 (m) from the source, 𝐶𝑝 is the P-

wave velocity (m/s), and 𝑡𝑟  and 𝑡𝑓  are the rise and fall time of the pressure pulse seed (s). 〈 〉 are the 

Macaulay brackets (〈𝑥〉 = 0.5(𝑥 + |𝑥|), which returns a value of 0 for any negative term. 𝐻 is the Heaviside 

function (𝐻(𝑥) = 0 if 𝑥 < 0, 𝐻(𝑥) = 1 if 𝑥 ≥ 0). 

Equation 7.10 can be considered a linear simplification of Figure 3-5 (b), where the tension and 

secondary wave phases are neglected. Under such simplifying assumptions, it can be assumed that the rise 

and fall time of the propagating pulse and the seed pulse are the same. 

The stresses at point k resulting from the combination of the emitted and reflected pressure waves 

𝜎𝐸
𝑘  and 𝜎𝑅

𝑘  can be summed  as follow: 

 𝜎𝑘 = 𝜎𝐸
𝑘 + 𝜎𝑅

𝑘 (7.12) 

 𝜎𝑖
𝑘 = [ 

𝜎𝑥 𝜏𝑥𝑦

𝜏𝑥𝑦 𝜎𝑦
]

𝑘

𝑖
 , 𝑖 ∈ (𝐸, R) (7.13) 

𝜎𝑥, 𝜎𝑦, and 𝜏𝑥𝑦 (MPa) are the stress components of the emitted and reflected pressure waves converted into 

the Cartesian coordinates of reference for the considered geometrical system (here the horizontal 𝑥-axis is 

parallel to the burden).  

The resulting stress field can be represented in terms of the principal stresses in the plane 

perpendicular to the hole axis:   

 𝜎1,3 =
𝜎𝑥+𝜎𝑦

2
± √(

𝜎𝑥− 𝜎𝑦

2
)

2
+  𝜏𝑥𝑦

2  (7.14) 
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where 𝜎1 and 𝜎3 (MPa) are the major and minor principal stresses.  

The intermediate principal stress 𝜎2 (MPa), for plane strain condition is defined as follow (linear 

elastic behaviour):  

 𝜎2 = (𝜎1 +  𝜎3) ∙  𝜈 (7.15) 

The 3D stress distribution  can then be expressed here  in terms of the deviatoric stress  𝜎𝑒 =  √3𝐽2 

(MPa) and mean stress 𝜎𝑚 (MPa): 

  𝜎𝑒 = √3𝐽2 =  √
1

2
(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎1 − 𝜎3)2 (7.16) 

 𝜎𝑚 = (𝜎1 + 𝜎2 + 𝜎3)/3  (7.17) 

Figure 7-4 plots the pressure wave given by  Equation 7.10 at three intervals in time for a source 

located at a distance 𝐵 (m) from a free surface. These plots were generated through the open source python 

library Matplotlib for 2D graphic environments (Hunter, 2007). The time intervals are presented in terms of  

parameter 𝑡𝐵 = 𝐵/𝑉𝑝 (s), which represents the time necessary for the wave to travel distance 𝐵 at velocity 

𝑉𝑝 . The coordinate system in the plots is normalized by the distance 𝐵 .The color scale illustrates the 

deviatoric stress 𝜎𝑒 normalized by 𝑃𝑝𝑒𝑎𝑘.  The stress distributions were computed using Equations 7.14 

through 7.17. Damping and tangential stresses are neglected in these preliminary calculations aimed at 

illustrating the general trends during stress wave propagation.  Damping effects are introduced later, and a 

more complete stress field is considered  in the simulations presented below.  

The plots of  the pressure wave in Figure 7-4 covers a time span equivalent to the summation of 𝑡𝑟 

and 𝑡𝑓 multiplied by 𝑉𝑝. The corresponding rise and fall distances 𝐷𝑟 and 𝐷𝑓 (m) can be computed as: 

 𝐷𝑖 = 𝑡𝑖 ∙ 𝐶𝑝,     𝑖 ∈ (𝑟, 𝑓) (7.18) 

The pulse illustrated in Figure 7-4 is characterized by equal rise and fall distances equivalent to 0.5 

B . 
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Figure 7-4: Two-component pressure wave plots at three time intervals for a source located 

a distance 𝑩  from a free surface, calculated with Equations 7.14-7.17. Geometrical 

coordinates are normalized by the burden 𝑩. Time intervals are presented in terms of 

parameter 𝒕𝑩 = 𝑩/𝑽𝒑 . The color scale represents the  deviatoric stress (i.e. 𝝈𝒆  = √𝟑𝑱𝟐 ) 

normalized by the peak pressure of the pulse seed (𝑷𝒑𝒆𝒂𝒌). 

The pressure wave propagates radially away from the source until reflected in tension by the free 

surface. Figure 7-5 (a) presents the pressure waves of Figure 7-4 at thee time intervals after reflection 

occurred. The coordinate system in the plots is normalized again by the distance 𝐵. The combination of 

emitted and reflected waves were computed using Equations 7.12 and 7.13. The reflected pulse originates 

from a virtual source located a distance 𝐵 from the free surface. In this figure, the reflected pressure wave 

interacts with the emitted pulse to generate localized zones of higher deviatoric stresses (constructive 

interaction). Low deviatoric stresses for incidence at or near parallel to the burden axis showcase destructive 

interaction between the pulses propagating in opposite directions.  
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Figure 7-5 (b) illustrates a pulse wave spanning twice as large (i.e. 𝐷𝑟 = 𝐷𝑓 = 𝐵). The zones of 

constructive interaction, denoted by high deviatoric stress values, cover a larger span, which emphasize the 

influence of pulse seed length on constructive interaction of the pressure pulses. 

The overlapping zones of the two waves are mapped to investigate the locus of constructive 

interaction. Figure 7-6 plots the computed maximum deviatoric stresses along the analysed plane. The 

interaction is mapped using the color scale for the maximum deviatoric stresses 𝜎𝑒, and showcases locations 

where constructive interaction with higher intensity would be taking place. It can be observed  from the plot 

that the constructive interaction zone can be  delineated by an elongated ellipse with a focus point near 45° 

incidence angle from the free surface, which is similar to the crater shapes identified in the field (see Figure 

7-1; see also Chapters 5 and 6).  
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Figure 7-5:  Normalized deviatoric stress plots at three intervals for pressure wave with (a) 

rise and fall distances equal to half the burden distance and (b) rise and fall distances equal 

to the burden. Geometrical coordinates are normalized by the burden 𝑩. 
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Figure 7-6: Maximum deviatoric stress distribution computed after three time intervals 

mapped on the half geometry defined by horizontal axis of symmetry. Geometrical 

coordinates are normalized by the burden 𝑩 

The influence of pressure wave attenuation is investigated by applying the factor 𝜔 =  𝑟0 ∙ 𝜋/𝑟 to 

the computed stresses for the simulated pulse of Figure 7-5 (b).  Figure 7-7 plots the attenuated propagating 

pressure wave at three time intervals. The plot also maps the constructive interaction zone for the computed 

deviatoric stresses. Again, the pressure wave attenuation circumscribes a constructive interaction zone with  

an elliptical  shape around a focus point, at an incidence angle near 45°.  

In the next calculations, rock salt with a compressive wave velocity of 4.4 km/s (Aubertin, et al., 

2019) is considered to place into perspective the above computations in the context of realistic parameters.  

Generic ANFO is referenced for the blast pressure seed (Orica Mining Services, 2017). For 𝐷 = 4500𝑚/𝑠, 

and 𝜌 = 0.9𝑔/𝑐𝑐, the pressure wave in the elastic regime is estimated (Equation 7.3 and 7.5) at 2.0 ms. For 

a burden of 2 meters, the combined rise and fall distance is estimated at 5𝐵. Figure 7-8 plots the computed 
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deviatoric stresses at three time intervals, and maps the peak deviatoric stresses achieved over a long enough 

time frame. It is observed  that the wave covers more than twice the burden span, which leaves a high 

deviatoric stress value near the blasthole (due to less attenuation) when compared to the stresses mapped 

along the rest of the  plane. This aspect is also observable in real blast conditions and is  replicated later in 

the present work through numerical modelling.  

Figure 7-8 also indicates that the mapped zones of constructive interaction again presents an 

elliptical shape  with focus points located  near a 45° incidence angle. Figure 7-8 (b) further shows that 

bridging (highlighted by an arrow) between the tail of the emitted pulse and the constructive zone of 

interaction occurs where an elliptical shape forms from the blasthole region to the constructive interaction 

focus. This bridging zone is delineated below by the destructive interaction from reflected waves at near 0° 

incidence angle, and above by the attenuation profile of the pressure waves.  

 

 

Figure 7-7: Propagating pressure wave (  𝑫𝒓 = 𝑫𝒇 = 𝑩) at three time intervals (a,b,c)  with 

an  attenuation factor 𝜿 =  𝒓𝟎𝝅/𝒓; the resulting peak deviatoric stresses (d) are also mapped 

for the entire process .  
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Figure 7-8: Propagating pressure wave replicating generic ANFO in rock salt (  𝑫𝒓 + 𝑫𝒇 =

𝟓𝑩) at three time intervals (a,b,c), and (d) mapped computed peak deviatoric stresses. 

Bridging at time interval 3.3 𝒕𝑩 (b) is observed between the tail of the emitted pressure wave 

and the constructive interaction zone.  

 Numerical Investigation 

7.5.1 Scope of Analysis 

A series of numerical  simulations were performed to investigate  pulse interaction and potential effects on 

the rock surrounding the blast hole. The modelling software LS DYNA (Livermore Software Technology, 

1998) was used to simulate blasts in an  elastic rock  under plane strain conditions  

The software LS DYNA,  based on the Finite Element Method (FEM), was designed to conduct 

transient dynamic analyses through explicit time integration, and allow for nonlinear processes with varying 

boundary conditions and evolving element sizes.  This code has been used previously to simulate blasting 

in hard rocks  (Lu, et al., 2011; 2012; Yang, et al., 2017; Liu, et al., 2018; Zhou, et al., 2019).  It is used here 

to simulate blasting in rock salt; a simulation is also conducted with granite for comparison purposes. 
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7.5.2 Model Geometry 

The model configuration shown in Figure 7-9 consists of a planar (2D) representation of a single blasthole 

located two meters (burden B) from a free surface. Three boundaries are set as transmitting boundaries, 

while the free surface reflects the pressure pulse. A circular surface connects two of the transmitting 

boundaries and represent the crushed zone extent where the pressure pulse is imparted as part of the 

simulation. The boundaries connected to the circular source location  allow  bi-axial deformation within the 

model plane. The FEM model consisted of 159,257 elements, with sizes ranging from 1 cm near the 

blasthole to 0.5 m near the external boundaries. The model represents one side along  the burden axis, due 

to symmetry.   

 

Figure 7-9: Model geometry with boundary conditions implemented into the LS DYNA 

software.  

7.5.3 Input Parameters 

Table 7-1 gives the modelling input parameters for the two types of rock. Rock salt parameters correspond 

to those of the Weeks Island salt dome located near the Mexican Gulf coast, in Southern Louisiana (USA). 

Geological features and geomechanical parameters of this rock mass are presented  in Aubertin et al (2018), 
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and in Hoentzsch et al. (2019). The granite (hard rock) parameters are based on those of Laurentian granite, 

Ontario, Canada (Hashemi & Katsabanis, 2018).  

Two reference explosives are considered  in these simulations: ANFO representing a typical bulk 

explosive product commonly used in the mining industry, and the high energy release PETN to showcase 

the effect of highly efficient and rapid detonation pressure on  the third cratering mechanism.  

Table 7-1: Rock  parameters for the simulations of blast in  rock salt and granite  

Parameter Rock Salt Granite 

Density (g/cc) 2.16 2.65 

Static Compressive Strength 𝝈𝒄 (MPa) 20 210 

Static Tensile Strength 𝑻𝟎 (MPa) 1.03 15.2 

𝝈𝒄𝒔𝒕𝒂𝒕𝒊𝒄
/𝝈𝒄𝒅𝒚𝒏𝒂𝒎𝒊𝒄

 (DIF) 1.51 N/A 

𝝈𝒕𝒔𝒕𝒂𝒕𝒊𝒄
/𝝈𝒕𝒅𝒚𝒏𝒂𝒎𝒊𝒄

  N.A. 3.02 

Elastic modulus 𝑬 (GPa) 25 65 

Poisson’s ratio 𝝂 (-) 0.35 0.24 

P- Wave velocity 𝑽𝒑 (m/s) 44003 4200 

1 From Bauer et al. (2019) 
2 From Hashemi and Katsabanis (2018) 
3 From Buchholz (2017) 

  

Table 7-2 lists the explosive parameters for the numerical simulations. The parameters for PETN 

and loosely packed ANFO were taken from explosives manufacturer Orica’s technical data sheets (Orica 

Mining Services, 2016; 2017). Applied peak pressure at the borehole wall was obtained for  a 44 mm 

blasthole diameter using the following equation (Lu, et al., 2011): 

 𝑃𝑝𝑒𝑎𝑘 =
𝜌𝐷2

2(𝛾+1)
 (7.19) 

where 𝛾 takes the value of 3 for fully coupled explosives. The rise time is computed using Equation 5, and 

a charge column of 4 meters.  
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Table 7-2: Explosive parameters used in the simulations 

Parameter PETN ANFO 

Charge density (g/cc) 1.7 0.9 

𝐷  (m/s) 7000 5000  

𝑃𝑝𝑒𝑎𝑘 (GPa) 10.41 2.81 

Rise time (ms) 0.522 0.73  

 

Table 7-3 provides the  parameters associated with the pressure seed applied to the elastic region in 

the LS DYNA model. Attenuation of the pressure wave 𝑃𝑒/𝑃 is computed using Equation 7.8, with the 

attenuation factor  applied to the original pressure seed described by Equation 7.3. Figure 7-10 shows the 

pressure pulses applied to blast source boundary of the model. Figure 7-10 (a) shows the pressure pulse 

transmitted into rock salt for PETN and ANFO ;  Figure 7-10 (b) shows the ANFO pulse transmitted into 

granite.  

It is observed in Table 7-3 that  attenuation from the original pulse seed to the elastic medium for 

rock salt (Equation 8) is much more significant for PETN than ANFO. This can be anticipated given   the 

amount of energy lost from the high intensity PETN from the source through the crushed zone.  The pulse 

produced by ANFO is much less attenuated, and transmits a larger and longer pulse into the elastic zone  as 

shown in Figure 7-10. The much stronger  and stiffer granite exhibits lower attenuation for ANFO due to  

the limited amount of energy lost near the blasthole.  

  



210 

 

Table 7-3: Transmitted pressure pulse seed parameters in elastic region  

Parameter 
Rock Salt  Granite 

PETN ANFO ANFO 

𝑃𝑒/𝑃 0.0006 0.0031 0.1480 

𝑃𝑒𝑝𝑒𝑎𝑘
 (MPa) 12.42 17.67 832 

Pulse width (ms) 1.3 1.8 3.3 

Pulse size (m) 5.72 7.92 13.81 

 

Figure 7-10: Transmitted pressure pulses for reference explosives in (a) rock salt and (b) 

granite. 

7.5.4 Main Results 

The pressure seeds from Figure 7-10 (a) were included in the  plane strain simulations with LS DYNA for 

elastic conditions in rock salt (parameters listed in Table 7-1). Figure 7-11 and Figure 7-12 show the 

deviatoric stresses (𝜎𝑒 = √3𝐽2) and mean stresses (𝜎𝑚) at three different time intervals for the two reference 

explosives.  

Both plots exhibit comparatively large peak deviatoric stresses during the early onset of  wave 

propagation near the blasthole. These stress distributions  result from a relatively rapid attenuation at low 𝑟 
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distance from the source, compounded by pulse wave larger than the burden dimension. The simulated trend 

is in agreement with  the analytical solution presented above.  

Constructive interaction between the emitted and reflected pressure pulses is characterized by a 

propagating wave of higher 𝜎𝑒, as seen in both Figure 7-11Figure 7-12. The interaction wave in rock salt 

exhibits a larger extent and greater intensity for ANFO due to the larger pulse seed and higher transmitted 

pressure in the elastic regime.  

These figures also include the peak deviatoric stress values measured throughout the simulation. 

These plots feature two regions of enhanced constructive interaction: a zone associated with  the propagating 

constructive interaction wave, and the bridging zone of the wave tail delineated by ripples of destructive 

interaction near a zone of parallel incidence. Similar bridging was predicted from analytical computations.  

 

Figure 7-11: LS DYNA simulation results for the  deviatoric stress  𝝈𝒆  and mean stress 𝝈𝒎   

for PETN reference pressure pulse seed in rock salt (elastic behaviour beyond the crushed 

zone).  
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Figure 7-12: LS DYNA simulation for deviatoric stresses (√𝟑𝑱𝟐) and mean stress 𝝈𝒎 in 

elastic plane strain conditions for ANFO reference pressure pulse seed in rock salt 

medium.  

Figure 7-11 and Figure 7-12 also shows the confinement conditions through the mean stress 𝜎𝑚.  

Both 𝜎𝑚 plots include two clearly discernable waves : the propagating emitted wave and a reflected tensile 

wave. The propagating wave is dominated by the radial compressive component which yields 𝜎𝑚 values up 

to 5 MPa. The second wave is defined by the reflection of the compressional component into tension which 

yields negative  𝜎𝑚 values, as low as -5 MPa.  

Blasting with ANFO in granite was also simulated under elastic plane strain conditions, with the 

pulse  shown in Figure 7-10 (b). Figure 7-13 plots the deviatoric and mean stress components at three-time 

intervals. The figure also maps the peak deviatoric stresses  throughout the simulation.  
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Figure 7-13: LS DYNA simulation for deviatoric stresses (√𝟑𝑱𝟐) and mean stress (𝝈𝒎) in 

elastic plane strain conditions for ANFO reference pressure pulse seed in Granite.  

It is seen that the mean and deviatoric stresses  are much larger than in rock salt due to the lower 

attenuation induced through the crush zone. Similar constructive zones of interaction can be observed as in 

Figure 7-11 and Figure 7-12, with a constructive interaction pressure wave propagating for the deviatoric 

stress. 

It is also observed that the deviatoric stress distribution  in granite shows a stress range of 

approximately one order of magnitude higher compared to rock salt for the same reference explosive. The 

failure strength of granite is about one order of magnitude higher compared to rock salt, reducing the 

likelihood that  the stress pulse interaction (simulated under elastic conditions)  would lead to  failure. Also, 

the resulting constructive interaction zone in granite appears to be smaller, as the interaction wave dissipates 

much quicker due to accentuated attenuation compared to rock salt (higher density, higher elastic modulus 

and strength, lower Poisson’s ratio).  
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 Analysis and Discussion  

The concept of pulse interaction was investigated under elastic conditions to assess the extent  and intensity 

of constructive interaction. The simulation results can be used with empirical considerations to assess the 

potential for fracture initiation and failure in rock salt. The damage threshold  (dilatancy) and failure 

envelope  of rock salt have been shown to be highly non linear (Hansen, et al., 1984; Jeremic, 1994; 

Cristescu & Hunsche, 1998). The Mises-Schleicher (MS) criterion is a convenient representation of rock 

salt strength when considering both tensile and compressive stress states at relatively low mean stresses (Li, 

et al., 2005); this criterion can be expressed as follows (Aubertin & Li, 2004):  

 √3𝐽2 =  √(σc − 𝑇0)(𝜎𝑚 ∙ 3) + σc𝑇0 (7.20) 

Figure 7-14 shows the simulated deviatoric and mean stress plots obtained for ANFO in rock salt 

at a time increment of 1.4 ms. The figure also includes the MS curve for rock salt as defined by Equation 

20. The dynamic tensile strength of salt was estimated using the relationship between Equations 6 and 7. 

Three data points are marked on the deviatoric and mean stress plots, and transferred onto the MS plot. The 

second data point, located at the locus of constructive interaction implies empirically that fracture would be 

initiated by the induced stress state associated with the third cratering mechanism. The potential for fracture 

initiation and propagation under this mechanism would  depend on the intensity and extent  of constructive 

interaction, which may also vary with the type of explosives (e.g. comparison between PETN and ANFO  

in Figure 7-11 and Figure 7-12). 

Such empirical representation tends to indicate that fracturing during a burden removal blast event 

takes place not only from the blasthole out (based on the two basic mechanisms described above), but also 

from the free surface inward as a result of constructive interaction between emitted and reflected pressure 

pulses associated with the third mechanism. 

The profile of the propagating fracture from constructive interaction would then follow an elliptical 

path defined by the propagating interaction wave. Such elliptical cratering shape was described analytically 

on Figure 7-8 and commonly observed in the field (Fig. 1).  It can also be observed on the numerical model 

results as the locus of the propagating constructive interaction wave.  
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Figure 7-14:Deviatoric and mean stresses distributions  for blasting with  ANFO simulated 

in rock salt after 1.4 ms. The Mises-Schleisher (MS) criterion is plotted with identified data 

points transferred from the 𝝈𝒆 𝒂𝒏𝒅 𝝈𝒎 plots for comparative reference in the context of 

cratering breakout.  

It is acknowledged that a more complete analysis of   fracturing would need to take into account 

energy losses after fracture initiation. Numerical analysis should include  inelastic  conditions to  better 

define the cratering boundaries resulting from the third mechanism.  

It is noted that the third cratering mechanism, investigated  in this work, becomes significant for a 

specific set of parameters: low material strength, low impedance (i.e. lower wave attenuation), and a high 

ratio of pressure wave span to burden. The first two aspects found in conjunction are almost unique to rock 

salt (and a few other evaporites such as potash) due to the very low porosity of halite crystalline structure, 

and its  low strength (especially in tension) . The high ratio of pressure wave span to burden distance is 

inherent to practical mining applications of rock salt typically extracted underground with low burden values 

(1.5m – 3m); and explosives used to minimize energy losses around the blasthole yielding less efficient 

detonation and longer pulse seeds.  
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 Conclusion 

A third cratering mechanism was introduced for burden removal blasting events. The mechanism arises 

from interaction of the emitted compressive pressure wave originating from the blasthole, and the tensile 

wave reflected by the free surface. The phenomenon was investigated analytically through a bi-linear 

pressure pulse. Results from these computations showcased the influence of the pressure wave span onto 

achieved constructive interaction. An attenuation factor, inversely proportional to the distance from the 

source, was incorporated into these analytical computations to describe the impact of attenuation on external 

boundaries of the constructive interaction zones. Analytical computations showed that the phenomenon is 

circumscribed near the burden axis (from destructive interaction between opposing waves), and outward in 

an elliptical-like shape resulting from the interaction wave path and elastic attenuation.  

Numerical simulations were carried onto the FEM based LS DYNA software to investigate realistic 

response of rock media under elastic conditions. The observed mechanism is characterized by a propagating 

constructive interaction wave denoted by high deviatoric stresses, and low mean stress conditions. The 

potential for fracture initiation in rock salt from this cratering mechanism was shown empirically for realistic 

blast design conditions in an underground mine. It is inferred that the resulting crater boundary would follow 

the path of the constructive interaction wave, and additional numerical modelling work would benefit in 

quantifying the span of this crater boundary.  
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Chapter 8  

Towards Blast Design Guidelines for Underground Rock Salt Mines 

 Scope 

The present Chapter was submitted to the Blasting and Fragmentation Journal publication. Academic 

supervisors D. Jean Hutchinson and Mark S. Diederichs are co-authors of this paper. The format was 

modified from original submission to match Thesis formatting.   

 Abstract 

Salt blasting involves significant differences when compared with hard rock blasting, due to the distinct 

geomechanical properties. Rock salt is characterized by moderately high stiffness (20-40 GPa) and very low 

resistance in tension (~1 MPa). Energy losses near the blasthole in rock salt are at least an order of magnitude 

higher than in typical hard rocks, which limits the amount of available energy necessary for cratering. Salt 

blasting practices therefore typically favor low VOD explosives characterized by a less efficient detonation 

reaction, which lead to a cratering mechanism that is less driven by radial fractures originating from the 

blasthole, and more defined by the interaction between emitted and reflected pressure waves. Consequently, 

traditional (hard rock) blast design methods cannot properly capture salt response to blasting. The present 

work proposes practical guidelines to define site-specific blast design characteristics for rock salt deposits. 

The design methodology involves using single hole blast (SHB) tests to quantify the main characteristics 

associated with the cratering mechanism, and their influence on blasthole diameter to burden (𝜙 − 𝐵) and 

spacing to burden (𝑆 − 𝐵) relationships. Experimental work performed at three salt mines is presented to 

illustrate the proposed methodology.  

 Introduction 

Salt, composed of the mineral halite (NaCl), is an essential mineral resource within modern societies due to 

its wide range of applications (e.g. pharmaceutical use, agricultural and food industry, road de-icing agent). 

According to United States Geological Survey (Bolen, 2020), world production of salt in 2019 reached 293 
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MT (42 MT produced in the United States). Salt production comes from in situ extraction of naturally 

occurring polycrystalline halite (rock salt), or the artificial seclusion of salt saturated waters followed by 

evaporation induced by solar exposition (i.e. solar salt). Underground extraction in situ is performed via 

direct rock salt excavation sequencing, or solution mining of underground caverns washed by hot water (salt 

brine). Conventional mining by underground rock salt excavation represents a large fraction of salt 

production given the associated low costs.  

Despite the growing popularity of modern continuous mining technology in evaporite deposits 

(particularly with potash bearing minerals), rock salt mining relies almost exclusively on drilling and 

blasting practices for its extraction. Somewhat surprisingly however, rock salt blasting practices in North 

America haven’t shown many changes (or technical improvement) over the last century. In a technical 

publication presented to the American Institute of Mining and Metallurgical Engineers (AIME), Pierce 

(1936) outlined the mining method used to extract the salt and potash deposit at the Carlsbad mine (New 

Mexico, USA). It describes the use of coal-based undercutter machinery to generate a relief cut or kerf at 

the bottom of the face, with blastholes oriented towards the cut. A general review of blasting practices in 

salt mine operations (Konya, 2016; Aubertin, et al., 2017b; 2018; 2019b) reveals that very little has changed 

with regard to blast patterns in rock salt since the first half of the 20th century.  

Figure 8-1 shows a typical undercutter machine used at North American underground salt mines. 

The use of such machinery, initially developed for the coal industry, stems from experience with salt 

response to blasting. In contrast to hard rock blasting, typical cut methods (e.g. burn cut, v-cut) in rock salt 

struggle to pull complete rounds. Field observations reveal large crushed zones around blastholes which 

suggest significant energy losses in rock salt due to low material strength. Energy losses are compounded 

by the limited strain energy that can be accumulated by salt, which therefore reduces the brittle release 

typically required around self-pulled cuts such as a v-cut.  

Empirical guidelines developed from experimental tests in hard rocks provide limited insight into 

rock salt blastability. Blasting of low porosity soft rocks (mainly evaporites and some sedimentary rocks) is 

typically considered as a single comprehensive geological category with comparable specific charge 
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requirements, selection of explosives, and spacing-to-burden sizing index (Langefors & Kihlström, 1978; 

Afrouz, et al., 1988; Lowrie, 2002). For rock salt however, it has been shown that radial fracture propagation 

near the blasthole, which often controls blasting efficiency in the case of other rocks (Kou & Rustan, 1992; 

Persson, et al., 1994), is not sufficient to properly describe the cratering mechanisms (see Chapter 5)Hence, 

the determination of specific charge and burden dimension for rock salt blasting requires unique solutions.  

 

Figure 8-1: Undercutter used at the Ojibway mine (Windsor, Ontario, Canada) to generate 

the blasting relief cut on horizontal development rounds. The cutter bar is 4 m long.  

The present work aims to provide theoretical notions and a practical basis to help develop guidelines 

for efficient and systematic blast design in underground rock salt mines. A procedural workflow is proposed 

to structure initial desktop preparations and outline experimental work necessary to design full face blast 

patterns adapted to the geomechanical nature of rock salt. The approach relies on cost effective iterative 

trials of single hole blasts (SHB) to quantify blastability and capture the rock salt cratering behaviour. SHB 

test results are used to calibrate specific charge requirements from an energy balance analysis. Empirical 

considerations are provided for selection of explosives based on energy efficiency used to break the rock 

mass. The application of the proposed procedural workflow is described in detail through experimental field 

work performed at three underground rock salt mines. The field work performed demonstrates the different 

branches of the methodology proposed and how it was applied towards site specific goals and constraints.  
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 A Semi-iterative Blast Design Method for Rock Salt Mines 

Experimental field work, and analytical and numerical investigations have demonstrated that rock salt 

cratering behaviour is fundamentally different than hard rock blasting(see Chapter 5 and 7)). Traditional 

rock blasting guidelines therefore have limited value for rock salt mining operations. A blast design 

methodology for rock salt must be able to perform three distinct tasks: (i) capture the near-borehole response 

of rock salt and impact on energy losses, (ii) incorporate systematic field trials to calibrate cratering 

behaviour, and (iii) provide engineered relationships for optimal pattern dimensions (spacing, burden, 

blasthole diameter).  

Figure 8-2 outlines the proposed salt blasting design methodology implemented in the present study. 

The procedure consists of six distinct steps structured in a semi-iterative workflow to account for the need 

to revisit initial assumptions after field trials are completed. The first steps consist of a desktop study of 

available data on deposit geomechanical characteristics (step 1) and derived empirical relationships for 

energy losses based on explosive selection (step 2). The core of the procedure (step 3) entails a series of 

single hole blast (SHB) tests to calibrate cratering parameters.  
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Figure 8-2: Procedural workflow for the design and optimization of blast patterns for 

underground rock salt mines.  

SHB test campaign results are used to derive relationships between burden 𝐵 (m) and specific 

charges 𝑞 (kg/m3) and blasthole diameter 𝜙 (mm) (step 4). Assessing the cratering behaviour to understand 

specific charge to burden relationships, provides a range of optimal spacing to burden configurations, which 

are further inspected to account for excavation geometry (step 5). The final step (6) consists of experimental 

field work to test identified optimal configurations. Depending on test results, users may revert to step 2 or 

4 and revisit selected explosives or blasthole diameter.  

 

 



229 

 

 Technical background 

8.5.1 Rock Salt Geomechanical Characteristics  

Rock salt behaviour has been the focus of many research studies, often conducted with a focus on its ductile 

response to deviatoric stresses at low to moderate confining pressure, in relation to its potential as a host for 

nuclear waste repository (Cristescu & Hunsche, 1998; Hampel, 2015; Hampel & Schulze, 2017; Reedlunn, 

2018) and storage of gas and petroleum  (Myers & Neal, 1995; Zhang, et al., 2017). Rock salt geomechanical 

properties are highly dependent upon the geological depositional history and diapiric evolution (Babel & 

Schreiber, 2014; Aubertin, et al., 2019b). Accordingly, the geomechanical characterization of rock salt mine 

deposits can be classified into three main orebody types: (i) lenticular (i.e. tabular), (ii) domal, and (iii) 

diapir or vein.  

An empirical classification for rock salt geomechanical properties is proposed in Table 8-1 to 

provide reference guidelines towards mining applications. The table includes a range of values for reference 

mechanical properties for the three orebody types. This empirical classification is based on benchmarking 

of North American and Eastern Europe data reported and collected by various authors   (Hansen, et al., 

1984; Boehner, 1987; Kupfer, 1990; Jeremic, 1994; Giles, 2008; Sun, et al., 2018; Aubertin, et al., 2019b). 
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Table 8-1: Salt deposit geomechanical classification 

Classification/ Parameter Domal Tabular Diapiric 

Description • Coarse prismatic crystals  

• Low cohesion (friable) 

• Pronounced structural interlock 

• Brine and hydrocarbon around 

perimeter 

• Homogeneous layers 

• Consistent thickness 

• Bounded by low-solubility evaporites 

or sedimentary rocks 

• Shallow mining horizons (< 1km) 

• Moderate to high 

heterogeneity 

• High level of folding and 

structural distortion 

• Small crystals 

• Slow creep strain rate 

Grade High purity 

>99% NaCl 

Localized impurities,  

95 – 98% NaCl 

Major heterogeneity 

85-95% NaCl 

𝝈𝒄 (MPa) 10-20 20-30 30-40 

𝑻𝟎 (MPa) < 1  1-2 > 1 

𝑬 (GPa)  14-20 20-30 25-40 

𝝆
𝒓
 (g/cc) 2.15-2.17 2.16-2.20 2.18-2.24 
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8.5.2 Rock Salt Response to Blasting 

The response of rock salt to blasting is largely governed by its characteristic mechanical features, which 

include a relatively low failure strength (especially in tension), very low porosity, smaller than average 

density and moderate elastic stiffness. The low material strength results in large energy losses occuring 

within the near-blasthole crushed zone generated by extreme pressures from the detonation process (see 

Fairhurst (1975), Hagan (1979), Olsson et al. (2002) and Lu et al. (2012) for the fracture process induced 

by explosions). Low velocity of detonation (VOD, symbol 𝐷 (m/s)) explosives (with longer pulse seed) are 

commonly used to avoid such energy losses, which would otherwise result in inefficient pull or even frozen 

rounds.  

The combination of low porosity, low density and moderate stiffness leads to two key features: low 

acoustic impedance 𝑍𝑟 (Pa ∙ s ∙ m−1) and relatively high P-wave velocity 𝑉𝑝 (m/s). The acoustic impedance 

of a material represents the effort necessary to induce particle motion by imparting stress; it can be 

computed as (Rogers, 2015): 

 𝑍𝑟 = 𝜌𝑟𝑉𝑝 (8.1) 

Velocity 𝑉𝑝 can be obtained from the elastic modulus 𝐸 (GPa) and Poisson’s ratio 𝜈 (-) as (Jaeger, 

et al., 2009): 

 𝑉𝑝 =  √
𝐸(1−𝜈)

𝜌(1−2𝜈)(1+𝜈)
 (8.2) 

Rock salt low density (~2.2 kg/m3)  yields characteristic low impedance ( 𝑍𝑟 = 9.5-10.5 MPa ∙ s ∙

m−1) and conversely low blast wave attenuation, while moderate elastic modulus (14-40 MPa) leads to 

fairly high P-wave velocity (Vp = 4400-4600 m/s). As a result, the transmitted blast pressure waves 

propagating elastically tend to extend to a larger distance (pulse seed time span ∙ 𝑉𝑝) with a higher stress 

amplitude when compared to hard rock attenuation profiles (Aubertin, et al., 2020a). Refer to Jaeger et al 

(2009) and Lak (2019) for more information on the nature of pressure waves transmitted elastically beyond 

the near-borehole damaged zone.  



232 

 

A series of single hole blast (SHB) tests were performed at different underground rock salt mines 

(Aubertin, et al., 2017a; 2017b; 2018; 2020b). It was observed, among other features, that the resulting 

craters systematically displayed an elliptical shape, in contrast with (quasi) prismatic craters typically 

observed for hard rock (e.g. Bilgin et al. (1991), Ouchterlony & Moser (2012)). Figure 8-3 shows pictures 

of resulting SHB craters taken at three different rock salt mines. The figure shows the typical elliptical 

crater shape observed after blasting in rock salt.  

Chapter 7 described a cratering mechanism encountered with long blast pressure pulse seeds. 

Localized failure arises from the interaction of the tail end of the emitted compressive pressure wave and 

the reflected tensile wave, to form an elliptical profile. This mechanism was shown to be prevalent in weak 

rock masses using explosives characterized by a less efficient detonation reaction (low VOD, long pulse 

seed) as the primary rock breaking agent. Such breakout shape differs from traditional cratering 

mechanisms encountered in hard rocks (Field & Ladegaard-Pedersen, 1971; Fourney, et al., 1993), and 

requires experimental testing to quantify and parametrize its behaviour.  

 

Figure 8-3: SHB craters observed at the: (a) Ojibway mine, (b) Pugwash mine, and (c) 

Weeks Island mine. (a) and (b) are from horizontal blasthole, while (c) is from a vertical 

Ojibway (On, Canada) Pugwash (NS, Canada) Weeks Island (LA, USA) 

6 m 

4 m 

(a) (c) 

 5.5 m 

(b) 
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blasthole (picture taken from top of the bench).  

8.5.3 Single Hole Blast (SHB) Testing as a Characterization Tool 

Single hole blast testing is an investigation method used to quantify blastability by performing a series of 

individual test shots and varying the burden dimension 𝐵 (m) (Rustan, et al., 1983; Rustan & Lin, 1992; 

Wimmer, et al., 2008; Ouchterlony & Moser, 2012; Aubertin, et al., 2017a; 2017b). A formal procedure 

was developed for systematic SHB testing using terrestrial laser scanner (TLS) surveys to define objective 

and reproducible measurements (Aubertin, et al., 2020a).  

Figure 8-4 (a) shows the testing layout for a horizontal SHB test and the resulting post-test crater. 

Figure 8-4 (b) shows a cross-sectional plane along the blasthole area showing measurements taken at 

different intervals along the crater section. The crater is partitioned into fractions with respect to the full 

extent and represented by the subscript 𝑖 (%). Figure 8-4 (b) illustrates the distance from the blasthole to 

the crater fraction extent 𝑏𝑖 and breakout angle 𝛼𝑖.   

A formulation for the crater shape as a power law equation is used to represent the complete cross-

sectional profile. The crater extent 𝑌 (m) (perpendicular to burden) as a function of the distance 𝑏 (m) from 

the blasthole along the burden direction is expressed with the following power law (Aubertin, et al., 2020b): 

 𝑌 = 𝜓(𝐵) ∙ 𝑏𝜖∗
 (8.3) 

where 𝜖∗  is a site-specific exponent (geology and explosive dependent); 𝜓  is a burden dependent 

coefficient. 𝜓(𝐵) can be formulated as: 

 𝜓(𝐵) =  𝜓1𝐵 + 𝜓2 (8.4) 

where 𝜓
1
 and 𝜓

2
 are site-specific constants. Note from Figure 8-4 (a) that 𝑌(𝑏100) = 𝑊/2. 

Figure 8-5 plots conceptual trends for the crater shape defined by the power model formulation of 

Equation 8.3. Figure 8-5 (a) plots the crater extent 𝑌 and discrete breakout angle 𝛼 along 𝑏 for different 

burden values 𝐵. Figure 8-5 (b) plots the relationship between the cross-sectional crater area and burden 𝐵 

(dashed line). Figure 8-5 (b) also plots the evolution trend for the crater area along the burden axis 𝑏 (m) 

for four different burden values.  
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Figure 8-4: Schematic representation of the crater produced by an horizontal SHB test 

with two degrees of freedom. Adapted from Aubertin et al. (2018). 

 

Figure 8-5: Conceptual representation of the power crater model: (a) crater extent 𝒀 and 

breakout angle 𝜶 along the burden axis, and (b) the total crater area.  
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SHB cratering does not account for multi-hole blast interaction. Rather, it is rationalized that the 

calibrated crater model (Equation 8.3) can predict the minimal breakage footprint of a single blasthole 

within a full face blast pattern. The crater model is used to design optimal spacing to burden dimensions 

which will minimize the achieved powder factor. Perimeter holes and fragmentation induced by crater 

overlap is discussed separately in the experimental section.  

 Experimental Testing and Results 

8.6.1 Scope of Work 

Work on blast pattern design and optimization was carried at three underground rock salt mines: K+S 

Windsor Salt Ojibway (Windsor, Ontario, Canada) and Pugwash (Pugwash, Nova Scotia Canada) mines, 

and the Morton Salt Weeks Island mine (New Iberia, Louisiana, USA). The experimental work performed 

at the three sites is presented below following the methodology outlined for the study.  

The work performed as part of this study aimed to improve or re-design the blast pattern based on 

specific desired outcome(s) (e.g. reduce powder factor, reduce fines generation, increase tonnage per blast). 

Table 8-2 summarizes the different objectives identified by each site at the start of this research study. All 

three sites aimed to increase blasting efficiency and thus decrease achieved powder factor.  

Pugwash experimental work also aimed to quantify potential gains from using a larger blasthole 

drilling diameter (arrow from step 6 to 4 in Figure 8-2) to reduce drilling time. Weeks Island experimental 

work was part of a transition from undercutting to sub-drilling in vertical benches in order to increase 

tonnage output per cycle.  

Table 8-2: Site specific desired outcomes from the present research study. 

Ojibway Pugwash Weeks Island 

• Decrease powder factor 

• Improve blast advance 

• Decrease fines generated 

• Decrease powder factor 

• Decrease drilling time 

• Increase bench tonnage 

• Decrease mining cycle 

time 
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This section details the work performed at all three sites following the step-by-step protocol 

implemented for this work. Differences between the site geology, geometry, and blasting constraints were 

evaluated along the different paths outlined in Figure 8-2, and emphasized practical considerations towards 

translating SHB test results into full face blast patterns.  

8.6.2 Step 1 – Site Parameters (Desktop Study) 

8.6.2.1 Ojibway 

The Ojibway mine extracts salt from a tabular evaporite deposit at a depth of 300 m from the F-salt layer 

of the Salina Formation within the Michigan basin, circumscribed geographically by Lake Michigan and 

Lake Huron (Mazurek, 2004). The mined layer is approximately 6 meters thick and is overlaid by massive 

dolomite exhibiting horizontal layering. The salt is characterized by low levels of impurities (1-3%) 

composed mostly of anhydrite, dolomitic shale, and sandstone (Armstrong & Carter, 2010). More 

information on the Ojibway mine geological and geotechnical settings can be found in Goodman (1983), 

Aubertin et al. (2019b), and Hoentzsch & Aubertin (2020). 

8.6.2.2 Pugwash 

The Pugwash mine extracts salt from a diapir located in the Cumberland Basin, a sub-basin formation of 

the late Paleozoic Maritimes Basin of Eastern Canada (Gibbling, et al. 1992) The deposit is composed of 

steeply inclined argillite rock salt with disseminated and massive anhydrite. The deposit is characterized by 

severe folding and deformation from the uplift of regional tectonic overprinting (Evans, 1965). Rock salt is 

extracted at a depth of approximately 400 m. The orebody’s grade varies substantially due to the folding 

observed (88%-94% NaCl) and includes a significant amount of anhydrite in the form of disseminated 

traces and massive layers. These anhydrite structures act as a binding agent that contributes to the relatively 

higher mechanical strength and stiffness of the orebody (Aubertin, et al., 2019b). 
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8.6.2.3 Weeks Island 

The Weeks Island mine extracts rock salt from a salt dome located in the South Louisiana Salt Basin at the 

Northern edge of the Gulf of Mexico (Hansen, 1977). The deposit is part of the Five Islands Salt Domes 

(Cote Blanche, Avery Island, Belle Isle, Jefferson Island, and Weeks Island) located South of the Iberia 

Parish. The dome is characterized by very high purity (>99% NaCl), with rare occurrence of impurities 

around the perimeter (Hoentzsch, et al., 2019). Weeks Island rock salt exhibits relatively coarse crystals (1-

3 cm), with low apparent cohesion (at low confinement). More information on the Weeks Island salt dome 

geological settings, mining layout and geological settings can be found in Knauth & Minkley (2018) and 

Aubertin et al. (2019b). 

8.6.2.4 Summary of experimental settings 

Table 8-3 lists relevant geomechanical properties of the three salt deposits. The data was compiled from 

relevant literature (Hansen, 1977; Goodman, 1983; Buchholz, 2017; Aubertin, et al., 2019b; Hoentzsch, et 

al., 2019; Hoentzsch & Aubertin, 2020) and complemented by information shared by each site. The 

mechanical properties listed in the table are for intact rock salt. The assumption is made that intact properties 

of rock salt are applicable to large scale rock masses due to its ductile behaviour under moderate 

confinement.  

Table 8-3: Key parameters of the SHB test sites.  

Parameter Ojibway  Pugwash Weeks Island 

Deposit formation Tabular Heterogeneous diapir Salt dome 

Mining horizon (m) 300  400  450-490 

𝝆
𝒓
 (g/cc) 2.17 2.17-2.22 2.16-2.17 

𝝈𝒄 (MPa) 31.6 20-38 (grade dependent) 18-21 

𝑻𝟎 (MPA) - 1-5 MPa (grade dependent) < 1 MPa 

𝑬 (GPa) 25-32 28-35 18-25 

𝝂 0.28 0.26 0.33 

Room width (m) 12 16 17 

Room height 6 9 6 (development) 

22 (bench) 
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8.6.3 Step 2 – Explosives Selection 

The present research study was carried out at active sites where Amonium Nitrate Fuel Oil (ANFO) is used 

as the primary bulk explosive agent. Operational specifications are detailed in Table 8-4 (these settings 

were used as part of the SHB testing protocol).  

A rapid validation of the explosive selection can be carried out by ensuring that pulse interaction 

at 90° incidence (i.e. 45° incidence with free surface) leads to failure. Based on a Mises-Schleicher failure 

criterion (Lubliner (1990); see also Aubertin & Li (2004) for application to rock salt), and estimating 

pressure attenuation as the ratio of the crushed zone 𝑟𝑐 (m) to distance 𝑟 (m) from the source, the peak stress 

must meet the following requirement: 

 𝑃𝑝𝑒𝑎𝑘 ≥
𝐵

𝑟𝑐
(𝜎𝑐𝑑𝑦𝑛 |𝑇0𝑑𝑦𝑛|

2

3
)

0.5
  (8.5) 

where 𝜎𝑐𝑑𝑦𝑛
 and 𝑇0𝑑𝑦𝑛

 are the dynamic compressive and tensile strength (MPa). Equation 8.5 is 

derived in the appendices for reference. 

The crushed zone extent can be estimated from the dynamic uniaxial compressive strength 𝜎𝑐𝑑𝑦𝑛
 

(MPa) (Kanchibotla, et al., 1999; Yilmaz & Tugrul, 2014):  

 rc = r0√
Ppeak

σcdyn

 (8.6) 

Table 8-4: Explosives and blasting specifications at the three sites.  

 Parameter Ojibway  Pugwash Weeks Island 

Mine advance method Horizontal dev. Horizontal dev.  Vertical bench 

𝝆
𝒆
 (g/cc) 0.95 1.0 0.85 

𝑳𝒆 (m) 3.6 3.6 16 

𝑪 (m) 0.6 0.6 1 

𝑳 (m) 4.2 4.2 17 

Sub-drilling (m) - - 1.2 

Booster charge (g) 8 8 90 

𝝓 (mm) 44 44/51 63 

𝑫 (m/s) 3000 3000 3500 

𝑷𝒅 (GPa) 1.0  1.1 1.3 
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8.6.4 Step 3 – SHB Testing (Field Calibration) 

SHB test campaigns were carried out at the mines under operational conditions outlined in Table 8-4 

according to the experimental layout illustrated in Figure 8-4. The test surfaces were surveyed using a 

FARO X-130 laser scanner (FARO Technologies Inc., 2014). Point cloud registration was performed using 

the software Scene 5.5 (FARO Technologies Inc., 2016). Additional point cloud manipulation and 

visualization was performed using the open source software CloudCompare (Girardeau-Montaut, 2011); 

see Chapter 5 for more information on computation algorithms. Figure 8-6 (a) shows the surveyed point 

cloud of a crater blasted at the Ojibway mine. The remaining half barrel of the blasthole is discernable and 

represents the reference measurement axis. Figure 8-6 (b) shows the crater point cloud with color scale for 

absolute distance with respect to the original surface. The blasthole axis is plotted along the crater.  

Twelve (12) and eleven (11) SHB tests were successfully conducted at Ojibway and Pugwash 

mines respectively. Detailed analysis and results for the two campaigns were presented in Chapter 6. 

Calibrated 𝜓 and 𝜖∗ values with respect to burden dimension are plotted in Figure 8-7.  

Nine (9) SHB tests were carried out at the Weeks Island mine in vertical benching conditions. Test 

results are summarized in Figure 8-8. A critical burden of 𝐵𝑐 = 2.6 meters was reported from an attempted 

SHB test which did not yield a crater.  
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Figure 8-6: Point cloud of resulting SHB craters at Ojibway mine. (a) inside crater view 

with remaining half barrel, and (b) isometric crater view with color scale showing the 

absolute distance between the original and post-test surfaces. 

 

Figure 8-7: Combined results for Ojibway and Pugwash SHB testing 
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Figure 8-8: Weeks Island SHB test results for 𝝐∗ and 𝝍 with respect to 𝑩.  

Table 8-5 lists the calibrated crater parameters from SHB test results performed at the three rock 

salt mines. The corresponding crater formulation for 𝑌 as a function of burden dimension 𝐵 and distance 

along the burden axis 𝑏 (m) is also included in the table (based on Equation 3). 

Table 8-5: Calibrated crater model parameters for the three rock salt mine sites from SHB 

testing campaign results 

Parameter Ojibway Pugwash Weeks Island 

𝝐∗ 0.41 0.53 -0.23 

𝝍
𝟏
 -0.33 -0.67 3.56 

𝝍
𝟐
 2.09 4.52 6.60E-01 

𝒀(𝑩, 𝒃) (−0.33𝐵 + 2.09)𝑏0.41
 (−0.67𝐵 + 4.52)𝑏0.53

 (−0.23𝐵 + 3.56)𝑏0.66
 

 

8.6.5 Step 4 –Radius and Specific Charge to Burden Relationship 

The energy balance for an explosion event can be expressed from the 3 main components (Sanchidrian, et 

al., 2007): 

 We = Wf + Wk + Ws (8.7) 

where 𝑊𝑒 (J/m) is the total explosive energy, 𝑊𝑓 (J/m) is the fragmentation energy, 𝑊𝑘 (J/m) is the kinetic 

energy necessary to displace the blasted rock volume, and 𝑊𝑠 is the seismic energy that dissipates thro8ugh 
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the rock mass. In this analysis, seismic energy is neglected given its marginal contribution to the overall 

energy balance (Kou & Rustan, 1992; Sanchidrian, et al., 2007). A detailed inspection of each energy 

component is provided in the appendices.  

A formulation of the specific charge 𝑞 (kg/m3) is derived based on the crater shape described by 

Equation 8.3: 

 𝑞 =
𝑔𝜌𝑟ℎ

0.2∙𝑄𝑒
𝐵 +

(𝜖∗+1)𝜓2𝐺𝐼𝐶

(𝜓1𝐵+𝜓2)0.2𝑄𝑒
𝐵−1 +

(𝐵)𝜎𝑐𝑑𝑦𝑛

0.2𝑄𝑒𝐸
 (8.8) 

where 𝑔  is the gravitational constant (9.81 m/s2), ℎ  is center of gravity adjustment factor (1 for an 

homogeneous deposit), and ζ(B) is a burden dependent fragmentation factor.  

The first term of Equation 8.8 pertains to the rock mass throw. The second and third terms are 

related to the fracture energy necessary to form the crater profile and achieve muck pile fragmentation, 

respectively. A similar version of Equation 8.8 for a prismatic crater with breakout 𝛼 = 140° is outlined in 

Kou and Rustan (1992).  

The fragmentation parameter 휁(𝐵) is calibrated based on the presumed coarse fragmentation from 

SHB testing. The specific charge of individual SHB tests 𝑞
𝑆𝐻𝐵

 (kg/m3) is given by: 

 𝑞𝑆𝐻𝐵 = ¼ 𝜋𝜙2𝜌𝑒/𝐴(𝐵) (8.9) 

where 𝐴(𝐵) is the SHB crater area as a function of the burden dimension. ζ(B) is isolated in Equation 8.8 

while neglecting kinetic energy to give: 

 ζ(B) = [qSHB −  
(ϵ∗+1)ψ2GIC

(ψ1B+ψ2)ηQe
B]  0.2QeEσcdyn

−1   (8.10) 

Figure 8-9 plots the fragmentation parameter 휁(𝐵) calibrated from SHB test results at the three 

sites. It is observed that the curve reaches an asymptote at moderate burden dimension. The corresponding 

휁(𝐵) value is selected as the starting point for the fragmentation parameter and is implemented in 

subsequent energy balance computations. Table 8-6 lists the calibrated values for 휁(𝐵) for the three test 

sites.  
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Figure 8-9: Calibration of the fragmentation parameter 𝜻(𝑩) from SHB testing at the three 

sites in this research study. 

 Table 8-6: Calibrated fragmentation parameter for the three test sites  

Mine Ojibway Pugwash Weeks Island 

𝜻(B) 1.35E+08 6.31E+07 8.07E7+08 

 

Equation 10 is rewritten to isolate the blasthole diameter and obtain the following burden 

relationship: 

 ϕ = [
gρrAhB+ 2∙LfGIC+ζAσcdyn

E−1

π

4
ηQeρe

]

0.5

 (8.11) 

Figure 8-11 (a) plots the site-specific 𝜙 − 𝐵 curves for the three tested sites (from Equation 8.11). 

Figure 8-11 (b) plots the 𝑞 − 𝐵 relationships for the three sites (Equation 8.8) while neglecting kinetic 

energy (i.e. 𝑞
𝑆𝐻𝐵

).  
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Figure 8-10: Specific charge with respect to burden dimension based on calibrated SHB 

results (Equation 8.8) for the three sites. 

 

Figure 8-11: Blasthole diameter with respect to burden (Equation 8.11) for the three sites.  
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8.6.6 Step 5 – Define Full Face Blast Pattern Spacing to Burden Configurations 

8.6.6.1 Geometrical Considerations 

A concise range of plausible spacing to burden configurations is engineered based on the calibrated crater 

model and derived 𝜙 − 𝐵 and 𝑞 − 𝐵 relationships. Practical precepts are enunciated below to guide the 

elaboration of a full face blast pattern in an underground rock salt mine. Special considerations are provided 

towards pattern design using an undercut kerf. 

• The blasthole crater width 𝑊 (m) must not extend beyond the neighboring blasthole projection 

onto the nearest free surface (i.e. 𝑊/2 ≤ 𝑆) to avoid damaging the charge.  

• The spacing to burden ratio should exceed unity (i.e. 𝑆/𝐵 >  1) to avoid the risk of radial fractures 

propagating to neighboring boreholes before cratering mechanisms take place. 

• The first row of blastholes above an undercut kerf must be inclined such that the toe of the blasthole 

is approximately 15 to 30 cm from the kerf, or as to ensure toe breakout connects with the kerf. 

The equivalent burden of the first row 𝐵1𝑟 (m) is computed as: 

 𝐵1𝑟 = ((𝐿2 − 𝐿𝑐𝑢𝑡
2 )0.5 + 𝐵𝑡)/2 (8.12) 

where 𝐿 (m) is the blasthole length, 𝐿𝑐𝑢𝑡 (m) is the length of the undercut, and 𝐵𝑡 (m) is the burden at the 

toe of the blasthole (𝐵𝑡 ≈ 0.3m). 

• For an underground development round with an undercut kerf, the number of blasthole rows (#𝑟) 

is computed as the ratio of face height 𝐻 (m) minus the first cut burden 𝐵1𝑟 

  #𝑟 = (𝐻 − 𝐵1𝑟)/𝐵 + 1 (8.13) 

• For a rectangularly stacked pattern, the number of blasthole columns (#𝑐) is the ratio of the face 

width 𝑊𝑓𝑎𝑐𝑒 (m) to the spacing 𝑆 plus one perimeter blasthole, i.e.  

 #𝑐 =  𝑊𝑓𝑎𝑐𝑒/𝑆 + 1. (8.14) 
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8.6.6.2 Ojibway 

The equivalent burden of the first row is computed using Equation 8.12 (𝐿 = 4.2m, 𝐿𝑐𝑢𝑡 = 3.9m) which 

gives 𝐵1𝑟 = 0.93m. The resulting half crater width 𝑊/2 = 1.7m (Equation 3) which indicates the need for 

8 blastholes in the first row (Equation 8.13). Plausible 𝑆 − 𝐵 combinations for the rest of the face are 

subsequently computed by considering the cratering footprint of individual blastholes with respect to 

burden. Crater width 𝑊 (m) is used to derive approximate spacing such that 𝑆 =  𝑊/2.  

A range of spacing to burden combinations are tabulated in Table 8-7 for horizontally and vertically 

aligned sets of blasthole rows and columns (i.e. stacked). The table is limited to a spacing to burden ratio 

1 <
𝑆

𝐵
≤  2. The total number of blastholes #𝐵𝐻 is based on a pattern with the same number of holes per 

line. Equation 8.11 with 𝜙 = 44mm yields a burden dimension of 1.9 m which serves as a starting point in 

full face blast pattern trials. It is noted that the entry in the table for burden 𝐵 =1.4m, with 32 blastholes 

was the pattern in use at the time of this work.  

Table 8-7: Blast pattern configurations based on crater breakout.  

𝑩 (𝒎) 𝑨 (𝐦𝟐) 𝑾 (m) #𝒄 #𝒓 # 𝑩𝑯 𝑷𝑭  

(kg/T) 

𝑺/𝑩 

0.9 124.7 3.4 8.0 6.0 48.0 0.46 1.9 

1.0 120.8 3.5 8.0 6.0 48.0 0.46 1.8 

1.1 117.0 3.6 8.0 5.0 40.0 0.39 1.6 

1.2 113.4 3.7 8.0 5.0 40.0 0.39 1.5 

1.3 109.8 3.7 8.0 5.0 40.0 0.39 1.4 

1.4 106.3 3.7 8.0 4.0 32.0 0.31 1.3 

1.5 102.9 3.8 7.0 4.0 28.0 0.27 1.3 

1.6 99.6 3.8 7.0 4.0 28.0 0.27 1.2 

1.7 96.4 3.8 7.0 4.0 28.0 0.27 1.1 

1.8 93.2 3.8 7.0 4.0 28.0 0.27 1.1 

1.9 90.1 3.8 7.0 4.0 28.0 0.27 1.0 

2.0 87.1 3.8 7.0 3.0 21.0 0.20 1.0 
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8.6.6.3 Pugwash 

As mentioned in a previous section, the experimental work at Pugwash Mine consisted of quantifying 

potential gains to be made by transitioning to a larger blasthole (from 44mm to 51mm). This change in 

diameter aimed at reducing the drilling time for the relatively large faces (18m x 9m), and potentially 

reducing the powder factor, while maintaining (or reducing) the amount of fines generated by the blast. 

This experimental investigation effectively follows the first iterative arrow of the procedural workflow 

outlined in Figure 8-2.   

SHB test results presented previously were for 𝜙 =51mm. Two additional SHB test shots for 𝜙 =

44mm were carried out with 𝐵 = 1m (average burden dimension in full face pattern used at the mine). The 

tests yielded a comparable exponent, 𝜖∗, to what was measured at 𝜙 = 51mm (𝜖∗ ≈ 0.53), with 𝜓(𝐵 =

1𝑚) ≈ 2.1. The respective half-crater shapes are plotted in Figure 8-12. It is determined from the test results 

that the achieved crater area for the larger borehole, 𝜙 = 51mm, for 𝐵 = 1m, yields an additional 66% 

area, and an increase in crater width by 2.76 m compared with 𝜙 = 44mm.  

Full field blast pattern configurations with 𝜙 = 51mm  were determined by first inspecting 

specifications for the pattern in use with 𝜙 = 44mm. These specifications are summarized in Table 8-8.  

 

Figure 8-12: Half crater shape for design burden B = 1m, for blastholes of diameter ϕ=51 

and 44 mm. 
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Table 8-8: Current pattern specifications in use at the Pugwash mine 

𝑩𝟏𝒇 

(m) 

𝑩𝒂𝒗𝒈 

(m) 

𝑺 (m) #𝒓 #𝒄 #𝑩𝑯 𝑸/𝐡𝐨𝐥𝐞 

(kg) 

Pull (T) 𝑷𝑭 (kg/T) 

0.95 1.1 2.2 8 8 64 6.0 1340 0.29 

 

To further constrain the possible pattern configurations, it is remarked that the charge 𝑄 for 𝜙 =

51mm is equal to 8.7 kg per blasthole. A pattern with 51 blastholes or less is therefore necessary to maintain 

or reduce the powder factor.  

It is noted from Table 8-8 that the spacing to burden ratio 𝑆/𝐵 is equal to 2. The natural cratering 

behaviour of salt implies that blastability increases (i.e. specific charge decreases) with increasing burden 

for small burden values (see Figure 8-5). Possible pattern configurations were therefore derived by reducing 

the 𝑆/𝐵 ratio (i.e. reducing #𝑟).  

Table 8-9 presents 4 different pattern configurations which achieve a reduction in powder factor 

(#𝐵𝐻 < 51). Crater overlap based on individual blasthole footprint is listed in the table to provide insight 

on fragmentation induced by blasthole interaction. It is noted that crater overlap is consistently higher for 

3 of the configurations which suggests the patterns will result in increased fines generation.  

Table 8-9: Blast pattern configurations for field trials with blasthole diameter, 𝝓 = 𝟓𝟏mm.  

Parameter Current  

(𝝓 = 𝟒𝟒mm) 
Config. 1 Config. 2 Config. 3 Config. 4 

#r 8 5 5 5 6 

#c 8 10 9 8 7 

#BH 64 50 45 40 42 

S (m) 2.61 2.03 2.29 2.61 3.05 

B (m) 1.14 1.83 1.83 1.83 1.52 

Face not covered 

by ind. craters 
5.0% 2.4% 3.0% 3.9% 5.6% 

Crater overlap 48% 64% 59% 54% 45% 
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Field trials were carried in a progressive manner starting with configuration 1. Test results proved 

promising and a couple of tests were successfully carried out with configuration 3. Unfortunately, the 

drilling equipment in use at the time of this work encountered significant challenges with prolonged use of 

the larger drill bits, leading to recurring failure of the drill steel string. Additional work is therefore 

necessary to validate the feasibility of configuration 4 at the mine. 

8.6.6.4 Weeks Island 

Experimental work performed at Weeks Island aimed to increase blasting tonnage as part of an effort to 

transition from undercutting to subdrilling benches. For this purpose, the theoretical specific charge 

computed from the calibrated crater model (Equation 8.8) was used to determine the minimum number of 

blastholes per row based on burden dimension. The tonnage per bench row 𝑇𝑏𝑒𝑛𝑐ℎ (MT) is computed as: 

 𝑇𝑏𝑒𝑛𝑐ℎ = 𝑊𝑏𝑒𝑛𝑐ℎ ∙ 𝐻𝑏𝑒𝑛𝑐ℎ ∙ 𝐵 (8.15) 

where 𝑊𝑏𝑒𝑛𝑐ℎ (m) is the width of the bench, and 𝐻𝑏𝑒𝑛𝑐ℎ (m) is the height of the bench. The number of 

blastholes #𝐵𝐻 required based on theoretical specific charge is computed as: 

 #𝐵𝐻 = ⌈𝑇𝑏𝑒𝑛𝑐ℎ/𝑞𝑆𝐻𝐵⌉ (8.16) 

where ⌈𝑥⌉ rounds up x to the nearest integer.  

Figure 8-13 plots the 𝐵 − #𝐵𝐻 configurations and associated tonnage per blasthole. The figure 

also denotes the critical burden value measured during the SHB test campaign 𝐵𝑐 = 2.6m.  
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Figure 8-13: Number of blastholes per row based on burden dimension.  

The optimal burden for 𝜙 = 63mm based on Equation 8.11 is 𝐵 = 2.5m. The required number of 

blastholes per line (Figure 8-13) is between 7 and 8. Both configurations were designated for full scale field 

testing. 

8.6.7 Step 6 – Full Face Blast Pattern Trials 

8.6.7.1 Ojibway 

Full face blast tests were carried at Ojibway with blasting configuration for burden entry 𝐵 = 1.9m in Table 

8-7 (7 columns x 4 rows, 28 blastholes). The first row above the undercut was drilled with 7 rows to 

facilitate the drilling process. Initial results were promising, and additional tests were carried out by 

staggering one row to reduce the number of holes from 7 to 6 (27 blastholes total).  

Figure 8-14 (a) shows a face blasted using the 27 blasthole configuration. The face exhibits 

accentuated roughness from the toe breakout which reduced round advance and increased wear and tear on 

mechanical scaling equipment. The 28 blasthole pattern was therefore deemed optimal under current 

operation conditions. An 8th hole was eventually added to the roof line to improve perimeter surface quality. 
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Figure 8-14 (b) shows the projected broken rock from a 28 blasthole blasted face. The 

fragmentation was assessed as adequate with no significant blocks that could potentially damage 

downstream crushing equipment. Figure 8-14 (c) shows a loaded round previously blasted using the 

modified 29 blasthole pattern. The face can be seen as much smoother than in (a).  

 

 

Figure 8-14: (a) blasted face for 27-blasthole pattern showcasing noticeable surface 

roughness, (b) resulting muckpile for a 28-blasthole pattern, and (c) loaded face with 29-

blasthole pattern previously blasted with the same pattern.  

8.6.7.2 Weeks Island 

Full scale bench tests were carried out to establish the feasibility of blasting bench lines with 𝐵 = 2.5m. 

Two identified configurations were tested based on theoretical specific charge requirements derived from 

SHB tests: 7 blastholes (𝑆 = 2.7 m) and 8 blastholes (𝑆 =2.3m) per row.Test results for the 7 blasthole 

bench configuration were captured using a terrestrial laser scanner (TLS) for further investigation and 

(a) (b) 

(c) 
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analysis. Figure 8-15 (a) shows a point cloud of the blasted surface with approximate positioning of the 

blastholes. Figure 8-15 (b) shows the blasted surface overlaid with the original surface. The blasted surface 

is colored according to the absolute distance between the original and blasted surfaces.  

It is observed from Figure 8-15 (a) that the left corner stayed partially in place. The approximate 

location of two missing blastholes is shown by red lines. The inspection of Figure 8-15 (b) reveals that the 

original surface deviates which increases the burden for the two missing blastholes. It is therefore concluded 

that a blast configuration near the value of the critical burden is highly susceptible to drilling deviation and 

accuracy uncertainty. This statement is reinforced by the observable drilling deviation in Figure 8-15 (a). 

 

 

Figure 8-15: TLS surveyed point cloud for a bench blast test with 7 blastholes at 𝑩 ≈ 𝟐. 𝟓m: 

(a) resulting bench face with highlighted blastholes, (b) overlaid before and after blast 

clouds with color scale (absolute distance) for the after blast surface.  

The blasted bench was completely cleaned to inspect the toe of the blastholes. The floor was 

observed to be very uneven, arguably due to the large spacing and burden values used. Field testing with 8 

blastholes yielded a smoother floor surface, but drilling accuracy still posed a challenge with the design 

Frozen corner 

Blastholes Missing 

BH loc. 
4.3m 

0 m 

(a) (b) 



253 

 

burden near 𝐵𝑐 . From Figure 8-13, 𝐵 = 2.3m represents the lower threshold for 8 blastholes, and was 

implemented for a long term trial period. 

 Analysis and discussion 

8.7.1 Iterative Methodology 

The full scale field tests at Weeks Island (and configurations considered for Pugwash) underscored the 

complexity of geometrical constraints associated with underground excavations. The procedural 

methodology presented in Figure 8-2 incorporates an iterative path for situations where optimal 

specifications cannot be implemented. Pugwash testing provides an example of this iterative process where 

a different blasthole diameter was considered.  

Changing explosives parameters can also be considered in order to reduce energy losses near the 

blasthole and widen the pressure seed pulse span transmitted to the rock mass. Both outcomes can be 

achieved by reducing the charge’s VOD (e.g. decoupling, lining the charge, reduce loading density).  

A reduction in blasthole diameter can be considered to reduce achieved powder factor by reducing 

the optimal burden dimension. A reduction in blasthole diameter may also reduce VOD and yield a larger 

pulse seed. Additional information on blasthole diameter influence on VOD can be found in Kinoshita et al. 

(2011), Zhang et al. (2016) and Mertuszka et al. (2018). The reduction in blasthole diameter invariably 

involves additional blastholes drilled which must be accounted for when considering overall impact on 

mining cycle.  

Maximizing the 𝑆/𝐵 ratio can adversely affect perimeter surface roughness due to the nature of the 

crater shape, and induce additional wear on mechanical scaling equipment. The drilling of empty blastholes 

has been shown to assist in radial crack propagation and can be considered in situations where optimal 

specific charges leaves larger uncovered gaps such as discussed with the Pugwash field testing. See also Li 

et al. (2018) for more information on the impact of empty holes on radial crack propagation.  
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8.7.2 Additional Considerations and Limitations 

Field work performed at Ojibway and Weeks Island revealed that certain plausible spacing-burden 

configurations may yield uneven blasted surfaces, effectively decreasing round advance and adversely 

impacting reliability of other mining equipment. This aspect may be compounded by the accuracy of 

drilling equipment. These considerations were decisive factors in the pattern selection at Ojibway, while it 

led to a reduction in burden dimension at Weeks Island. Toe breakout must be accounted for when 

considering blastability conditions.  

Field observations from Pugwash discussed in Aubertin et al. (2019) revealed that perimeter 

blasting requires special considerations related to surface roughness. It was noted that perimeter spacing 

can be reduced to facilitate radial fracture propagation and reduce back break (with decoupled or empty 

charges, see also Mandal et al. (2008)). It is recognized that perimeter blastholes necessitate different 

spacing considerations to achieve adequate surface conditions, which is not readily captured by SHB 

testing.   

Specific charge relationships (Equation 8.8) were calibrated from SHB tests assuming comparable 

fragmentation conditions. SHB testing typically yields coarse fragmentation due to testing geometry and 

focus on minimizing specific charge. This simplification implies a design generating limited fines, and is 

therefore deemed adequate for rock salt mining operations. Alternatively, the muckpile fragmentation can 

be surveyed for explicit calibration (Sanchidrian, et al., 2007; Campbell & Thurley, 2017).  

The guidelines proposed in the present work did not address blasthole sequencing. It is expected 

that delay sequencing will impact the pattern dimension at the face. Consider for example a bench blast 

consisting of two lines parallel to an open free surface. A typical sequence consists in delaying the blastholes 

in a chevron configuration where the middle blasthole of the second line is initiated simultaneously with 

the exterior holes of the first line. The burden of the exterior holes for the second line is now dictated by 

the resulting crater of the middle holes. Blast patterns can be adjusted to benefit from this situation by 

aligning blastholes in a staggered profile to effectively position craters at controlled burden distances from 

expected partial cratering sequence.   
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 Conclusion 

Traditional empirical guidelines for the design of blast patterns are not relevant for salt, and therefore blast 

guidelines for rock salt need to be developed. This work provides theoretical notions and a practical 

methodology for salt-specific blasting guidelines. The nature of salt’s cratering mechanism was revisited 

to provide basic characteristic parameters to describe blastability. Large scale SHB testing with TLS 

surveys were presented as a cost-effective and systematic means to quantify blastability parameters in rock 

salt, and calibrate empirically the specific charge and blasthole diameter relations to the burden dimension. 

SHB testing was used to define practical ranges of plausible pattern configurations. Experimental work at 

three underground rock salt mines demonstrated the proposed methodologies and highlighted relevant 

considerations towards the design of blast patterns in salt. The proposed methodology was successful in 

providing the three sites with site-specific guidelines towards full face blast patterns. 
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8.9.1 Peak Pressure Pulse Interaction 

Deviatoric stress 𝜎𝑑 (MPa) is defined as: 

 𝜎𝑑 = √3𝐽2𝐷 = √3 [𝐽2 −
𝐼1

6
] (8.17) 

 𝐼1 =  𝜎1 + 𝜎2 + 𝜎3 (8.18) 

 𝐽2 =
1

2
(𝐼1

2 − 2𝐼2) (8.19) 

 𝐼2 =  𝜎1𝜎2 + 𝜎2𝜎3 + 𝜎1𝜎3 (8.20) 

Plane strain conditions implies: 

 𝜎2 = (𝜎1 + 𝜎3)𝜈 (8.21) 

Mises-Schleicher failure criterion:  

 𝜎𝑑 = √(𝜎𝑐𝑑𝑦𝑛
− 𝑇0𝑑𝑦𝑛

) 𝐼1 + 𝜎𝑐𝑑𝑦𝑛
𝑇0𝑑𝑦𝑛

 (8.22) 

Peak pulse interaction implies incidence angle of 45° between P-wave and free surface (𝑟 ≡ 𝐵). 

Assuming perfect reflection: 

 𝜎1 = −𝜎3 (8.23) 

Equation 8.17 becomes : 

 𝜎𝑑 = √
3

2
(−2𝐼2) = √3(σ1

2) (8.24) 

Combining Equation 8.22 and 8.24 gives: 
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 σ1 =  √𝜎𝑐𝑑𝑦𝑛
𝑇0𝑑𝑦𝑛

/3 ≡ 𝜎𝑟 (8.25) 

where 𝜎𝑟 is the radial stress component of the P-wave.  

For incidence angle at 45°: 

𝑟 = √2𝐵 (8.26) 

If attenuation is estimated from 𝑟𝑐/𝑟, then peak pressure transmitted elastically past the crushed 

zone is given as : 

 𝑃𝑝𝑒𝑎𝑘 ≥  √𝜎𝑐𝑑𝑦𝑛
𝑇0𝑑𝑦𝑛

/3 ∙ √2𝐵𝑟𝑐
−1 (8.27) 

8.9.2 Energy Balance 

Total explosive energy per unit length of blasthole (Jimeno, et al., 1995): 

 𝑊𝑒 =
𝑄

𝐿
∙ 휂 ∙ 𝑄𝑒 =  

𝜋

4
휂𝑄𝑒𝜌𝑒𝜙2 (8.28) 

where 휂 is an explosive efficiency factor, set at 20% for this work (Mosinets, 1966; Udy & Lownds, 1990). 

𝑄𝑒  is the energy output of explosives, 𝑄𝑒 = 3.7 x 106 J/kg for ANFO (Orica Mining Services, 2017). 

Kinetic energy necessary to heave broken rock (Kou & Rustan, 1992): 

 𝑊𝑘 =  𝑔𝜌𝑟𝐴ℎ𝐵 (8.29) 

where 𝑔 is the gravitational acceleration, 9.81 m/s2, and ℎ is gravity adjustment factor applied to the burden 

𝐵. The fragmentation energy is given as:  

 𝑊𝑓 = 𝑊𝑓1
+ 𝑊𝑓2

 (8.30) 

where 𝑊𝑓1
 and 𝑊𝑓2

 (J/m) are the energy necessary to form the crater boundary crack, and to achieve 

fragmentation distribution respectively. 𝑊𝑓1
 is given by: 

 𝑊𝑓1
= 2 ∙ 𝐿𝑓𝐺𝐼𝐶  (8.31) 

where 𝐿𝑓 is the length of the perimeter bounding the crater profile, computed as (Stewart, 2008): 

 Lf =  ∫ √1 + Y′(b, B)
B

0
db (8.32) 
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For crater function 𝑌 following the crater model of Equation 3, 𝐿𝑓 is estimated as: 

 𝐿𝑓 ≈ 𝜓2𝐵𝜖∗
 (8.33) 

Fracture energy release rate 𝐺𝐼𝐶 (J/m2) for salt is estimated from fracture toughness of salt 𝐾𝐼𝐶 ≈

 0.67 MPa ∙ m0.5 (Silberschmidt & Silberschmidt, 2000) as (Kou & Rustan, 1992): 

 𝐺𝐼𝐶 =
𝐾𝐼𝐶

2 (1−𝜈2)

𝐸
≈ 15 (8.34) 

Kou and Rustan (1992) surmised that 𝑊𝑓2
∝ (𝜎𝑐𝑑𝑦𝑛

, 𝐴, 𝐸−1). A burden dependent fragmentation 

variable 휁(𝐵) is added to calibrate 𝑊𝑓2
 such that: 

 𝑊𝑓2
=  휁(𝐵)𝐴𝜎𝑐𝐸−1 (8.35) 
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Chapter 9  

Modified SHB Geometry and the Influence of Different Free Surface 

Conditions 

 Introduction 

This Chapter investigates the influence of a single blasthole (SHB) geometry with respect to the free 

surface(s), on cratering behaviour. SHB tests with one and two degrees of freedom are characterized to 

assess the influence of free surfaces on localized non-plane-strain breakout. The data was generated by 

testing of an inclined SHB and a test where the first row of blastholes in a blast pattern with an undercut 

kerf was detonated. The chapter also  considers  the evolving geometry of a blast sequence with delay 

intervals, and the special geometry involved with perimeter blastholes.   

 Observations from an Inclined SHB with Two Degrees of Freedom 

9.2.1 Scope of Investigation 

SHB testing where the blasthole is oriented at an angle to the direction of the free faces presents the inherent 

advantage of capturing a  range of burden dimensions for a single test shot. Sufficiently long and steep test 

holes can also lead to partial cratering, revealing information about the critical burden dimension, 𝐵𝑐 . 

Wimmer et al. (2008) presented the results of a series of inclined SHB tests designed to investigate breakage 

behaviour with increasing burden dimension. The testing protocol involved drilling a blasthole at a certain 

angle from a single free surface (see Chapter 3 for layout and testing details). The configuration in Wimmer 

et al’s testing program generated a blast setting with one-degree of freedom. Such a geometry may provide 

a more realistic representation of a plane strain condition  for SHB layouts beyond the collar breakout, in 

comparison to the tests discussed in this thesis, which are located in pillars where  blasting is affected by 

two degrees of freedom.  
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An inclined SHB test was carried out at the Ojibway Mine. The testing was performed along a main 

rock salt pillar corner, similar to the standard horizontal SHB testing procedure presented in Chapter 5. In 

this case though, the blasthole was inclined towards the open free surface. The toe of the blasthole is closer 

to the second free surface than the collar.  

Figure 9-1 shows an isometric view of the point cloud obtained for the resulting SHB crater, with 

a line superimposed to show the approximate blasthole location. Figure 9-2 shows the same isometric view 

represented by the absolute cloud to cloud distance comparing the original surface to the post-testing 

surface. It can be observed from these figures that the blasthole created a partial crater shape and that a 

portion of the cratering zone was not removed, which left a vertical column in place (masking the blasthole 

identified by the green line). 

Figure 9-3 (a) shows a top view of the original drift surfaces, showing the drilling orientation and 

the approximate collar location. Figure 9-3 (b) shows a top view of the post-test crater surface, with the 

color scale showing the absolute cloud to cloud distance with respect to the original surface. It is observed 

that the blasthole connects through, and cratering took place on both sides of the remaining intact column. 

The test was configured near a corner so that the absolute distance from the blasthole to the original surface 

increases substantially before reducing again near the toe end.   

The results tend to indicate  that the crater shape was controlled by the increasing (and then 

decreasing) burden distance, and that a critical burden dimension 𝐵𝑐 was reached, for which no crater could 

be generated. It is also noted from Figure 9-3 (a) that the original wall surface is non-planar due to localized 

breakout pockets created by angled perimeter blastholes from the time of drift advancement.  
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Figure 9-1: Post blasting LiDAR scan of inclined single blasthole test conducted at Ojibway 

Mine. The collar is located on the left side. A pillar of rock remained in place.  

 

Figure 9-2: Isometric view of the inclined SHB test crater at Ojibway Mine. The colored 

scalar field shows the absolute cloud to cloud distance between the original and post -testing 

surfaces; the vertical zone not removed by the blast is in blue between green areas.  
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Figure 9-3: Top view of the inclined SHB test at Ojibway Mine, showing: (a) the original 

surface, and (b) the post-testing crater surface. The location of the collar and the 

orientation of the blasthole is indicated. The color scale shows the cloud to cloud absolute 

distance, and the white area shows the rock in the pillar.  

9.2.2 Experimental Results and Observations 

Figure 9-4 shows a plan view of the original surface and crater surface point clouds, taken at the elevation 

of the blasthole. The figure highlights the blasthole axis orientation and the collar location. The intact 

section remaining in the corner, not removed by the blasthole, is clearly discernable as a bulge along the 

blasthole axis. The crater surface data points are colored according to the absolute cloud to cloud distance 

with respect to the original free surface. It is noted that there is an acute angle between the blasthole and 

the pillar on the collar side. It is inferred that the crater in this zone is controlled primarily by the collar 

breakout, which covers a large footprint due to the SHB inclination.   

Two burden dimensions are highlighted on Figure 9-4: the burden dimension perpendicular to the 

blasthole axis, 𝐵∟𝐵𝐻, and the smallest distance from the axis to the free surface, which is assumed to be the 

true critical burden 𝐵𝑐 (m). Using the CloudCompare interface, it was determined that 𝐵∟𝑆𝐻𝐵 = 2.08 m, 

and 𝐵𝑐 = 2.06 m. It is recalled from Chapter 8 that a blasthole at the Ojibway Mine, with 𝐵 = 2.43m was 

(a) (b) 
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attempted and did not yield a crater. It is therefore argued that 2.1 ≤ 𝐵𝑐 < 2.4 represents a realistic range 

for the critical burden dimension in the rock salt at Ojibway.  

Figure 9-5 shows a plot of the breakout angle and burden dimensions measured along the blasthole 

axis. It is noted that the breakout angle dimension measurement is continuous along the blasthole axis 

despite the partial cratering and remnant vertical pillar. The processing algorithms implemented in this work 

(see Chapter 5) compute breakage angle and equivalent burden from the blasthole axis to the crater extent. 

The projected footprint along the blasthole axis of the intact rock section was measured and is highlighted 

on Figure 9-5. It is noted that the burden dimensions shown in Figure 9-5 are slightly lower than the largest 

values displayed on the color scale in Figure 9-3 and Figure 9-4. This small difference is explained by the 

method used to define  the effective burden dimension from the crater extent in Figure 9.5, where the 

measuring plane is not required to be perpendicular to the gravity axis. This observation suggests that the 

original surface varies non-negligibly along the vertical axis (which is to be expected for mining 

excavations). In addition, in Figure 9-5, superficial damage induced around the remnant pillar is considered 

in the calculations of crater extent by the algorithm, because it showcases a non-nil cloud to cloud distance 

relative to the original surface. This portion of the curve, labelled “intact section” in Figure 9-5, is removed 

from further consideration and analysis.  

Figure 9-6 plots the breakout angle 𝛼𝑖 and simplified crater area a𝑖 with respect to the distance 

along the burden axis 𝑏𝑖. The section of “intact rock” was filtered out of the plotted results. The plotted 

fractions 𝑖 (%) are differentiated by different data point colors. A regression of the combined data sets for 

the simplified crater area yields an exponent 𝜖∗ = 0.39 (recall that a(𝑏) = 𝑌(𝑏) ∙ 𝑏), compared to site SHB 

calibrated parameter 𝜖∗ = 0.41 (from Chapter 6).  
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Figure 9-4: Plan view at the elevation of the blasthole (top view) with the original surface 

point cloud and post-test crater surface point cloud (color scale for cloud to cloud absolute 

distance). 

 

Figure 9-5: Burden and breakout angle along the borehole axis. The intact section within 

the remnant pillar and the approximate toe location of the blast hole are identified on the 

plot. The collar is positioned at x = 0 location.  
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Figure 9-6: Total breakout angle 𝜶𝒊  and simplified crater area 𝐚𝒊  with respect to the 

distance along the burden axis 𝒃𝒊.  

Figure 9-7 plots the crater model parameters 𝜓 and 𝜖∗ along the blasthole axis. The “intact section” 

is delimited by dashed vertical lines. In this plot, the intact section is clearly discernable with 𝜖∗ ≫ 1 and 

𝜓 ≈ 0.  

Figure 9-8 (a) plots the 𝜓 − 𝑏100 relationship for the test with the intact section filtered out. The 

plotted regression appears inconclusive with a dip that could not be filtered out from systematic 

manipulations of the point cloud. Figure 9-8 (b) shows the same relationship, only considering the fraction 

𝑖 ≤ 60%, in order to filter out errors introduced by the intact section. Also, Figure 9-8 (b) only presents 

data points to the right of the intact rock section, in order to filter out the potential effects of blast hole collar 

breakout.  The obtained regression for 𝜓 appears more meaningful, but 𝜓1 and 𝜓2 diverge non-negligibly 

from SHB calibrated values (𝜓1 = −0.33 and 𝜓2 = 2.09).  
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Figure 9-7: Crater model parameters measured along the blasthole axis.  

 

Figure 9-8: 𝝍 − 𝒃𝒊 relationship for inclined blasthole test (a) total crater i = 100% and (b) i 

= 60% crater fraction (which filters out the intact zone).  

9.2.3 Layout Inspection 

It is observed from the geometry of the “intact” rock section in the remnant pillar that the crater zone on 

the left side is affected by breakout at the hole collar. The collar breakout covers a larger footprint than in 

other SHB tests at the Ojibway Mine (see Chapter 6). This may be due to the smaller cover afforded by the 
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rock where the angle between the drift wall and borehole is acute. In contrast to standard SHB 

measurements, where a clear discrepancy in the 𝛼 − 𝑏 trend can be observed near the collar, Figure 9-5 

suggests that no such indication can be discerned for the inclined hole, as the cratering effect transitions 

from collar breakout to plane strain situation. It is also pointed out that the pillar corner situation yields a 

unique condition where the dominant free surface is rotated by approximately 90° along the blasthole axis 

near the toe of the hole.  

It becomes apparent that this type of inclined SHB tests  modifies the cratering behaviour, 

especially with respect to the span of the plane strain zone that can be assumed. The optimal SHB layout 

should  maximize the plane strain zone where variations along the blasthole axis do not impact breakout 

shape. Figure 9-9 illustrates three SHB inclined layouts and the standard SHB configuration (layout #1). 

Layouts #2 and #3 are drilled at an inclination away from the side free surface. Both eventually reach a 

burden dimension greater than 𝐵𝑐 and the balance of the blasthole does not generate a crater. The blasthole 

section beyond 𝐵𝑐 exhibits a localized damage footprint associated with crushing in the radial direction.  

Layout #3 replicates the testing pattern  implemented by Wimmer et al. (2008) (see Chapter 3) with 

only one free surface involved in the breakout shape. Layout #2 involves two free surfaces, with the second 

(side) one acting as the reflecting boundary under a  plane strain condition. Layout #2 would  intuitively 

exhibit an asymmetrical collar breakout slanted towards the SHB dip direction. Layout #3 must develop a 

partial collar breakout opposite to the SHB dip direction. It is inferred here that the near-collar section 

would tend to  exhibit a non-plane strain situation induced by the collar breakout and localized geometry. 

It is pointed out also that discerning that zone from the rest of the crater may not be obvious, and would 

require analytical evaluation  of the wave superposition for a cylindrical charge near a free surface.  

Layout #4 is analogous to the inclined SHB geometry displayed in Figure 9-4. The collar breakout 

is asymmetrical, similarly to layout #2. In a situation where 𝐵𝑐 is exceeded, it is inferred that the collar 

breakout would weaken the corner edge and extend its span, leading to the asymmetrical remnant pillar 

observed in Figure 9-4. The toe breakout could extend in the drilling direction, as occurred in this test, 
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depending on the distance between the toe of the hole and the wall surface.  This makes it difficult to 

differentiate the effects of the blasthole from the toe crater, without prior knowledge of the toe location.  

 

 

Figure 9-9: SHB testing layout variations with parallel (#1) and inclined (# 2, 3, 4) 

blastholes, showing anticipated collar and toe breakout zones. An extended crushed zone 

would develop, without creating a crater, where the critical burden is exceeded  

It is assumed that test  for all four layouts shown in Figure 9-9 would  include  a plane strain section, 

with results that can be extracted from the collected data to obtain relevant information on breakage 

behaviour. For layout #2 and #3, it can be inferred that a critical inclination angle 휃𝑐𝑟𝑖𝑡 would exist beyond 

which breakage becomes a function of burden and position along blasthole axis (i.e. not plane strain 

condition).  
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It is interesting to consider  further layout #3 for rock salt (𝑉𝑝 = 4.5 km/s) with a specific column 

charge of ANFO (𝐷 = 3.0 km/s) and detonation initiated at the toe. The layout is illustrated with relevant 

dimensions in Figure 9-10.  If we represent the charge column as a series of point sources, 𝑃, emitting a 

circular pulse, it can be argued that a critical angle 휃𝑐𝑟𝑖𝑡 exists where the pressure waves emitted by a point 

𝑃2 located a distance 𝐿2 along the column charge reaches the free surface, within the plane of a point 𝑃1 

located a distance 𝐿1 along the column charge, before the pulses emitted by 𝑃1, i.e. : 

 
𝐿2

𝐷
+

𝐵2−1

𝑉𝑝
<

𝐿1

𝐷
+

𝐵1

𝑉𝑝
 (9.1) 

 𝐵2−1 = [𝐵2
2 + (

𝐵1−𝐵2

tan(𝜃𝑐𝑟𝑖𝑡)
)

2
]

0.5

 (9.2) 

where 𝐵1 (m) is the shortest distance from 𝑃1 to the free surface, and 𝐵2−1 (m) is the distance from 𝑃2 to 

the free surface point within the 𝐵1 plane.  

 

Figure 9-10: Inclined SHB layout (#3) with relevant geometry and distances from the charge 

column to the free surface for two points along the blasthole.  
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A fundamental question arises from the above analysis: how far apart must 𝑃1 and 𝑃2 be, such that 

the plane strain assumption remains valid. The answer to this question is considered beyond the scope of 

this doctoral work.  Additional investigation on this issue should involve detailed inspection of the pressure 

wave shape (span). It is known that for  the commonly used (ideal) SHB geometry (Figure 9-9, layout #1), 

out of plane interaction is dictated by the pressure pulse shape. For inclined holes, it can be postulated that 

the distance 𝐿1 − 𝐿2 should remain within a fraction of the blast wave width to avoid significant divergence 

from ideal SHB layout.      

 

9.2.4 Summary of Findings 

A series of observations are drawn from the preliminary analysis of the experimental results from the 

inclined SHB tests.  

• Inclined SHB testing can provide relevant  information on the critical burden dimension 𝐵𝑐, even 

though the plane strain assumption may be violated in these cases.  

• Results  from Figure 9-7 indicate that 𝜓 and 𝜖∗ can be used as filtering parameters to remove crater 

sections exhibiting irregularities (𝜖∗ ≤ 1,  
𝑑𝜓

𝑑𝐵
< 0).  

• Experimental data suggests that the a𝑖 − 𝑏𝑖 plot can be used to obtain a representative  regression 

for the geology and explosive dependent 𝜖∗ parameter.  

• There exists a critical inclination angle 휃𝑐𝑟𝑖𝑡 beyond which the plane strain assumption is no longer 

valid for inclined SHB test layouts.  

• 휃𝑐𝑟𝑖𝑡 is a function of 𝑉𝑝 and 𝐷, and the pulse shape (amplitude, attenuation, wavelength).  

• Inclined SHB testing  tend to yield asymmetrical collar breakout shapes, which must be taken into 

account (i.e. filtered out in some cases) in the analysis.  

• Inclined SHB with two degrees of freedom may create localized damage near the collar and the 

excavation surfaces (i.e. corner) which further increases the anomalous zone induced by collar 

breakout.  
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Despite the challenges and uncertainties mentioned above, inclined SHB testing may be the 

potential to complement or enhance the value of SHB field work,  by providing additional information and  

reducing the number of tests required in some cases. The layout  and related aspects require further research 

to properly assess how to use this type of test and  quantify the boundary conditions considering the 

applicability of the  plane strain assumption. 

 

 Inspection of The First Row of a Blast Pattern, With Influence of an Undercut 

9.3.1 Scope of Investigation 

The blast pattern design work presented in Chapter 8 assumed nearly perpendicular blasthole 

orientation with respect to the drill surface. The assumption is valid for the methods used at several mine 

sites, including the Pugwash Mine where there are tall faces and Weeks Island Mine where vertical bench 

blasting is used. The assumption is less valid for Ojibway Mine’s blasting pattern, where the first row of 

blastholes are angled steeply downward to intersect the undercut. The original blast pattern used at Ojibway 

is shown in Figure 9-11 with both face and cross-section views. It is noted that the first (lowest) row of 

blastholes is inclined so as to almost meet the undercut. This inclination is designed so  the blasted material 

is projected away from the face to create a relief void for the next rows, similarly to Layout 4 in Figure 9-9. 

The subsequent rows in the pattern have shallower inclinations, which suggests that the standard two-degree 

of freedom layout (#1 in Figure 9-9) becomes more applicable.  
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Figure 9-11: 32 blasthole face pattern used at the Ojibway Mine. Blasthole numbers are for 

the delay sequence interval.  

 

9.3.2 Partial Sequencing 

A test was carried at the Ojibway Mine to investigate the behaviour of the first row. The face view of the 

pattern in Figure 9-11 includes the delay intervals for all blastholes. The test performed consisted of blasting 

only the first set of delays (marked 1 on the figure). A dotted red line traces the expected cratering profile. 

Figure 9-12 shows the face view of the blasted surface point cloud with approximate blasthole 

location.  Figure 9-13 (a) and (b) show a side view and top view respectively of the blasted surface.  

The crater displayed in the above figure was mucked out using front end loaders to provide direct 

line of sight to the blasted surface. A portion of the broken rock could not be completely removed from the 

back of the crater, which partially blocks the view to the full crater surface. The volume extracted by the 

four blastholes was computed using the CloudCompare volume tool.  Figure 9-14 shows the crater zone 

with color scale for absolute distance from the original surface plane. Figure 9-15 (a) and (b) show  

isometric and side views of the crater surface with absolute distance color scale. Dimensions for the width 

and depth of the remaining broken rock are outlined on the figure.  It is noted from Figure 9-14 that the 

crater boundary exhibits an elliptical shape, as defined by the two outer blastholes. Figure 9-15 also reveals 

that the crater width shrinks as the burden decreases.  

Face view Cross-section 
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Figure 9-12 Point cloud of the blasted surface (face view) at the Ojibway Mine. The four 

blasthole locations are highlighted by green lines on the figure.  

 

 

Figure 9-13 : (a) Cross-sectional view and (b) top view of the blasted surface at the Ojibway 

Mine.   

  

 

(a) (b) 
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Figure 9-14: Crater point cloud with color scale for absolute distance with respect to 

original surface plane. The final shape of the lower portion of the blasted crater is occluded 

by the muck that could not be removed from the void.   

 

 

Figure 9-15: (a) Isometric view and (b) side view of the crater point cloud. Color scale for 

absolute distance with respect to the original surface plane.  

Table 9-1 lists the relevant measurements collected to compute the tonnage extracted from the 

crater, with  the achieved powder factor. Powder factor for the full face is also listed in the table. It is 

remarked that the powder factor for these four holes is higher than would be achieved by the overall pattern, 

which suggests that subsequent rows exhibit lower powder factors. It is inferred that the reduced breakage 

efficiency (i.e. higher powder factor) is due, at least in part,  to the very low burden dimensions encountered 
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near the toe of the inclined holes in this lowest row. It is recalled from Chapter 8 that Ojibway’s optimal 

burden is  in the range of 1.5-1.8 meters.  

Table 9-1: Relevant dimensions for extracted volume, tonnage, and achieved powder factor 

for full face blast pattern and multi-hole test results. 

Dimension Value 

  

First delay crater  

Excavated volume 21.8 m3 

Assumed dimensions of remaining 

muck 

6.6 m x 1.15 m2 

Remaining muck volume 7.6 m3 

Total volume 29.4 m3  

Total explosives charge 4 blastholes x 5.7 kg/blasthole =  22.8 kg 

Extracted tonnage 63.7 T 

Powder factor 0.36 kg / T  

  

Full face pattern  

Full face tonnage 640 T 

Full face charge 32 blastholes x 5.7 kg/blasthole = 182.4 kg 

Full face powder factor 0.29 kg / T  

  

 

The cratering behaviour along the blasthole axis was further inspected by considering the breakout 

trends of the exterior blastholes. The point clouds were subsampled to obtain zones delimited by the exterior 

blastholes and representing half of the individual crater footprint. Figure 9-16 (a) shows the half-crater point 

cloud (left blasthole on Figure 9-12). Remnants of broken rock are identified on the image. Figure 9-16 (b) 

shows a series of thin slices taken at discrete intervals along the blasthole axis. The slices in this diagram 

are aligned perpendicular to the nearest free surface, i.e. the minimum burden direction. It can be observed 

that the orientation of the slices rotates 90 degrees from horizontal near the collar to vertical near the toe, 

where the undercut slot becomes the nearest free surface.  
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Figure 9-16: (a) Isometric view of left crater and (b) side view of crater slices. The slices 

are aligned perpendicularly to the nearest free surface, i.e. the drilling face near the collar, 

and the undercut near the toe.  

Figure 9-16 also delimits the approximate location of the undercut and the original surface. It is 

surmised from the observed geometry that the burden dimension doesn’t  reach  the burden value outlined 

in the pattern drawing Figure 9-11 (vertical spacing) but rather remains low throughout, given the collar 

breakout followed by a transition to the undercut. It can be  postulated  that less steep inclination would 

potentially increase the first row achieved powder factor, provided the toe successfully connects radially 

with the undercut. Further inspection of the horizontal slices in Figure 9.16b suggests that much of this 

crater section is controlled by collar breakout which extends beyond the plane formed by the blastholes. It 

is also noted that excessive breakout induced by the inclination could intersect and compromise the upper 

blasthole row.  

 

9.3.3 Inspection of First Row 

The data from the first row in the Ojibway mine blasting sequence is further evaluated to investigate 

the expected behaviour of the remaining blastholes in the pattern. Figure 9-17 shows the cratering footprint 

of the first delay sequence at the face and at the toe plane (parallel to original face at depth of the toe). The 
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remaining blastholes of the first line are positioned next to the crater, as shown by the red stars in Figure 

9.18. It can be observed that the footprint of the crater at the toe plane is much smaller than at the face. 

 

 

Figure 9-17: First delay sequence crater with front and toe-plane footprint and next 

blasthole positioning.  

Figure 9-18 shows the estimated cratering footprint for the first line. The red and blue cratering 

area now include the two nearest blastholes (i.e. second delay interval). The cratering for the two perimeter 

blasthole (third delay interval) is highlighted separately (green and purple) for the face and toe planes. It 

can be observed that the burden direction is now directed inward due to the void generated by the previous 

delay intervals. Additionally, it can be observed that the crater footprint near the toe plane is significantly 

distorted and asymmetrical. This geometry is unique to perimeter blastholes given the orientation induced 

by the constrained boundaries of the excavation. The burden evolves along the blasthole axis, and exhibits 

a seemingly larger value near the toe plane than at the face despite the smaller cratering footprint.   
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Figure 9-18: First row cratering footprint. 

9.3.4 Observations and Findings 

The experimental work on partial blast sequencing and subsequent inspection of the cratering behaviour 

provided useful information on the influence of evolving geometry on the cratering behaviour. The 

following observations are drawn from the steeply inclined first row of blastholes with an undercut kerf: 

• Cratering behaviour observed with SHB testing is thought to be consistent with full face blast 

patterns. The crater perimeter in this test of the first row of blastholes exhibits an elliptical shape, 

and the crater area to burden is directly proportional for small burden values.   

• The inclination of the first row leads to low burden values near the toe of the blastholes where they 

are close to the undercut kerf position. The resulting geometry yields higher powder factor 

conditions associated with  a less  efficient breakout layout. 

• The first row of blastholes encounters a change in burden orientation as the shortest distance 

transitions from the excavation face to the undercut kerf.  

• The cratering profile induced by the steep blasthole inclination is dominated by collar breakout for 

most of the section where the smaller burden dimension is oriented towards the excavation face.  
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• Perimeter blastholes exhibit an inclined burden direction due to the geometrical nature of the 

blasting sequence.  

• The outer blasthole breakout in the row of delay #1 holes is asymmetrical due to elliptical breakout 

of previous blastholes in the delay sequence. The cratering footprint near the toe exhibits a non 

ideal geometry (i.e. not symmetrical) associated with a burden dimension longer than near the 

collar.   

 References 
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Chapter 10  

Analysis, Discussion and Additional Considerations 

 Introduction 

This Chapter discusses technical topics that complement the results and analysis presented in this Thesis. 

Limitations and uncertainties associated with the experimental protocol are outlined and quantified, to 

support understanding of the significance of the measurements. Certain aspects discussed in previous 

chapters are revisited to highlight special cases and exceptions, and emphasize key considerations for the 

practical application of the proposed methodology. The chapter includes the following topics: 

• Interactions between the different cratering mechanisms; 

• Common traits and distinct features between SHBs and multi-hole blast patterns; 

• The basic framework behind the plane strain assumption;  

• Uncertainties associated with mass data collected from TLS and point cloud manipulations; 

• Other influencing factors for SHB cratering behaviour; 

• Conceptual differences and validity for other types of rock mass.  

 Cratering Sequence of Events 

The two main rock fragmentation mechanisms due to blasting are described in Chapter 3. Radial 

fracture extended by the reflected tensile wave, and spalling, are considered to be the basic processes for 

crater generation during burden removal by blasting events.. A third mechanism induced by the interaction 

between emitted and reflected pressure waves was introduced in Chapter 7 as a prevalent cratering 

mechanism in rock salt. Throughout this work, these three cratering mechanisms have essentially been 

considered independent, with one outweighing the others depending on geology , rock properties, explosive 

characteristics, and geometry of the blast.  

Table 10-1 summarizes key features of the three cratering mechanisms in their respective dominant 

form.  
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Table 10-1: Descriptive features of the three primary cratering mechanisms 

Key Factors  Radial fracture 

propagated in tension 

Spalling Pressure waves interaction 

Geometry Moderate to large 

burden 

Near surface Large ratio of pulse span to 

burden 

Geology/rock 

properties 

Hard rock Low to moderate 𝑇𝑜 Low porosity soft rocks 

Explosive High VOD Any Low VOD, long pressure 

seed pulse 

Fracture origin Blasthole Free surface High deviatoric stress zones 

Failure type Compression followed 

by tension 

Tension High deviatoric stress at 

low confinement 

Crater shape Prismatic (triangular) Large radius  

(nearly planar) 

Curved/Elliptical 

  

Table 10-1 tend to overlap between two or more mechanisms as they are not systematically 

mutually exclusive. Field observations and related analysis indicate that the two or three mechanisms may 

be active simultaneously during a rock blasting event. This view is supported for instance by the work of 

Fourney et al. (1993) on cratering mechanisms using high speed photographs, which revealed that 

superficial spalling takes place before the radial fracture crater is completely formed. It can be argued that 

all three mechanisms may be active during a blasting event in rock salt, each playing a role of varying 

importance determined by blast settings.  

The sequence of events in burden removal by blasting is revisited to distinguish the three primary 

cratering mechanisms considered here. Figure 10-1 illustrates the sequence of events following the 

detonation of an explosive charge at a distance 𝐵  from a free surface (see Figure 10-1 (a) for initial 

geometry). Following the detonation reaction, gasses undergo rapid expansion leading to elastic radial 

extension of the blasthole (Figure 10-1 (b)). As  peak strain is approached near the blasthole, gas pressures 

surpass rock strength and create a crushed zone of near pulverization (Figure 10-1 (c)) from which a series 

of discrete radial fractures emerge (Figure 10-1 (d)). A compressive wave is transmitted elastically past this 
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highly damaged zone to the surrounding rock (Figure 10-1 (e and f)). The compressive pressure wave 

propagates radially away from the blasthole until part of it is reflected in tension at the free surface (Figure 

10-1 (g)). The reflected wave tends to generate localized tension cracks nearly parallel to the free surface 

(i.e. spalling). These fractures reduce the burden distance for the incoming balance of the compressive stress 

wave. The reflected tensile stress wave interacts with the incoming compression wave and generate zones 

of high deviatoric stresses with relatively low confinement (with a tension component) (Figure 10-1 (h)) 

leading to shear failure. The stress wave interaction intensity decreases with increasing propagation distance 

due to pressure wave attenuation, which narrows the failure profile and forms the edge of an elliptical 

footprint (Figure 10-1 (i)). The reflected tensile stress wave reaches the radial fractures that originated from 

the blasthole, and further opens the ones at or near perpendicular incidence angle (Figure 10-1 (i)). The 

radial cracks are extended to the nearest fracture path generated by the pressure wave interaction (high 

deviatoric stress zone), which completes the crater profile.  

The process described above can qualitatively be adapted to specific situations. It is argued that the 

three cratering mechanisms can have varying levels of importance depending on the particular settings. A 

very hard rock will not experience elliptical cratering from blast wave interaction, and may hardly sustain 

any spalling given its high mechanical strength. On the other hand, a weak rock blasted using low VOD 

explosives with long pressure pulse seed will tend to generate a large elliptical cratering footprint which 

will block the radial fracture propagation path and therefore dominate the breakout shape.  

  



290 

 

 

Figure 10-1: Sequence of events during rock removal by blasting explosion: (a) a borehole 

is drilled at distance 𝑩 from a free surface, loaded with explosives and detonated, (b) the 

borehole expands radially from gas volume increase, (c) a crushed zone forms around the 

blasthole, (d) radial cracks emerge beyond the crushed zone, (e and f) a compres sive 

pressure wave is transmitted elastically beyond the damaged zone, (g) the blast wave is 

reflected in tension at the free surface and generates superficial spalling, (h) localized 

 



291 

 

fractures arise from the interaction of the emitted and reflected pressure wave, (i) the 

tensile wave extends the radial cracks which meet with the elliptical -shape fracture profile 

generated by the constructive interaction between pulses.  

 Physical Framework of Cratering and SHB Layout 

10.3.1 The Critical Burden 𝑩𝒄 

Experimental work presented in Chapter 4 briefly discussed the practical application of the critical burden 

concept at Weeks Island. In Chapter 9, inclined SHB testing was used to evaluate the critical burden 

distance at Ojibway. Experimental results from Bilgin (1991) and Rustan (1992) also highlighted the 

concept of critical burden, and some of their results are shown again in Figure 10-2. These indicated that 

there is a seemingly linear relationship between the breakage angle 𝛼 and burden 𝐵 , which then abruptly 

drops to 𝐵𝑐. It is therefore questioned whether this sudden drop represents a boundary condition for the 

cratering model used to describe the behaviour, or if the dominant cratering mechanism changes near this 

transition point (i.e. different trends for different mechanisms).  

  

Figure 10-2: Experimental results showing the angle of breakage to burden relationship for 

SHB testing from (a) Bilgin (1991) and (b) Rustan and Lin (1992).  
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Results shown in Figure 10-2 (a) indicate that 𝐵𝑐 is near the point where the volume 𝑉 = 0 on the 

𝑉 − 𝐵  curve. It is recalled here that the value of 𝐵𝑐  (= 6.1 m) reported by Bilgin (1991) was an 

approximation; it would be more accurate to state that 𝐵𝑐 ≤ 6.1 m, based on Bilgin’s testing results. One 

can also observe that 𝑉 = 0 on the 𝑉 − 𝐵 curve occurs near the drastic dip in the 𝛼 − 𝐵 relationship, but 

the available results are not sufficient to assess this condition more precisely.  

The Ojibway rock salt mine calibrated model can be revisited to investigate further the nature of 

𝐵𝑐. Figure 10-3 plots the calibrated crater model at Ojibway for the 𝐴 − 𝐵 relationship (note that area 𝐴 is 

analogous to 𝑉 as 𝑉 ≈ 𝐴 ∙ 𝐿, where L is the borehole length). The critical burden measured in the field 

from a failed test (𝐵𝑐 ≤  2.4 m), and the value obtained from inclined SHB test (Chapter 9, 𝐵 ≈ 2.1m) are 

marked on the graph to show the probable range for 𝐵𝑐 on the 𝐴 − 𝐵 plot (based on model parametrization 

presented in Chapter 6). It is observed from Figure 10-3 that 𝐵𝑐 is well below the peak of the 𝐴 − 𝐵 curve 

and therefore could not coincide with 𝐴 = 0 , as suggested by the work of Bilgin (1991). Figure 10-4 

reinforces this observation with the Weeks Island mine calibrated crater model and inferred critical burden 

(parametrization presented in Chapter 8).  

 

Figure 10-3: Ojibway crater model 𝑨 − 𝑩  plot with approximate critical burden 𝑩𝒄 

measured from failed and inclined SHB tests.  
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Figure 10-4: Weeks Island mine crater model 𝑨 − 𝑩 plot with approximate critical burden 

𝑩𝒄.  

Results shown in Figure 10-2, Figure 10-3 Figure 10-4 suggest that the value of 𝐵𝑐 depends on the 

cratering mechanism(s) that control the observed breakage. Cratering by spalling can serve to illustrate (and 

reinforce) this hypothesis. Pure spalling would yield a circular crater shape with a radius inversely 

proportional to the burden dimension. 𝐵𝑐 for spalling is thus attained when the reflected stress value is 

insufficient to break rock in tension. This threshold is governed by the tensile strength of the material, and 

the destructive interaction span with compressive wave. It can therefore be argued that the 𝐴 − 𝐵 curve is 

not continuous, and sustains a mechanistic change in behaviour associated with the material strength at the 

point of the threshold.  

Crater fracturing dominated by radial propagation implies that radial cracks originating from the 

blastholes are expanded to the free surface by the action of the reflected tensile strength. The work of Field 

& Ladegaard-Pedersen (1971) indicates that the intensity of the interaction between reflected tensile 

stresses and radial cracks is proportional to the incidence angle between the wave and the cracks, with a 

maximum reached at 𝛼/2 between 45 and 90°, as illustrated in Figure 10-5 which shows the relationship 

between wave interaction intensity (%) onto the radial fracture and breakout angle  . 
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Figure 10-5: Wave interaction intensity with respect to breakage angle for radial fracture 

cratering. Adapted from Field & Ladegaard-Pedersen (1971). 

Based on Figure 10-5, it can be inferred that the tensile stress wave requires a higher amplitude for 

comparable distance to propagate a radial crack at smaller cratering breakout angle. This trend is 

compounded by the fact that cracks with a low breakout angle are encountered first by the tensile wave. 

The cross-sectional crater area formed by prismatic breakage is therefore inversely proportional to 𝐵 

according to pressure attenuation, and directly proportional to cosine of 𝛼/2 according to intensity factor. 

The exponential nature of both relationships suggests that breakout area will decrease to 𝐴 = 0 as → 𝐵𝑐, 

while 𝛼 = 0 as 𝐵 → 𝐵𝑐. 

It is inferred, following experimental evidence from Weeks Island and Ojibway, that reaching 𝐵𝑐 

for cratering by pulse interaction alters the nature of breakage and therefore does not follow a continuous 

cratering model, hence the position of 𝐵𝑐  on Figure 10-3 and Figure 10-4. The prevalence of pulse 

interaction towards the generation of a crater is proportional to pressure wave attenuation, and cratering is 

prevented by the mechanical strength which serves as a threshold.   
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10.3.2 From SHB to Full Face Pattern 

Chapters 6 and 8 presented practical applications to SHB testing for full face blast pattern design in 

underground rock salt mines. These two chapters along with the relevant literature on full scale field SHB 

tests (e.g. (Rustan, 1995; Ouchterlony & Moser, 2012) have noted that divergences and geometrical 

variations exist in the corresponding behaviour for full face blast patterns, when compared with SHB. The 

main factors affecting such divergences are summarized and briefly discussed below.  

Full face blast patterns characterized by a rectangular drilling layout (i.e. stacked rows and 

columns) systematically leads to cratering breakout overlaps. This is largely due to the less efficient 

geometry achieved with stacked blast patterns (compared to staggered patterns) which requires smaller 

spacing to ensure sufficient toe breakout and connection of radial cracks between holes. Cratering overlap 

yields increased fragmentation from blast wave interactions and higher powder factor. Field work 

conducted at the Pugwash mine, presented in Chapter 8, indicates that increasing the burden to improve 

blasting efficiency tends to increase overlap and the amount of fines generated by the blast. Blasting layouts 

with offset drillholes can reduce this overlap and achieve powder factor values closer to SHB specific 

charge.  

Chapter 9 discusses the influence of free surface geometry on cratering breakout shape. It was 

shown that the evolving burden dimension along a blasthole may potentially affect the dimensions of 

surrounding holes. Figure 10-6 shows the blast pattern at an underground rock salt mine, which uses three 

centered auger holes as the relief cut (instead of the undercut kerf). The full pattern was presented in Chapter 

3. Figure 10-6 shows the left half of the pattern with the drilling sequence and blasting delay intervals. 

Figure 10-6 (a) shows the relief box generated by the delay intervals 1-4 with the cratering footprint of the 

two subsequent blastholes in the delay sequence. Figure 10-6 (b) shows the excavated box generated by 

delays 1-15, with the cratering footprint of the next two blastholes. The burden transitioned from a near 

vertical to horizontal orientation. Further inspection of the delay sequence and interval 8 (top crater in 

Figure 10-6 (a)) reveals that cratering is constrained on the left by the excavated box generated by delays 

1-4.  
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Figure 10-6: Blast pattern at a rock salt mine, with augered centered relief cut: (a) the relief 

box is shown with subsequent craters to form within the sequence (with drilling and delayed 

intervals), (b) excavated box from delay intervals 1 to 15 with subsequent crater footprint 

and oriented burden. 

 

(b) 
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It is recognized from Figure 10-6 that the burden and spacing evolve during the delay sequence in 

an underground blast pattern. Blasthole positioning should be based upon actual burden and spacing 

measured from the previous delay to increase blasting efficiency.  

 

10.3.3 Multi-Hole Cratering 

Chapter 9 discussed multi-hole cratering with focus on breakout extent and influence of burden. Chapter 8 

postulated that SHB tests provide a realistic representation of the footprint created by individual blastholes 

in a blast pattern. Mechanistic differences between SHB and multi-hole blasting are summarized below and 

discussed briefly.  

• Constructive and destructive blast wave interaction, 

• Connection of radial cracks, 

• Compounded spalling breakage, 

• Cratering overlap.  

Blast wave interactions considering two (or more) blastholes detonated (nearly) simultaneously can 

be subcategorized into three interaction types: (i) compressive waves interaction, (ii) reflective waves 

interaction, and (iii) compressive and tensile waves interaction.  

The interaction between emitted compressive waves from two blastholes generates constructive 

interaction (i.e. higher potential for failure) for near parallel propagation incidence. This interaction is 

compounded by tangential tensional stress components and leads to propagation and convergence of radial 

cracks between two holes. This mechanism forms the basis for contour blasting using closely spaced 

blastholes (Khoshrou, 1996; Mandal, et al., 2008). On the other hand, near perpendicular wave incidence 

generates low potential for shear failure (i.e. 𝜎1 = 𝜎3). The interaction intensity between two reflected 

tensile waves is similar to compressive waves interaction. Near parallel incidence of reflected tensile waves 

will take place near the free surface at small burden values, and therefore increase superficial spalling 

potential.  
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Constructive interaction between emitted and reflected waves of different blastholes essentially 

takes place at a larger distance from the respective sources as compared to waves from the same blasthole. 

This interaction, while present and potentially leading to shear failure, is assumed to be of less significance 

compared to the other cratering mechanisms discussed.  

 A different cratering phenomenon involving multiple blastholes is illustrated in Figure 10-7. 

Figure 10-7 (a) shows a two-blasthole burden removal configuration where holes are separated by the 

spacing distance 𝑆 (m). Figure 10-7 (b) shows the reflected tensile waves of the respective blastholes and 

plots the conceptual elliptical cratering footprint. It is noted that the reflected tensile waves act at near 

parallel incidence to the cratering footprint of the other blasthole. This geometry suggests additional 

blastholes add limited added shear or tension failure potential induced by wave interactions.  

Figure 10-7 (c) shows the reflected waves reaching radial cracks nearly parallel to the free surface 

and expanding them to connect with the neighboring blasthole. Such a phenomenon suggests adequate 

contour blasting can be achieved by reducing the burden dimension to ensure a sufficiently high tensile 

stress component, without the need for closely spaced blastholes. Additional investigation should be carried 

out to validate the premise of this cratering phenomenon. Experimental work following the configuration 

shown in Figure 10-7 (a) could provide the basis for parametric analysis for the prevalence of this 

mechanism.  

It is re-emphasized that SHB testing cannot capture the complete mechanistic behaviour of multi-

blasthole configurations, nor does it aim to do so. SHB testing rather provides a conservative prediction of 

an individual blasthole’s respective footprint within a blast pattern based on its burden dimension. From 

observations made within this work, it is argued that individual blastholes will invariably yield at least the 

breakage measured through SHB testing, which also quantifies the blastability capabilities of each 

individual hole (through specific charge 𝑞𝑆𝐻𝐵). It is noted that small delay timing intervals can potentially 

yield destructive blast wave interaction (i.e. lesser shear failure potential). Such timing conditions are not 

prevalent in underground rock salt mining operations, and their analysis is beyond the scope of this work. 
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More information on the subject can be found in Katsabanis & Gkikizas (2016) and Ashemi & Katsabanis 

(2020). 

 

Figure 10-7: (a) Hypothetical multi-blasthole burden removal layout, (b) reflected tensile 

waves propagating towards the blastholes, and (c) the reflected tensile waves interaction 

with radial cracks connecting two holes.  

 Experimental Limitations and Uncertainty 

10.4.1 Point Cloud Processing and TLS Measurements 

Mass data collection surveys and point cloud processing induce a relatively marginal error component at 

each step of data treatment. Two main categories of uncertainty are part of the field experimental protocol: 

random error induced by tools (scanner and software), and loss of accuracy induced from the actual 

measurements.  
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Random errors induced by surveying and processing tools include the size and incidence angle of 

the laser beam footprint, calibration threshold, and automated scan registration. The minimum detectable 

change includes the different error components combined to provide a quantifiable threshold limit.  

It is recalled from Chapter 4 that the laser beam projection induces a randomly distributed error 

along the footprint of the beam formed on the surveyed surface. For an inclined surface (with respect to 

beam incidence direction), this footprint forms an ellipse representing a truncated cone. The equations 

describing the geometrical error components induced by the beam footprint can be  expressed as a function 

of the long axis 𝑎𝑒𝑙 (m) of the ellipse formed by the beam, and the difference between the longer and shorter 

distances of the cone span, 𝑧1 and 𝑧2 (m):  

 𝜎𝑥𝑦
𝑏𝑒𝑎𝑚 = 𝑎𝑒𝑙/6 (10.1) 

 𝜎𝑧
𝑏𝑒𝑎𝑚 =

1

3
∙ (𝑧1 − 𝑧2) (10.2) 

where 𝜎𝑥𝑦
𝑏𝑒𝑎𝑚 and 𝜎𝑧

𝑏𝑒𝑎𝑚 are the error components perpendicular and parallel to the beam. The 

total error induced by the beam 𝜎𝑡𝑜𝑡𝑎𝑙
𝑏𝑒𝑎𝑚 (m) is computed as (Fey & Wichmann, 2017): 

 𝜎𝑡𝑜𝑡𝑎𝑙
𝑏𝑒𝑎𝑚 =  √𝜎𝑥𝑦

𝑏𝑒𝑎𝑚2
+ 𝜎𝑧

𝑏𝑒𝑎𝑚2
 (10.3) 

Figure 10-8 illustrates the cone formed by the laser beam footprint. Figure 10-8 (a) shows a beam 

projection with perpendicular incidence, which yields a circular footprint. Figure 10-8 (b) shows the 

elliptical footprint from beam incidence at an angle 휃𝐼 (°). The incidence angle 휃𝐼 (°) between the beam 

and the surface is given by: 

 휃𝐼 = cos−1(𝑛 ∙ 𝐼𝑏𝑒𝑎𝑚) (10.4) 

where 𝑛 is the normal vector for the surface, and 𝐼𝑏𝑒𝑎𝑚 is the beam directional vector.  
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Figure 10-8: Beam footprint representation (a) perpendicular incidence and (b) inclined 

incidence of 𝜽𝑰 (°). 

The relevant dimensions are computed as (see Figure 10-8): 

 𝑧1 =
|𝐼𝑏𝑒𝑎𝑚| cos 𝜃𝐼

cos(𝜃−
𝛽𝑏𝑒𝑎𝑚

2
)
 (10.5) 

 𝑧2 =
|𝐼𝑏𝑒𝑎𝑚| cos 𝜃𝐼

cos(𝜃+
𝛽𝑏𝑒𝑎𝑚

2
)
 (10.6) 

 𝑎𝑒𝑙 = |𝐼𝑏𝑒𝑎𝑚| cos(휃) [tan (휃𝐼 +
𝛽𝑏𝑒𝑎𝑚

2
) − tan (휃𝐼 −

𝛽𝑏𝑒𝑎𝑚

2
)] (10.7) 

where |𝐼𝑏𝑒𝑎𝑚| (m) is the length from the source to the point along the elliptical surface splitting the beam 

divergence angle 𝛽 (°) in half (distributing evenly the random error). 

The TLS tool used as part of this work was a FARO X-130 (FARO Technologies Inc., 2014), which 

emits a beam with divergence defined by 𝛽 = 0.011°. Figure 10-9 and Figure 10-10 plot the error induced 

by the beam footprint with respect to incidence angle and distance from the source.  
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Figure 10-9: Error induced by beam footprint 𝝈𝒃𝒆𝒂𝒎
𝒕𝒐𝒕𝒂𝒍  with respect to distance |𝑰𝒃𝒆𝒂𝒎| for 

different incidence angles 𝜽𝑰 based on beam divergence angle 𝜷 = 𝟎. 𝟎𝟏𝟏°. 

 

Figure 10-10: Error induced by beam footprint 𝝈𝒃𝒆𝒂𝒎
𝒕𝒐𝒕𝒂𝒍  with respect to incidence angle 𝜽𝑰 for 

(a) long distance intervals up to FARO X-130 scanner limit (130 m) and (b) short scan range 

intervals.  
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Scan instrument placement at all three sites was maintained at less than 20 meters, while the 

incidence angle with the crater is assumed to be below 45°  thereby inducing an error of: 𝜎𝑏𝑒𝑎𝑚
𝑡𝑜𝑡𝑎𝑙 ≤

0.0019m.  

The uncertainty range induced by computations of the change detection is based on the radius of 

measurements to capture surface roughness. Sensitivity analysis was carried out on the radius of 

measurement 𝑟𝑟𝑜𝑢𝑔ℎ (m) for development faces at the Pugwash mine (see Aubertin et al. (2019a), included 

as an Appendix) and it was estimated that the influence of 𝑟𝑟𝑜𝑢𝑔ℎ on the roughness coefficient significantly 

drops beyond 3 m. This value is used to estimate the error range from change detection computations. 

 For TLS measurement spacing 𝑆𝑇𝐿𝑆 (mm/m), and measurement distance |𝐼𝑏𝑒𝑎𝑚|, the approximate 

number of points 𝑁 within a circle defined by radius of measurement 𝑟𝑟𝑜𝑢𝑔ℎis: 

 𝑁 =  [
𝑟𝑟𝑜𝑢𝑔ℎ

(𝑆𝑇𝐿𝑆∙|𝐼𝑏𝑒𝑎𝑚|)
]

2
𝜋 (10.8) 

Figure 10-11 plots the number of points 𝑁 within a circle of radius 𝑟𝑟𝑜𝑢𝑔ℎ = 3m with respect to 

distance from the source |𝐼𝑏𝑒𝑎𝑚| for different scan spacings 𝑆𝑇𝐿𝑆.  

 

Figure 10-11: Number of points 𝑵 within a circle of radius 𝒓𝒓𝒐𝒖𝒈𝒉 = 𝟑m based on distance 

from source |𝑰𝒃𝒆𝒂𝒎| for different scan spacings 𝑺𝑻𝑳𝑺 (mm/m).  
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For |𝐼𝑏𝑒𝑎𝑚| ≤ 20m, 𝑟𝑟𝑜𝑢𝑔ℎ= 3m and 𝑆𝑇𝐿𝑆 ≤ 12mm/10m (resolution 1/8 with FARO X-130), it is 

computed that 𝑁 ≥ 1.9E + 5. The 𝐿𝑂𝐷95% equation is recalled from Chapter 4:  

 𝐿𝑂𝐷95% =  ±1.96 (√
𝜎𝑒𝑟𝑟𝑜𝑟1

𝑁1
+

𝜎𝑒𝑟𝑟𝑜𝑟2

𝑁2
+ 𝜎𝑟𝑒𝑔) (4.14) 

For scans collected as part of this work, it is assumed that 𝑁1 ≈ 𝑁2 ≈ 𝑁 and 𝜎𝑒𝑟𝑟𝑜𝑟1
≈ 𝜎𝑒𝑟𝑟𝑜𝑟2

≈

𝜎𝑒𝑟𝑟𝑜𝑟 given the scale of measurements with blasted surfaces in underground drifts. The error 

component is computed as: 

 𝜎𝑒𝑟𝑟𝑜𝑟 = 𝜎𝑏𝑒𝑎𝑚
𝑡𝑜𝑡𝑎𝑙 + 𝜎𝑇𝐿𝑆 (4.15) 

For 𝜎𝑏𝑒𝑎𝑚
𝑡𝑜𝑡𝑎𝑙 = 1.9mm, calibration threshold 𝜎𝑇𝐿𝑆 = 2mm, the registration error threshold of the 

software Scene 𝜎𝑟𝑒𝑔 = 4mm, and 𝑁 = 1.9E + 5 , 𝐿𝑂𝐷95%  is computed to give 7.85 mm. This value 

represents the minimal threshold change that can be detected based on errors induced from tools and 

software used.  

Chapter 5 described the reporting methodology for SHB testing using TLS surveys. Measurements 

are performed on the collected point cloud to quantify the breakout characteristics. Errors induced by data 

processing and post-processing of the results pertain to the validity of key reference markers, i.e. the 

blasthole axis position and the crater extent position. The blasthole axis position is identified from the 

remaining half-barrel apparent on the crater surface, or by surveying an extension to the blasthole before 

the blast (e.g. inserting a drill steel rod in the hole). The blasthole axis is therefore at most 1/2 diameter 

away from the center of the blasthole. Measurements taken perpendicular to the blasthole axis include a 

±
𝜙

2
 error component.  

Table 10-2 summaries the quantifiable error components and relevant detectable thresholds from 

the experimental protocol applied for this research study. It is noted that blasthole positioning represents 

the largest quantifiable uncertainty. This value is identified as the threshold for reporting accuracy.  
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Table 10-2: Summary of quantifiable error components induced by tools, software, and 

post-processing methodology (see text for details). 

Type Range 

TLS beam footprint (𝝈𝒃𝒆𝒂𝒎
𝒕𝒐𝒕𝒂𝒍 ) ±1.9 mm 

Calibration threshold (𝝈𝑻𝑳𝑺) ± 2 mm 

Registration (𝝈𝒓𝒆𝒈) ± 4 mm 

Change detection (𝑳𝑶𝑫𝟗𝟓%) 7.85 mm 

Blasthole positioning 
±

𝜙

2
 (22𝑚𝑚 − 25.5𝑚𝑚) 

 

10.4.2 Mining Induced Uncertainty 

Underground excavation walls exhibit roughness induced by the mining process and localized geological 

features. Such superficial roughness can result from various sources, including: 

• Superficial pillar degradation 

• Drilling lookout angle 

• Variations in explosives packing density 

• Collar and toe breakout 

• Spacing and burden drilling accuracy 

10.4.2.1 Roughness and Superficial Variation of the Free Surface 

The reporting methodology outlined in Chapter 5 involves measurements to be taken from the crater extent 

as opposed to relying on burden dimensions with respect to the original surface. This approach effectively 

captures the equivalent burden perpendicular to the blasthole axis.  
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Figure 10-12 illustrates the potential influence of the reflected surface shape on pulse interaction. 

Figure 10-12 (a) shows a perfectly circular (concave) free surface. The compressive pressure wave is 

reflected at perpendicular incidence across the entire surface. The pulse interactions are therefore purely 

destructive (opposed direction). Figure 10-12 (b) shows a convex free surface where the emitted 

compressive wave encounters the free surface at parallel incidence first. The incidence angle between the 

emitted and reflected waves increases rapidly with increase distance away from the burden. Compared to a 

flat free surface (see Chapter 7), constructive interaction will take place closer to the burden axis at low 

incidence angles. Additionally, constructive interaction at large breakout angle takes place further away 

from the source which implies lower pressure amplitude due to attenuation.  

 

Figure 10-12: Influence of free surface shape on direction of the reflected tensile wave for : 

(a) concave and (b) convex surfaces.  

 Figure 10-12 tends to indicate that a concave surface reduces cratering potential and acts as a 

damping mechanism to pulse interaction, while a convex surface facilitates the generation of smaller crater 

breakout due to enhanced interaction near the burden. It is noted that in practice, a blasted surface may 

exhibit both convex and concave variations. As such, the equivalent burden obtained from the crater extent 
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provides the most representative burden measurement to capture the free surface conditions and influence 

on cratering.  

 

10.4.2.2 Geological features 

Systematic errors can be induced by features of the rock mass, including dominant geological structures 

(e.g. joints, discontinuity, and zones of impurities). Figure 10-13 shows a SHB test conducted at Pugwash 

mine where a layer of massive anhydrite largely influenced the cratering shape. The picture of the crater in 

Figure 10-13 (a) highlights two faces of the anhydrite layer discovered after the blast. Figure 10-13 (b) 

shows the point cloud with color scale for absolute distance; the cloud was meshed to emphasize the 

different surfaces delineated by the structure encountered. Figure 10-13 (b) also shows the position of the 

blasthole to illustrate how this geological feature dominated the cratering behaviour.  

 

 

Figure 10-13: (a) Picture from Pugwash_4 SHB test, and (b) crater point cloud with color 

scale for absolute distance with respect to original free surface.  
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In this case, it was inferred that the contact between the massive anhydrite and rock salt created a 

discontinuity that acted somewhat like a pre-existing joint (or large crack). In the situation illustrated in 

Figure 10-13, this joint was nearly parallel to the free surface, so the reflected tensile stress wave acted on 

it at high intensity from an almost perpendicular incidence angle.  

This particular case at the Pugwash mine serves to illustrate the fact that structural features in the 

rock mass can act as pre-existing flaws (joints, cracks) that may influence cratering shape based on 

orientation. Daehnke (1999) and Resende (2010) also observed that cracks may act as a free surface that 

partially reflects compressive waves. The presence of such dominant structural features can influence 

cratering in ways that don’t follow the blast cratering mechanisms outlined in this Thesis, and must 

therefore be treated accordingly (separately) when encountered in a SHB test. In practice, massive 

structures such as the ones observed at the Pugwash mine can control the achieved advance in development 

rounds by acting as dampers.  

It is worth differentiating clear structural demarcation between rock salt and other rock types, such 

as anhydrite at Pugwash, and cases where horizontal layers of impurities (referred to as “dirty salt”) are 

observed, as seen at Ojibway mine for instance. These regular horizontal features, shown in Figure 10-14, 

are due to disseminated anhydrite which arose during the depositional sequence of the evaporating brine at 

the time of formation. It has been shown through laboratory testing (and field observations) that these layers 

generally don’t act as preferential planes of weakness (e.g. (Archibald, 2010). A comparison between 

Pugwash and Ojibway rock salt mechanical properties indicate that disseminated anhydrite tends to act as 

a binding agent that increases material strength and stiffness (and may also reduce prevalence of ductile 

behaviour under deviatoric stresses. e.g. Vining & Nopola (2015); and Aubertin et al. (2019a), included as 

an Appendix).  
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Figure 10-14: Open face at Ojibway where horizontal layers of anhydrite are discernable. 

Taken from Hoentszch & Aubertin, 2020.  

10.4.2.3 Drilling deviation and lookout angle 

The investigation of inclined SHB testing layout at the Ojibway mine revealed the influence of local 

variations along the mined walls induced by drilling accuracy and advance direction. Drill patterns in 

development rounds incorporate an outward drilling angle for the perimeter blastholes to account for hole 

positioning constrained by the equipment boom size. This perimeter drilling variation, termed here “lookout 

angle”, translates into a step like surface along the roof and ribs of mined drifts. Figure 10-15 shows the 

point cloud of a drift surveyed at Ojibway mine after four successive rounds. The lookout angle shape on 

the wall is clearly discernable (marked by red arrows). Such breakout can potentially induce systematic 

variation of the free surface for a SHB test. Small surface roughness will yield burden variations captured 

by the measurement protocol presented in Chapter 5. Significant drilling deviations (with respect to free 
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surface) will yield a larger collar breakout that can be analyzed using the approach described in Chapter 9, 

which showed how this type of feature can be filtered using plausible ranges for the parameters 𝜖∗ and 𝜓 

(recall crater can be defined as 𝑌 = 𝜓𝑏𝜖∗
).  

 

Figure 10-15: Top view of a drift at the Ojibway mine (point cloud). The discernable 

breakout induced by the lookout angle is marked by red arrows showing the perimeter 

drilling direction. Round advances are marked by a vertical dashed line.  

 Additional Geological and Geomechanical Considerations 

Analytical work and numerical investigations carried through Chapters 7 and 8 are based on the commonly 

used assumption that intact rock salt properties, typically measured in the laboratory, are representative of 

large scale rock mass conditions. This assumption is supported by various observations, which have 

generally confirmed the lack of systematic (macroscopic) structural discontinuities in rock salt formations 

(outside of local features discussed above). The ductile behaviour of low porosity rock salt reinforces this 

condition as deviatoric stresses are relieved over time and existing cracks tend to close and heal, while new 

ones are effectively prevented from forming (except very close to an open face). This assumption has been 

10 m 
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used by many investigators, as exemplified by studies involving large scale numerical modelling of in situ 

openings (Hardy, 1982; Langer, 1993; Munson & Wawersik, 1993; Hunsche & Hampel, 1999; Patchet, et 

al., 2001; Heusermann, et al., 2003; Boulianne, et al., 2004; Swift & Reddish, 2005; Berest, et al., 2012; 

Roberts, et al., 2015).  

It must be acknowledged also that stress conditions around excavations can influence blasting 

outcomes, even though this factor is neglected in the present work. The stress state near the blasting face 

was not taken into account here, in part because rock salt mining operations usually take place at relatively 

shallow depth (i.e. between 250 m and 1 km, i.e. 𝜎𝑣 <  22𝑀𝑃𝑎). Also, the ductile nature of rock salt favors 

stress relief resulting from inelastic deformation around the excavation; the stress redistribution within the 

rock mass then tends to reduce the deviatoric stresses near the opening walls, where the minor principal 

stress is near zero (e.g. Boulianne et al. 2004). It is further noted that the influence of the stress state would 

be consistent throughout full face blast situations, and is therefore considered representative of operational 

conditions as reflected by SHB testing. This factor of influence should nonetheless be investigated in 

upcoming studies to assess more specifically how it could impact blasting response and efficiency.  

In addition, it was shown in Chapter 2 that the low confining stress near the excavation may induce 

a relatively brittle behaviour of rock salt, compared with the pillar core (high confinement and ductile 

response). This difference in mechanical response may accentuate superficial spalling at the surface 

(sometimes leading to an hourglass like pillar shape). Similar superficial material loosening can be 

introduced by blast damage during the mining sequence. For the purposes of this work, and for safety 

considerations, these conditions were addressed by performing systematic mechanical scaling of the test 

surfaces.  
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Chapter 11  

Conclusions and Recommendations 

 Summary of Research Study 

The overarching goal of this research study was to define guiding principles for the design and optimization 

of blast patterns in underground rock salt mines. Specific objectives were identified in Chapter 1 to achieve 

this stated goal and structure the work undertaken. These objectives aimed to: (i) characterize rock salt 

response to blasting, (ii) define characteristic parameters to describe rock salt intrinsic response to blasting, 

(iii) elaborate a cost-effective testing methodology enabling systematic measurement of the characteristic 

parameters, (iv) conduct large scale field experimental work using proposed methodology, and (v) outline 

practical design guidelines for rock salt blasting. Experimental work carried as part of this research was 

performed in collaboration with an industrial partner at active underground mining operations to help 

validate findings and capture representative conditions which highlighted key outcomes and conclusions 

from this work.  

It was highlighted early in this study that empirical evidence gathered over the years suggests that 

rock salt response to blasting tends to diverge significantly from hard rock. The technology and type of 

explosives used in salt mines reflect the unique geomechanical nature of rock salt and its response to 

blasting events. In the Introduction of the Thesis (Chapter 1), it was recalled that traditional guidelines and 

design methodologies used for blasting in hard rock mines cannot account for rock salt’s characteristic 

features. It was further emphasized that existing calibration tools and testing protocols do not capture well 

rock salt blasting behaviour, nor its geological and geomechanical spectrum. A gap therefore exists for 

practical guidelines for rock salt blasting, based on clear mechanical rationale and backed by empirical 

evidence.  

Rock salt geological characteristics and geomechanical behaviour were summarized in Chapter 2. 

Mineral composition was described with emphasis on the crystalline nature of halite and bonding structure 
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influencing the geomechanical behaviour. Mechanical properties for rock salt deposits from various 

formations were presented to provide reference baseline information throughout this research study. The 

different types of rock salt depositional formations were described based on their origin and historical 

evolution. Rock salt’s elasto-visco-plastic behaviour (in the semi-brittle and ductile regimes) was discussed 

with an emphasis on conceptual models used to assess long term deformation (creep) around underground 

excavations. Practical notions pertaining to the design and long-term behaviour of rock salt pillars were 

also discussed and exemplified from experiences and observation made at different underground rock salt 

mines.  

The influence of rock salt depositional history on its mechanical behaviour and practical impacts 

on mining processes was further discussed in a conference publication added as Appendix E. This 

comparative study emphasized the geological and geomechanical diversity between different rock salt 

depositional formations. The article underscored the need to account for the geomechanical spectrum of 

rock salt deposits in defining blasting design guidelines.  

A numerical investigation was carried out to compare the influence of underground excavation 

sequencing on the (relatively) short term visco-plastic behaviour of rock salt. The investigation highlighted 

systematic differences introduced by the calibration of creep models for the prediction of convergence 

around active workings. This work emphasized the need to account for transient creep (with hardening) in 

short term calibration efforts towards long term predictions. This investigation was presented in a 

conference publication and is included as Appendix F.  

Fundamental rock blasting concepts were summarized in Chapter 3 to identify relevant 

mechanisms involved in blast patterns. Existing cratering theories were presented as a basis for rock salt 

mechanistic behavioural differences during blasting events. Single Hole Blast (SHB) testing was identified 

as a systematic and cost-effective method to quantify blastability and capture rock salt characteristic 

response to blasting. The methodology and application of SHB testing campaigns were described with 

emphasis on relevant measurements and reporting parameters. Limitations of the commonly used (existing) 

testing protocol highlighted subjective aspects which needed to be addressed to provide reproductible 



317 

 

means of testing blast conditions at multiple sites under different geological and operational settings. 

Detailed considerations were given to industrial practices associated with rock salt and laid the ground for 

full scale experimental work for the design of blast patterns.  

Data collection tools were selected to capture field experimental results from SHB tests and enable 

greater objectivity of the processing methodology and reporting structure. A terrestrial laser scanner (TLS) 

was used to obtain detailed point clouds of the tested surfaces. The relevant background theory behind 

remote sensing and mass data collection tools was presented in Chapter 4. Data processing and point cloud 

manipulations were also reviewed with some detail in this chapter along with the types of errors introduced 

and associated uncertainty.  

A methodology for horizontal SHB tests in underground mines was outlined in Chapter 5. The 

experimental field work performed during this research study implemented TLS surveys to complement 

existing SHB testing methodology. Previous experimental work with SHB relied on best fitting of the 

(simplified) resulting crater shapes to investigate the influence of the burden dimension on breakage. The 

present research implemented TLS surveys of the blasted craters to capture the full breakout shape and 

remove much of the subjective best-fitting measurements. A series of characteristic plots were derived from 

measurements of the crater shape to quantify test results. The proposed reporting procedure involves taking 

measurements at discrete intervals along the blasthole axis to capture the representative (evolving) 

conditions of the plane strain geometry perpendicular to the explosive charge. Measurements were also 

taken at different fraction intervals along cross-sections perpendicular to the blasthole axis to measure the 

true shape of the crater breakout. The testing methodology presented in Chapter 5 provides a systematic 

testing protocol to quantify blastability with reproductible characteristic plots. 

SHB testing campaigns were carried out at three underground rock salt mines. A summary of test 

results for two of these mines with similar blast settings are presented in Chapter 6. Detailed results and 

specifications for each individual test are presented through a set of reporting technical forms included in 

Appendix A. Detailed geological settings for the three test sites are discussed in a conference publication 

included as Appendix E. Test results presented in Chapter 6 highlight rock salt’s cratering shape 
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characterized by elliptical breakout, which diverges from prismatic craters formed by the propagation of 

radial fractures. A cratering model expressed by a power law equation ( 𝑌 = 𝜓𝑏𝜖∗
 ) was shown to capture 

the cratering shape observed from test results. Relevant parameters for this model are presented in Chapter 

6 and Chapter 9 with respect to cratering volume and specific charge.  

Analytical and numerical modelling work was carried out and presented in Chapter 7 to describe 

the mechanisms responsible for rock salt cratering behaviour, based on observations in experimental field 

work. It was shown that rock salt characteristic low mechanical strength leads to high energy losses near 

the blasthole (crushed zone). Empirical knowledge reveals that a majority of salt mines have converged to 

using low VOD explosives to alleviate the problems related to this type of behaviour, which explains the 

low popularity of emulsion in salt mining operations. The longer pressure pulse seed generated by 

(seemingly) “less efficient” explosives used in rock salt tends to amplify an elastic wave propagation 

phenomenon surmised to be the fundamental cause of a third cratering mechanism prevalent in rock salt. 

The emitted compressive wave is reflected as a tensile pressure wave at the free surface and then interacts 

with the tail end of the emitted wave to generate localized high deviatoric stress zones with low mean stress. 

Numerical modelling work performed on the FEM software LS Dyna confirmed that longer pulse seeds 

generate a larger constructive wave interaction footprint. Comparative numerical modelling work revealed 

that constructive wave interaction is less prevalent in hard rock masses due to increased pressure 

attenuation; the mechanism becomes practically irrelevant due to the large mechanical strength (in 

comparison to rock salt). This observation suggests that the proposed cratering mechanism is prevalent in 

rock salt (and similar soft rocks).  

The cratering mechanism described in Chapter 7 generates zones of high deviatoric stress at low 

confinement. The shape of this zone is controlled mainly by: (i) pulse attenuation (i.e. material impedance), 

(ii) pulse peak pressure, (iii) mechanical strength of the transmitting material, (iv) seed pulse span, and (v) 

burden dimension. The analysis presented here indicates that the prevalence of this mechanism is enabled 

by the geomechanical features of rock salt (i.e. low mechanical strength, low impedance) and the 
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operational settings for rock salt mining characterized by underground extraction with relatively small 

burden dimension.  

A procedural workflow was outlined in Chapter 8 for the elaboration of site-specific blast design 

guidelines, taking into account rock salt’s cratering behaviour. The experimental protocol presented in 

Chapter 5 is used to calibrate the crater model proposed in Chapter 6. Crater characteristics defined by 

the calibrated model are used to derive semi-empirical relationships between specific charge to burden and 

blasthole diameter to burden. Additional considerations are given to explosive selection for optimal 

cratering conditions considering the mechanism described in Chapter 7. The procedure then uses the 

cratering breakout shape relation to burden dimension to derive optimal blast pattern conditions. Full face 

tests were carried out to validate (in part) the proposed configurations. The procedural workflow included 

an iterative path for conditions where operational settings must be reconsidered (e.g. explosive type, 

blasthole diameter). Experimental field work carried at one of the three mine sites demonstrated this 

approach.  

The concept of inclined SHB testing was investigated in Chapter 9 via experimental testing with 

analytical inspection of the geometrical layout. It is surmised that inclined SHB tests can potentially 

enhance the value of the methodology by significantly reducing the number of tests needed. It is noted 

however that additional numerical work is required to properly quantify the limiting conditions for valid 

plane strain assumption.  

The additional mechanism presented in Chapter 7 was contextualized in relation to cratering by 

radial fracture propagation and spalling in Chapter 10. The sequence of events during burden removal by 

blasting was revisited to account for the potential interaction between the three cratering mechanisms. The 

analysis indicates that all three mechanisms may be involved during a blasting event with two degrees of 

freedom. The dominant one(s) may depend on various factors, including local geometry, geology and rock 

properties.  

A summary of errors induced by the testing methodology and tools used is also presented and 

discussed in Chapter 10. The level of uncertainty and associated threshold for detectable changes and 
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measurements are quantified with respect to the TLS tool and processing software used. It was emphasized 

that the processes and natural conditions involved with underground mining tend to induce systematic 

errors. Superficial variations of the test surfaces can however be mitigated by the measurement protocol 

outlined in Chapter 5. More severe anomalies such as crater breakage dominated by geological structure 

must be filtered manually from the results.  

 Key Findings, Original Contributions, and Concluding Statements  

The key findings, main contributions and conclusions from this research study are divided into three broad 

categories: (i) advancement of experimental protocol for SHB testing using TLS surveys, (ii) rock salt 

response to blasting, and (iii) practical applications and guidelines for rock salt blasting.  

Findings and observations towards SHB testing are summarized as follows: 

• The validity of SHB test results is enhanced by three-dimensional laser scans that can capture the 

full breakout shape.  

• Objective measurements of SHB crater characteristics can be made using the blasthole axis and 

crater extent. 

• SHB craters exhibit toe and collar breakout zones that are influenced by the geometry of 

surrounding free surfaces along the blasthole axis. 

• SHB craters generally exhibit a plane strain zone between the collar and toe breakout which can be 

used to quantify breakage with respect to burden.  

• SHB craters in rock salt exhibit a distinctive curve (elliptical) shape, which can be captured by the 

TLS measurements and the proposed non-linear (power law) model. 

The main findings about rock salt response to blasting are :  

• A cratering mechanism arises from the interaction between the emitted compressive wave and 

reflected tensile wave.  

• The footprint of constructive wave interaction forms an elliptical zone , with a size that depends on 

blast wave attenuation, rock strength, burden dimension, and shape of the pressure pulse seed. 
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• The low mechanical strength of rock salt and the use of low VOD explosives with characteristically 

longer pressure pulse seeds tend to favor cratering by pressure wave interactions. 

• A cratering power law model of the form 𝑌 = 𝜓𝑏𝜖∗
captures rock salt characteristic breakout shape; 

in this equation, 𝜖∗ is related to geology, rock properties and explosives used, while 𝜓 is a burden 

dependent parameter estimated as 𝜓 = 𝜓1𝐵 + 𝜓2.  

• Based on the above equation, rock salt cratering shape can be parametrized as 0 < 𝜖∗ < 1 , and the 

resulting calibrated equation can further be used to filter out point cloud data collected from SHB 

tests.  

Guiding principles for the design and optimization of blast patterns in rock salt can be summarized as 

follows: 

• The traditional notion of ideal explosives relates to the efficiency of the chemical reaction during 

the detonation process. Ideal explosives for rock salt are characterized by a less efficient chemical 

reaction generating low VOD (< 4000m/s) and a long pressure pulse seed.  

• A specific charge to burden relationship can be derived from calibrated crater model to guide 

pattern design.  

• The crater model calibrated through SHB testing can serve to represent the individual footprint of 

a single blast hole. 

• The predicted footprint of individual blastholes is used to define a potential blast pattern layout by 

minimizing specific charge.  

• Blasthole placement must account for cratering geometry induced by the delay sequencing which 

may impact spacing and burden dimensions.  

• The specific charge is inversely proportional to the burden at low burden values (typical for 

underground excavations).  

• Perimeter blastholes tend to exhibit a distorted cratering footprint which must be assessed 

separately based on blasting sequence. 
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• The generation of an undercut increases overall powder factor due to the inclination of the 

blastholes immediately above the kerf. 

  Publications from this Body of Research 

The main contributions from this doctoral research study are presented in the Chapters 5, 6, 7, and 8, which 

were submitted for publications to referred journal publications. These four manuscripts are :  

1. Aubertin, J. D., Hutchinson, D. J. & Diederichs, M. S., 2020. Horizontal Single Hole Blast Testing 

- Part 1: Systematic measurements using TLS surveys. Submitted to Tunneling and Underground 

Space Technology.  

2. Aubertin, J. D., Hutchinson, D. J. & Diederichs, M. S., 2020c. Horizontal Single Hole Blast Testing 

- Part 2: Large scale application at two underground rock salt mines. Submitted to Tunneling and 

Underground Space Technology.  

3. Aubertin, J. D., Hashemi , A. S., Diederichs, M. S. & Hutchinson, D. J., 2020. On the interaction 

of emitted and reflected blast waves as a cratering mechanism in rock salt. Submitted to 

International Journal of Rock Mechanics and Mining Sciences. 

4. Aubertin, J. D., Hutchinson, D. J. & Diederichs, M. S., 2020. Towards blast design guidelines for 

underground rock salt mines. Submitted to Blasting and Fragmentation Journal. 

 

In addition to the above, complementary contributions from this Thesis are presented in Chapter 9 

(on inclined SHB tests and evolving dimensions in full face blast patterns) and Chapter 10 (crater 

sequencing and induced uncertainty).   

Complementary results are also given in a few refereed Conference Papers: 

5. Aubertin, J., Hutchinson, D. J., Diederichs, M. & Dromer, J.-B., 2017. Application of LiDAR 

technology for the investigation of rock mass response to blasting. In: Proceedings of Geo-Ottawa. 

Ottawa: Canadian Geotechnical Society. 
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6. Aubertin, J. D., Hoentzsch, S., Diederichs, M. S. & Milton, H., 2018. Influence of the creep law on 

pillar response based on numerical simulations of an underground salt mine. Seattle, American 

Rock Mechanics Association. 

7. Aubertin, J. D., Hutchinson, D. J. & Triebel, R., 2018. Proposed improvements for single blasthole 

test reporting methodology and observations from a series of tests conducted in underground rock 

salt mines.. In: H. Schunnesson & D. Johansson, eds. Proceedings of 12th International Symposium 

on Rock Fragmentation by Blasting. Lulea: Lulea University of Technology, pp. 495-507. 

8. Aubertin, J. D., Hutchinson, D. J. & Diederichs, M. S., 2019a. Application of LiDAR technology 

for the assessment of mechanical scaling conditions in underground mines and tunnels. In: 

Proceedings of Geo St-John's. St-John's: Canadian Geotechnical Society. 

9. Aubertin, J. D., Hoentzsch, S. & Hutchinson, D. J., 2019b. The impact of a salt deposit's origin on 

its exploitation: three case-studies from underground mining operationrs. In: Proceedings of Geo 

St-John's. St-John's: Canadian Geotechnical Society. 

 

A few Extended Abstracts and Presentations (no paper) were also prepared during this doctoral 

project:  

10. Aubertin, J. D., Hutchinson, D. J., Diederichs, M. S. & Dromer, J.-B., 2017. Single blasthole testing 

in soft rock. In: Proceedings of CIMTL 2017. Montreal: Canadian Institute of Mining, Metallurgy, 

and Petroleum. 

11. Aubertin, J. D., Hutchinson, D. J., Diederichs, M. S, 2018. Applications du LiDAR aux pratiques 

de sautages en mines souterraines : Caractérisation et optimisation des processus de dynamitage 

pour des mines de sel gemme. Presented at 41e session d’étude sur les techniques de sautage. 

Québec : Société d’Energie Explosive du Québec (SEEQ). 

12. Aubertin, J. D., Hutchinson, D. J., Diederichs, M. S, 2018. Lidar applications to underground 

blasting: integrating 3D mapping to mine engineering practices. Presented at the 3rd Virtual 

Geoscience Conference. Kington.  



324 

 

13. Aubertin, J. D., Hutchinson, D. J., Diederichs, M. S, 2019. Soft rock blasting : Concepts and best 

practices from rock salt mining. Presented at CIM 2019 Convention. Montreal: CIM. 

 Future Work and Recommendations 

This doctoral research study has led to the development of a structured approach to quantify site-specific 

blasting characteristics and requirements in underground rock salt mines. A theoretical and practical 

framework was presented to enhance our understanding of rock salt geomechanical behaviour upon 

blasting. Future research can build from these developments to improve our understanding of blasting 

phenomenon in rock salt and other soft rocks and to take advantage of mass data characterization tools such 

as LiDAR scanners for industrial applications. This section identifies future potential research venues to 

pursue further the work presented in this study, and to investigate some of the remaining questions and 

uncertainties.  

11.4.1 Field Experimental Work 

1. Full face blast pattern trials presented in Chapter 8 exemplified the importance of toe cratering at 

the face and with bench sub-drilling towards blast pattern design. Systematic field experimental 

investigation of the toe breakout could help enhance full face blast design processes. Field testing 

of two blastholes with increasing spacing could be carried to quantify the critical spacing 𝑆𝑐 at 

which toe cratering would connect (or when it stops interacting). Additional experimental (and 

analytical) work should be carried out to quantify the toe breakout shape (i.e. cone, bullet) and key 

breakout trends based on spacing to burden conditions. Initial work for 𝑆/𝐵 = 1 while varying the 

burden dimension would provide insight on the free surface’s influence on breakout shape.    

2. SHB test generally yields coarse fragmentation of the projected material given the experimental 

geometry. The calibration of fragmentation parameters via SHB tests was discussed briefly in 

Chapter 8. Mass data collection tools now provide the means to quantify rapidly the level of 

fragmentation. Systematic SHB testing while varying certain parameters (i.e. burden, blasthole 
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diameter) is proposed to define the energetic component associated with rock fragmentation for 

individual blastholes. This calibrated energy component can serve as a lower representative 

threshold for the proportion of energy used for rock fragmentation in full face blast patterns.  

3. Systematic testing of two blastholes while varying spacing and burden is identified as the direct 

continuation to SHB testing work presented in Chapters 5 and 6. Experimental work should aim to 

quantify the influence of spacing to burden relationship on total breakage and achievable specific 

charge.  

4. Additional work on small scale models is proposed to further define the temporal sequence of 

events during burden removal by blasting for cratering mechanisms using high speed digital camera 

(see Fourney et al. (1993) and Yang et al. (2019) on the use of high speed digital cameras). Testing 

should involve systematic investigation for different rock types to assess the prevalence of cratering 

mechanisms, and test different burden values to parametrize influence on cratering sequence. 

Additional work should be carried to observe the time sequence of radial fracture connection 

between blastholes and the influence of one (or more) cratering mechanism (see Chapter 10 for 

proposed testing layout).  

11.4.2 Numerical and Analytical Investigation 

5. The plane strain assumption for SHB measurements was discussed in Chapter 9 with respect to 

burden variations along the blasthole axis. A critical angle 휃𝑐𝑟𝑖𝑡 can be defined beyond which wave 

interaction in the blasthole direction impacts the cratering shape and thus becomes a complex three-

dimensional problem. 휃𝑐𝑟𝑖𝑡 should be defined analytically with respect to rock properties and blast 

pressure pulse seed shape. Guidelines should be derived from analytical inspection of inclined SHB 

configuration to define cratering conditions and limitations with respect to plane strain assumption.  

6. The nature of the critical burden parameter 𝐵𝑐 was discussed in Chapter 10 with respect to cratering 

mechanisms involved. It is proposed to further investigate analytically the nature of 𝐵𝑐 with respect 

to breakout angle 𝛼 and cratering mechanism involved. It is surmised that 𝐵𝑐  may represent a 
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characteristic threshold, which could be related to the mechanical strength in tension for blast wave 

interaction, and fracture incidence intensity for radial crack propagation. It could be used to 

calibrate the energy consumption of explosion events with respect to burden (energy component 

with conditional form ∈ (1,0)).  

7. The influence of free surface geometry and positioning with respect to blasthole charge should be 

further investigated to quantify influence on cratering behaviour. Numerical modeling investigation 

could be used to simulate the wave interaction and reflected wave footprint. A plane strain layout 

following visualization shown in Chapter 10 should be implemented while varying the curvature 

radius. Additional considerations should be given to the influence and practical meaning of free 

surface shape on blasting performance, and how it can be utilized to maximize blastability.  

8. Numerical investigation should be carried out to complement experimental findings from SHB 

work on cratering behaviour. Plane strain SHB testing layout should be investigated parametrically 

while varying mechanical properties and blast pressure parameters. Elastic and (visco)plastic 

behaviour should be investigated to define ranges of mechanical parameters associated with 

specific cratering mechanisms and further parametrize the crater model (and influencing factors for 

𝜖∗ and 𝜓). Discrete element modelling (DEM) investigation could also be useful, with sufficiently 

small element size (i.e. no predefined fracture path) to investigate the fracture propagation 

behaviour depending on the burden dimension within a blasting layout.  

11.4.3 Geomechanical Behaviour of Rock Salt 

9. The present study mentioned on several occasions that existing empirical and semi-empirical 

guidelines do not capture adequately the full spectrum of rock salt geological and geomechanical 

properties. It could be useful to try to adapt an existing geotechnical characterization tool such as 

GSI to capture crystalline soft rock materials’ behaviour and features, and provide a semi-empirical 

basis for the design of underground mining processes. Such a guideline should incorporate the 
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ductile behaviour of rock salt and similar crystalline formations to account for long term excavation 

response and stability.  

10. Experimental and numerical investigation is proposed to quantify the ductile and brittle transition 

zones around pillars in underground rock salt mines. Modern strain sensors providing 

measurements at small spatial intervals (e.g. fiber optic technology, see Forbes et al. (2020)) could 

be used to quantify the brittle transition zone along a pillar thickness and at the roof of an 

excavation. Such investigation would assist in defining excavation dimensions and blast pattern 

geometry to limit superficial spalling induced by shear displacement with respect to the core. This 

would also help quantify the evolution of the damage zone around the excavation and provide 

practical notions towards the design of ground control practices (i.e. roof bolting).  

11.4.4 Expanded Field of Applications 

11. The present research study was directed primarily at rock salt in underground mines. It is inferred 

that the cratering mechanisms described in Chapter 7 are applicable to a broader spectrum of rock 

material types coined “soft rocks” exhibiting moderate stiffness and low mechanical strength 

(especially in tension). For instance, field experimental SHB testing in potash bearing mineral 

deposits could provide relevant confirmation of this hypothesis. Similar investigations could be 

carried for non-crystalline soft rocks (e.g. gypsum, some coal and sandstone) to determine the 

cratering mechanism involved.  

12. SHB testing using LiDAR data collection survey tools should be carried out in hard rock deposits 

to revisit previously established burden-dependent relationships, using the crater model proposed 

in this work (which can capture prismatic shapes). Detailed crater shape analysis for hard rock 

would further enhance the technical understanding and practical value of SHB testing.  
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SHB Technical Sheets 
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Test ID: Ojibway_A 

Blasthole diameter: 0.044 m Nb. of scans before blast: - 
Blasthole length: 4.3 m Nb. of scans after blast: 5 
Bulk explosive: ANFO @ 0.95 g/cc Scan resolution: 1/8 
Test date: 11/8/2016 Scan redundancy: x3 
Comments/observations: 
Inconsistent breakout near toe. Breakout past anomaly should be discarded. 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 

 

5.5m 5.5m 

5.5 m 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Ojibway_C 

Blasthole diameter: 0.044 m Nb. of scans before blast: - 

Blasthole length: 4.3 m Nb. of scans after blast: 4 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Crater, top view 

 
 

Crater, Blasthole view 

 

Crater, isometric view 

 

5.5 m 

5.0 m 

 

5.0 m 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Ojibway_D 

Blasthole diameter: 0.044 m Nb. of scans before blast: x 

Blasthole length: 4.3 m Nb. of scans after blast: 5 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Crater, top view 

 

Crater, Blasthole view 

 

 

Crater, isometric view 

 5.0 m 

5.0 m 5.0 m 
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Crater, top view, scalar field C2C dist.  

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Ojibway_H 

Blasthole diameter: 0.044 m Nb. of scans before blast: 7 

Blasthole length: 4.3 m Nb. of scans after blast: 5 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

Comments/observations: 

Some inconsistent breakout near and after the toe is noted. Cratering past 4 meters along the 

blasthole axis is removed from final analysis.  

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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337 

 

Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist.  
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Test ID: Ojibway_K 

Blasthole diameter: 0.044 m Nb. of scans before blast: 6 

Blasthole length: 4.3 m Nb. of scans after blast: 7 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: : 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

Comments/observations:  

Inclined single hole blast test configuration. See chapter 9 for details.  

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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10.0 m 

10.0 m 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Ojibway_Q 

Blasthole diameter: 0.046 m Nb. of scans before blast: 4 

Blasthole length: 4.3 m Nb. of scans after blast: 3 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

Comments/observations: 

First portion distorted by protruding broken rock. 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Ojibway_R 

Blasthole diameter: 0.046 m Nb. of scans before blast: 4 

Blasthole length: 4.3 m Nb. of scans after blast: 2 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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7.0 m 



343 

 

Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Ojibway_T 

Blasthole diameter: 0.046 m Nb. of scans before blast: 3 

Blasthole length: 4.3 m Nb. of scans after blast: 3 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

Comments/observations: 

Progressively increasing burden due to drilling angle with respect to collaring face. Slight bulge at 

lower portion on first half. 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Ojibway_U 

Blasthole diameter: 0.046 m Nb. of scans before blast: 3 

Blasthole length: 4.3 m Nb. of scans after blast: 2 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

Comments/observations: 

Bump along the face profile on the first half of the crater. Appears to be due to lookout drilling angle. 

Some material remaining near the collar. 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist.  

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Ojibway_V 

Blasthole diameter: 0.046 m Nb. of scans before blast: 4 

Blasthole length: 4.3 m Nb. of scans after blast: 3 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

Comments/observations: 

Ripples or step-like features are discernable at different fraction along the crater length. The ripple 

effect appears symmetrical with respect to the blasthole axis. Some localized scatter is induced by this 

phenomenon in the characteristic plots.  

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Ojibway_W 

Blasthole diameter: 0.046 m Nb. of scans before blast: 2 

Blasthole length: 4.3 m ANFO @ 0.95 g/cc Nb. of scans after blast: 4 

Bulk explosive:  Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

Comments/observations: 

The crater appears to showcase more fracture mechanism from wave propagation. Crater fraction 0 

to 50% appears to be nearly vertical while the remaining part is near horizontal. Potential fracture 

near the toe. The overall crater is oriented downward. 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Ojibway_X 

Blasthole diameter: 0.046 m Nb. of scans before blast: 2 

Blasthole length: 4.3 m Nb. of scans after blast: 3 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

Comments/observations: 

There is some apparent blackbreak and burden variation. It is an adequate overall shape.  

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Pugwash 1 

Blasthole diameter: 0.044 m Nb. of scans before blast: 3 

Blasthole length: 4.3 m Nb. of scans after blast: 3 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/216 Scan redundancy: x3 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 

 

10.0 m 
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10.0 m 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Pugwash 2 

Blasthole diameter: 0.044 m Nb. of scans before blast: 4 

Blasthole length: 4.3 m Nb. of scans after blast: 3 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Pugwash 3 

Blasthole diameter: 0.051m Nb. of scans before blast: 4 

Blasthole length: 4.3 m Nb. of scans after blast: 5 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Pugwash 4 

Blasthole diameter: 0.051m Nb. of scans before blast: 4 

Blasthole length: 4.3 m  Nb. of scans after blast: 5 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Pugwash 5 

Blasthole diameter: 0.051 m Nb. of scans before blast: 4 

Blasthole length: 4.3 m Nb. of scans after blast: 5 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

Comments/observations: 

There is a significant portion of the lower half that is covered by material. The scan was heavily 

cropped. The borehole is hard to discern. There is some noticeable backbreak in the middle. 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 

 

  

 

 

 m 

0.0 m 

15.0 m 

 m 

0.0 m 

10.0 m 

0

0.7

1.4

2.1

0

60

120

180

0 2 4 6
Borehole Axis (m)

(°) m

0

4

8

12

16

0

40

80

120

160

0 1 2 3

𝑏𝑖 (m)

(°) m

-4

-3

-2

-1

0

1

2

0

5

10

15

20

25

30

35

0.5 1.5 2.5 3.5 4.5

Borehole axis (meters)

𝜓 𝜖∗



364 

 

Test ID: Pugwash 6 

Blasthole diameter: 0.51 m Nb. of scans before blast: 4 

Blasthole length: 4.3 m Nb. of scans after blast: 5 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing:1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Crater, top view 

 

Crater, Blasthole view 

 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Pugwash 7 

Blasthole diameter: 0.051 m Nb. of scans before blast: 5 

Blasthole length: 4.3 m Nb. of scans after blast: 5 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Pugwash 8 

Blasthole diameter: 0.051 m Nb. of scans before blast: 7 

Blasthole length:4.3 m Nb. of scans after blast: 6 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date:11/8/2016 Scan redundancy: x3 

 

Crater, top view 

 

Crater, Blasthole view 

 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Pugwash 9 

Blasthole diameter: 0.051 m Nb. of scans before blast: 5 
Blasthole length: 4.3 m Nb. of scans after blast: 4 
Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 
Test date: 11/8/2016 Scan redundancy: x3 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Pugwash 10 

Blasthole diameter: 0.051 m Nb. of scans before blast: 5 

Blasthole length: 4.3 m Nb. of scans after blast: 5 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Pugwash 11 

Blasthole diameter: 0.051 m Nb. of scans before blast: 5 

Blasthole length: 4.3 m Nb. of scans after blast: 5 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

Comments/observations: 

There is a major vertical discontinuity in the middle of the crater.  

 

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 

 

10.0 m 

10.0 m 

10.0 m 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: Pugwash 12 

Blasthole diameter: 0.051 m Nb. of scans before blast: 4 

Blasthole length: 4.3 m Nb. of scans after blast: 3 

Bulk explosive: ANFO @ 0.95 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

  

Crater, top view 

 

Crater, Blasthole view 

 

Crater, isometric view 

 

15.0 m 
10.0 m 

10.0 m 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: WI_1.1 

 

Original, isometric view 

 

 

Crater, isometric view 

 

Original, blasthole axis 

 

Crater, blasthole axis 

 

Blasthole diameter: 0.061m Nb. of scans before blast: 2 

Blasthole length: 17m Nb. of scans after blast: 2 

Bulk explosive: ANFO @ 0.85 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

Comments/observations: 

The portion below X=7m is covered with the projected muckpile.  

20.0 m 20.0 m 

30.0 m 10.0 m 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: WI 1.2 

Blasthole diameter: 0.061m Nb. of scans before blast: 2 

Blasthole length: 17m Nb. of scans after blast: 2 

Bulk explosive: ANFO @ 0.85 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Original, isometric view 

 

 

Crater, isometric view 

 

Original, blasthole axis Crater, blasthole axis 

 

20.0 m 

20.0 m 

20.0 m 20.0 m 
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Crater, top view, scalar field C2C dist. 

 

Crater, isometric view, scalar field C2C dist. 
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Test ID: WI 2.1 

Blasthole diameter: 0.061m Nb. of scans before blast: 2 

Blasthole length: 17m Nb. of scans after blast: 2 

Bulk explosive: ANFO @ 0.85 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Original, isometric view 

 

Crater, isometric view 

 

Original, blasthole axis 

 

 

Crater, blasthole axis 
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Crater, top view, scalar field 

 

Crater, isometric view, scalar field 
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Test ID: WI 2.2 

Blasthole diameter: 0.061m Nb. of scans before blast: 2 

Blasthole length: 17m Nb. of scans after blast: 2 

Bulk explosive: ANFO @ 0.85 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Original, isometric view 

 

Crater, isometric view 

 

Original, blasthole axis 

 

Crater, blasthole axis 

 

10 m 10 m 

10 m 
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Crater, top view, scalar field 

 

Crater, isometric view, scalar field 
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Test ID: WI 4.1 

Blasthole diameter: 0.061m Nb. of scans before blast: 2 

Blasthole length: 17m Nb. of scans after blast: 2 

Bulk explosive: ANFO @ 0.85 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Original, isometric view 

 

Crater, isometric view 

 

Original, blasthole axis 

 

Crater, blasthole axis 

 

10 m 

15 m 

10 m 

10 m 
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Crater, top view, scalar field 

 

Crater, isometric view, scalar field 
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Test ID: WI 4.2 

Blasthole diameter: 0.061m Nb. of scans before blast: 2 

Blasthole length: 17m Nb. of scans after blast: 2 

Bulk explosive: ANFO @ 0.85 g/cc Scan spacing: 1/8 

Test date: 11/8/2016 Scan redundancy: x3 

 

Original, isometric view Crater, isometric view 

 

 

Original, blasthole axis 

 

 

Crater, blasthole axis 

 

10.0  m 

15.0 m 

15.0m 

mm m 

10.0  m 



389 

 

Crater, top view, scalar field 

 

Crater, isometric view, scalar field 
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Test ID: WI 7 

Blasthole diameter: 0.061m Nb. of scans before blast: 2 

Blasthole length: 17m Nb. of scans after blast: 2 

Bulk explosive: ANFO @ 0.85 g/cc Scan spacing: 1/8 

Test date: 11/8/2016  Scan redundancy: x3 

 

Original, isometric view 

 

Crater, isometric view 

 

Original, blasthole axis 

 

Combined isometric 

 

15.0  m 

10.0  m 
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Crater, top view, scalar field 

 

Crater, isometric view, scalar field 
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Appendix B 

Solution for Blast Wave Propagation in Elastic Plane Strain Conditions for a 

Cylindrical Source 

B.1    Introduction 

Chapter 3 discussed the sequence of events following an explosion in rock. The pressure transmitted beyond 

the near-blasthole damage zone propagates elastically at stress levels below the rock mass strength. The 

shape of the pressure waves propagating elastically is sinusoidal in nature and analogous to a spring loaded 

over a discrete period of time with a compression and tension phase (Jaeger, et al., 2009).  

Explicit analytical solutions for pressure waves propagating elastically were originally derived for 

the study of seismic events (i.e. earthquakes) with a point load source emitting a constant pressure 

(Kawasumi & Ryoiti, 1935; Sezawa & Kanai, 1936). Analytical solutions for blast induced pressure pulses 

were subsequently presented by Sharpe (1942), and followed by various authors (Duvall & Atchinson, 

1950; Blake, 1952; Sassa, et al., 1966; Daehnke, 1999; Lak, et al., 2019) under simplified conditions (e.g. 

point load, imposed elastic parameters).  

The following section revisits different analytical solutions for blast induced pressure wave shape. 

An adapted solution is derived to describe a complete pressure pulse as typically assumed in modern 

literature. The solution is developed to describe the radial and tangential stress components with respect to 

elapsed time and distance from the source.   

B.2    Existing solutions for stress and strain wave propagation from an explosion in elastic media 

The pressure wave shape transmitted elastically into rock and imparted by a pressure pulse 𝑃𝑒(𝑡) is derived 

from the equation of motion as a non-homogeneous, second order, differential equation. The equation of 

motion for elastic wave is given by (Strauss, 2007): 

 𝜌
𝛿2𝑢

𝛿𝑡2  = ∇ ∙ 𝜎 (B.1) 
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where 𝜎  is the stress (Pa), 𝜌  is the density (g/cc), 𝑢  is displacement (m), 𝑡  is time (s), and ∇ ∙ 𝐹 =

(
𝑑𝐹𝑥

𝑑𝑥
+

𝑑𝐹𝑦

𝑑𝑦
+

𝑑𝐹𝑧

𝑑𝑧
). 

The elastic wave equation for an homogeneous, isotropic media is given as (Stewart, 2011): 

 𝜌𝑟
𝑑2𝑢

𝑑𝑡2 = (𝜆 + 2 𝜇) 𝛻 (𝛻 ∙ 𝑢) −  𝜇 𝛻 x ∇ x 𝑢 (B.2) 

where 𝜆 and 𝜇  are the Lame constants. According to the Helmholtz theorem, a general solution for any 

type of induced displacement can be represented by the combination of a scalar potential 𝜙𝐻 and vector 

potential 𝜑𝐻 (Strauss, 2007; Sadd, 2009) : 

 𝑢 =  ∇𝜙𝐻 + ∇ x 𝜑𝐻 (B.3) 

where ∇ is the gradient, i.e. 𝛻𝑋(𝑥1, … , 𝑥𝑛) = (
𝑑𝑋𝑖

𝑑𝑥𝑗
)

𝑖𝑗

, and ∇ x is the curl function (Stewart, 2008).   

Equation B.3 is simplified by considering compressional waves with no rotational components (i.e. 

∇ (∇ x 𝜑) ≡ 0), and represented in terms of cylindrical coordinates, i.e. the distance from the source 𝑟 (m), 

the position along the cylindrical source 𝑧 (m), and the angular position 휃 (°) within a plane perpendicular 

to 𝑧’s orientation (Sadd, 2009):   

 𝑢 =  ∇ 𝜙𝐻 =
𝑑𝜙𝐻

𝑑𝑟
+

𝑑𝜙𝐻

𝑑𝑧
+

𝑑𝜙𝐻

𝑑𝜃
 (B.4) 

For plain strain conditions, and for a perfectly isotropic transmitting media, Equation B.4 

simplifies to: 

 𝑢 =
𝑑𝜙𝐻

𝑑𝑟
 (B.5) 

Obtaining solutions for the potential function 𝜙𝐻 therefore provides a direct solution to imparted 

displacement. From Equation B.5, and considering a displacement 𝑢 induced by a propagating compressive 

pressure wave,  𝜙𝐻 must therefore be a valid solution for the wave equation. Equation B.1 is thus rewritten 

inserting equation A.5:  

 
𝜕2𝜙

𝑑𝑡2 = 𝑉𝑝
2 𝛻2 𝜙 (B.6) 

where 𝑉𝑝 (m/s) is the longitudinal velocity of the pressure wave.  
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The solution for equation B.6 is obtained by imposing boundary conditions associated 

with blast pulse seed 𝑃𝑒(𝑡). The relationship between stress and strain is given by Hooke’s law:  

 𝜎𝑖𝑗 = 𝜆𝜖𝑘𝑘𝛿𝑖𝑗 + 2𝜇𝜖𝑖𝑗 (B.7) 

where 𝜖𝑖𝑗 is the strain component along 𝑖 in the direction 𝑗, and 𝜖𝑘𝑘 = 𝜖11 + 𝜖22 + 𝜖33. 

The strain increment 𝜖𝑖𝑗 can be represented in terms of displacement components 𝑢𝑖 and 

𝑢𝑗 (Sadd, 2009): 

 𝜖𝑖𝑗 =
1

2
 [

𝜕𝑢𝑖

𝜕𝑋𝑗
+

𝜕𝑢𝑗

𝜕𝑋𝑖
] (B.8) 

Considering the interior surface of a cylinder with radius 𝑎  (m), the radial pressure 

component must be equal and opposite in signs to the applied pressure pulse 𝑃𝑒(𝑡) (Sharpe, 1942; 

Blake, 1952): 

 −[(𝜆 + 2𝜇)𝛿𝑢/𝛿𝑟 + 2𝜆𝑢/𝑟]𝑟=𝑎 = 𝜎𝑟 = 𝑃𝑒 (𝑡) (B.9) 

where 𝑟 is the radial distance component.  

Sharpe (1942) presented a solution for equation B.6 and B.8 by postulating that Green’s 

equation ((1/𝑟)𝑒−𝑖𝑛𝑡) is a valid solution for the potential function 𝜙, and expending equation 6 

by a Fourrier integral. Sharpe complete solution is limited to the special case where 𝜆 = 𝜇 and 

𝜈 = 0.25. Blake (1952) applied a similar approach to develop a solution for 𝜙 with pressure pulse 

seed 𝑝(𝑡) = 𝑝0𝑒𝑖𝜔𝑡  where 𝜔  represents the angular frequency of the pulse. Blake’s general 

solution is as follow: 

 𝜙𝐻 =
𝑎2

2𝜋𝑟𝜌𝑐
∬

𝑝(𝑡)𝑒
−𝑖𝑥(𝑡−𝑟)(

𝑐
𝑎

)
𝑑𝑥𝑑𝑡

𝑥2−
𝑖𝑥

𝐾
−

1

𝑘

+∞

−∞
 (B.10) 

where 𝑥 = 𝜔𝑎/𝑐 and 𝐾 = 1/2(1 − 𝜈)(1 − 2𝜈)−1, and 𝑎 is the source radius. 

Equation A.8 expends into: 

 𝜙𝐻 =

𝑃𝑝𝑒𝑎𝑘𝑎

𝜌𝑟

𝜔0
2+(𝛼0−𝛼𝐺)2 [−𝑒−𝛼𝐺𝑡 + 𝑒−𝛼0𝑇 (1 + (

𝛼0−𝛼𝐺

𝜔0
)

2
)

1

2

∙ cos (𝜔0𝑇 − tan−1 𝛼0−𝛼𝐺

𝜔0
)] (B.11) 

 𝜔0 = (
𝑉𝑝

𝑎
) (1 − 2𝜈)

1

2/(1 − 𝜈) (B.12) 
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 𝛼0 = (
𝑉𝑝

𝑎
)(1 − 2𝜈)/(1 − 𝜈) (B.13) 

where 𝜔0 is the the natural frequency of the cavity, 𝛼0 is the radiation damping constant, and  𝑇  

(s) is the adjusted time component defined as:  

  𝑇 = 𝑡 −
𝑟−𝑎

𝑉𝑝
  (B.14) 

Blake’s solution for 𝜙𝐻 presents the basis for detailed inspections of different pressure 

pulse seeds and was reprised by authors to describe the elastic propagation of a blast wave. Lak 

(2019) developed a similar formulation for a spherical point load with explicit equations for 

displacement. A similar approach is shown in the next section to develop stres s-strain 

formulations for a cylindrical charge.  

B.3    Elastic Solution for Cylindrical Charge (Plain Strain Conditions)  

Blake’s solution is expanded to a pressure pulse seed of the form:  

  𝑃(𝑡) = 𝑃𝑝𝑒𝑎𝑘(𝑒−(𝛼𝐺𝑡) − 𝑒−(𝛽𝐺𝑡))  (B.15) 

with decay exponents 𝛼𝐺 and 𝛽𝐺.  

The superposition principle is used (Duvall & Atchinson, 1950) to obtain the following 

solution for the potential function 𝜙𝐻 . The source radius 𝑎 was replaced by the crushed zone 

radius 𝑟𝑐 to represent a blasthole. 

 𝜙𝐻 =

𝑃𝑝𝑒𝑎𝑘𝑟𝑐

𝜌𝑟

𝜔0
2+(𝛼0−𝛼𝐺)2 [−𝑒−𝛼𝐺𝑇 + 𝑒−𝛼0𝑇 (1 + (

𝛼0−𝛼𝐺

𝜔0
)

2
)

1

2

∙ cos (𝜔0𝑇 − tan−1 𝛼0−𝛼𝐺

𝜔0
)] +

 

𝑃𝑝𝑒𝑎𝑘𝑟𝑐

𝜌𝑟

𝜔0
2+(𝛼0−𝛽𝐺)2 [𝑒−𝛽𝐺𝑇 + 𝑒−𝛼0𝑇 (1 + (

𝛼0−𝛽𝐺

𝜔0
)

2
)

1

2

∙ cos (𝜔0𝑇 − tan−1 𝛼0−𝛽𝐺

𝜔0
)] (B.16) 

The function 𝜙𝐻 is converted into radial and tangential stress components by considering 

the strain-displacement relationships. Plane strain conditions (i.e. 𝜖𝑧 = 0) is assumed with the 

postulation that no variations in displacement occur along 휃 (i.e. 𝑢𝜃 = 0) (Sassa, et al., 1966). 

The strain displacement relationship for cylindrical coordinates is given as (Sadd, 2009): 
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 𝜖𝑟 =
𝜕𝑢𝑟

𝜕𝑟
 (B.17) 

 𝜖𝜃 =
1

𝑟
(𝑢𝑟 +

𝜕𝑢𝜃

𝜕𝜃
) (B.18) 

 𝜖𝑧 =
𝜕𝑢𝑧

𝜕𝑧
 (B.19) 

 𝜖𝑟𝜃 =
1

2
(

1

𝑟

𝜕𝑢𝑟

𝜕𝑑𝜃
+

𝜕𝑢𝜃

𝜕𝑟
−

𝑢𝜃

𝑟
)  (B.20) 

 𝜖𝑟𝑧 = 𝜖𝜃𝑧 = 0 (B.21) 

The stress-strain relationships in cylindrical coordinates based on Hooke’s law 

formulation for elasticity are given as follow (Sadd, 2009): 

 𝜎𝑟 = 𝜆(𝜖𝑟 + 𝜖𝜃 + 𝜖𝑧) + 2𝜇𝜖𝑟 (B.22) 

 𝜎𝜃 = 𝜆(𝜖𝑟 + 𝜖𝜃 + 𝜖𝑧) + 2𝜇𝜖𝜃 (B.23) 

 𝜎𝑧 = 𝜆(𝜖𝑟 + 𝜖𝜃 + 𝜖𝑧) + 2𝜇𝜖𝑧 (B.24) 

 𝜏𝑟𝜃 =  2𝜇𝜖𝑟𝜃 (B.25) 

 𝜏𝑟𝑧 = 𝜏𝜃𝑧 = 0 (B.26) 

The stress-displacement relationships are derived from the strain-displacements and 

stress-strain relationships for cylindrical coordinates, and 𝑢𝑟 is replaced by 𝜕𝜙/𝜕𝑟 to obtain the 

pressure components as a function of the potential function 𝜙.  

 𝜎𝑟 = (𝜆 + 2𝜇)
𝑑2ϕ

∂r2 +
𝜆

𝑟
 (

∂ϕ

∂r
)  (B.27) 

 𝜎𝜃 =
2𝜇+𝜆

𝑟
 (

∂ϕ

∂r
) + 𝜆 

𝑑2ϕ

∂r2  (B.28) 

 𝜎𝑧 = 𝜆 (
∂ϕ

∂r

𝑟
+

𝑑2ϕ

∂r2 )  (B.29) 

 𝜎𝑟𝜃 = 𝜎𝜃𝑧 = 𝜎𝑧𝑟 = 0 (B.30) 

 

 

 

 



397 

 

B.4    Sample Plots 

A series of plots for the relevant Equations derived in the previous sections are presented here to highlight 

the nature and shape of the pressure (and strain) waves propagating elastically through a rock mass. 

Geomechanical properties considered are listed in Table B-1, and represent generic rock salt material.   

Table B-1: Geomechanical properties considered for sample plots.  

Property Values 

𝜌𝑟 2.17 g/cc  

𝐸 30.0 GPa 

𝜈 0.3 

𝑉𝑝 4710 m/s 

𝐺 1.11E+10 Pa 

𝜆 1.20E+10 Pa 

 

The considered pressure seed is for a rise time of 3 ms according to Lak et al.’s estimation 

methodology (2019). This value yields a comparable seed pulse time span to Ashemi & Katsabanis (2020). 

Lu et al.’s (2012) approach introduced in Chapter 3 and referenced in Chapter 7 would yield a rise time of 

approximately 8 ms for a blasthole charge of 2 meters. Pressure seed parameters transmitted elastically 

beyond the damage zone are listed in Table B-2. The pressure seed pulse shape is illustrated in Figure B-1 

Table B-2: Blast pressure seed parameters 

Property Values 

𝑃𝑝𝑒𝑎𝑘 (Pa) 1.25E+07 

𝛼𝐺 1.7E+03 

𝛽𝐺 3.3E+03 

𝑟𝑐 (m) 0.4 
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Figure B-1: Elastic pressure seed pulse shape applied to the damaged zone boundary  

Figure B-2 plots the potential function 𝜙 over time for different distance intervals normalized by 

the source radius 𝑎 (i.e. 𝑟𝑐 ). It is noted that 𝜙  is negative for positive pressure values associated with 

compressive strain.  
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Figure B-2: Potential function 𝛟 over time for different distance intervals 

Displacement is derived explicitly as the derivative of 𝜙  over the distance 𝑟  (Equation A.4). 

Displacement is plotted over time at different distance intervals in Figure B.0-3. The strain wave profile is 

analogous to shape illustrate in Figure B.0-3. 

 

Figure B.0-3: Displacement 𝒖 over time for different distance intervals normalized by the 

source radius. 
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The radial and tangential stresses 𝜎𝑟 and 𝜎𝜃 are obtained from Equations B.27 and B.28, and are 

plotted in Figure B-4 and Figure B.0-5. 

 

Figure B-4: Radial stress with respect to time at different distance intervals. 

 

Figure B.0-5: Tangential stress with respect to time for different distance intervals.  
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It is noted from the 𝜎𝑟 and 𝜎𝜃 plots that the tangential components initially undergoes a tensile 

phase, before transitioning into a compressive phase ranging from 3-10 times smaller than the compressive 

stress component at corresponding distance and time.  

It is also observed from the plots that stress attenuation 𝜅  exponentially lowers with increase 

distance from the source. It is deducted from the potential function 𝜙 (Equation A.15) and relationship to 

𝜎  (Equations B.27-B.30) that 𝜅 is a function of 1/𝑟3. This relationship simplifies to 1/𝑟 when considering 

far field range. A similar observation was made by Lak et al. (2019). The following simplification for 𝜅 is 

proposed: 

 𝜅∗ = 𝜋 ∙
𝑎

𝑟
   

Figure B-6 plots 𝜅 and 𝜅∗ with respect to the distance from the source. Note that the 𝜅∗ does not 

adequately replicate attenuation for values 
𝑟

𝑎
< 5.  

 

Figure B-6: Attenuation relationships with respect to distance from source. 
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Appendix C 

Uniaxial Compressive Testing on Rock Salt Samples from the Pugwash Mine 

Unconfined compressive tests were performed on samples collected at the Pugwash mine. Specimens were 

prepared following Queen’s Geomechanical laboratory guidelines. Sample cutting was cooled using 

saturated water (i.e. brine) to limit dissolution. Grinding of the surfaces was performed dry at  slow 

movement rate to avoid excessive heat-induce swelling. As discussed in Chapter 2, salt sample prepping 

involved significant challenges associated with maintaining proper integrity of the samples. As such, 

several specimens were lost during in situ recovery, cutting, grinding, and other manipulations. 

Table C-1 presents the dimensions of the specimens successfully tested. Test results are also listed. 

Three different deformation modulus were measured to exemplify the elastic nature of unconfined rock 

salt. The “load” modulus was measured from initial to peak stress-strain, and presents the lowest value. 

This measure of deformation effectively includes visco-plastic deformation which does not represent a pure 

elastic representation. The “elastic” modulus was measured at low stress values based on an estimated 

elastic limit of 3 MPa (Jeremic, 1994). A procedural algorithm was implemented in the testing protocol to 

create unload-reload cycles. These present linear stress-strain behaviours and effectively capture the elastic 

response of the sample. Radial deformation, when measured, was measured using a chain gauge.  

Figure C-1 through C-8 presents stress-strain plots of the tested specimen. Pictures of the original 

and failed specimen are also included. 

These tests emphasized the challenges associated with laboratory characterization for rock salt as 

made apparent by the limited number of successful tests achieved. The measured peak stress, 𝜎𝑐, are on the 

low range  (20-25 MPa) of what was reported at site by previous characterization campaign. These values 

are rationalized in part by partial dissolution during the cutting phase, and superficial damages induced by 

surface grinding. It is noted also that the samples tested presented high purity (>93%) with no visible 

impurities. Typical salt encountered at Pugwash is characterized by disseminated anhydrite which act as a 
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binding agent and achieve 𝜎𝑐  values in the 30-35 MPa range. Values measured from the pure salt at 

Pugwash is consistent with characterization campaign performed at Weeks Island with high rock salt purity.  
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Table C-1: Test specifications and results for Pugwash unconfined compressive tests.  

 
S1 S2 S4 S5 S6 S7 S8 S9 

Specimen Length (mm): 102.13 106.78 113.02 106.60 108.58 111.78 107.35 105.25 

Specimen Diameter (mm): 46.95 47.08 47.05 47.00 46.96 46.90 46.82 47.09 

Strain rate (s-1) 2.86E-05 3.12E-05 1.03E-05 5.47E-06 7.68E-05 2.98E-05 5.43E-05 5.54E-05 

Stress peak 21.88 25.08 21.91 22.21 25.73 26.21 22.24 19.79 

Strain at stress peak 0.03 0.02 0.02 0.03 0.03 0.03 0.02 0.01 

Lateral strain measured No Yes Yes No No Yes No Yes 

Load Modulus GPA 0.77 0.97 0.87 0.77 0.97 0.78 0.87 0.88 

Elastic Modulus 12.61 8.98 24.89 10.10 5.82 12.00 8.93 7.52 

Unload Modulus NA 25.46 19.78 13.47 NA 23.97 NA NA 

Poisson NA 0.25 0.22 NA NA 0.27 NA 0.28 
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Figure C-1: (a) stress-strain curve plot for uniaxial compressive test, Pugwash Sample 1, 

axial load only; (b) intact specimen, and (c) failed specimen.  

 

Figure C-2: (a) stress-strain curve plot for uniaxial compressive test, Pugwash S2, axial, 

circumferential and volumetric strain with two unload-reload cycles; (b) intact specimen, 

and (c) failed specimen.
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Figure C-3: (a) stress-strain curve plot for uniaxial compressive test, Pugwash S4, axial, 

circumferential and volumetric strain; (b) intact specimen, and (c) failed specimen.  

 

Figure C-4: (a) stress-strain curve plot for uniaxial compressive test, Pugwash S5, axial 

load only with two unload-reload cycles; (b) intact specimen, and (c) failed specimen. 
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Figure C-5: (a) stress-strain curve plot for uniaxial compressive test, Pugwash S6, axial 

load only; (b) intact specimen, and (c) failed specimen.  

 

Figure C-6: (a) stress-strain curve plot for uniaxial compressive test, Pugwash S7, axial, 

circumferential and volumetric strain; (b) intact specimen, and (c) failed specimen.  
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Figure C-7: (a) stress-strain curve plot for uniaxial compressive test, Pugwash S8, axial 

load only; (b) intact specimen, and (c) failed specimen. 

 

Figure C-8: (a) stress-strain curve plot for uniaxial compressive test, Pugwash S9, axial, 

circumferential and volumetric strain; (b) intact specimen, and (c) failed specimen.  
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Appendix D 

The impact of a salt deposit’s origin on its exploitation: three case-studies 

from underground mining operations 
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The impact of a salt deposit’s origin on its exploitation: 
three case-studies from underground mining operations 
 
Jonathan D. Aubertin 
Morton Salt, Weeks Island Mine, New Iberia, Louisiana, USA 
Stefan Hoentzsch 
K+S Windsor Salt, Technical Center North America, Windsor, Ontario, Canada 
Mark, S. Diederichs, D. Jean Hutchinson 
Geological Sciences and Geological Engineering – Queen’s University, Kingston, Ontario, Canada 
 
 
ABSTRACT 
Halite, commonly referred to as Rock Salt, presents remarkable and often unique mechanical behaviour. Rock salt 
exhibits pronounced time dependent deformation under deviatoric stresses, denoted as creep. Rock salt also requires 
unconventional blasting methods due to its low blast wave impedance and very weak tensile strength. The mechanical 
behaviour of salt deposits is largely influenced by the geological and geotechnical characteristics, and amount of 
impurities, which are all mainly governed by the origin of the deposit. This article presents a comparative summary of 
the main features of three salt deposits of very different origins, which are being mined for rock salt. The three deposits 
presented are: (i) the complex, fault-bounded Pugwash diapir located in the Carboniferous Maritimes Basin in Nova 
Scotia, (ii) the Ojibway tabular deposit located in the transition of the Silurian Michigan and Appalachian Basin in 
Ontario, and (iii) the Weeks Island salt dome located in the Jurassic Gulf Coast Basin in Southern Louisiana. 
 
 
RÉSUMÉ 
Le minéral halite, qui forme la roche appelée sel gemme, présente un comportement geomécanique unique. Le sel 
gemme, de par sa configuration crystalline, présente une tendance à déformer dans le temps sous une contrainte 
différentielle constante, communément appeler fluage. Le sel présent aussi des tendances bien particulières 
concernant le sautage avec explosifs. Le sel, étant charactérisé par une faible résistance en tension et compression, 
et une faible impédance face au ondes de vibrations, les designs de forage sautage dans le sel se doive d’être adapté 
en conséquence. Le comportement du sel gemme est grandement affect par les origines et la composition 
minéralogique du gisement. Le présent article porte sur une étude de cas comparative de trois différents sites miniers 
exploitant le sel gemme. Les gisements considérés sont (i) le diapir de Pugwash situés près du basin de carbonifèeres 
des maritimes en Nouvelle-Écosse, (ii) le dépôt tabulaire de Ojibway situés au dessous du lac Érié entre les basis des 
Appalaches de l’Ontario silurien du Michigan, et (iii) le dome de sel de Weeks Island situé dans le bassin jurassique 
prèes du golfe du Mexique en Louisianne (É. – U.).
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1. INTRODUCTION 
 
 
The mineral halite, composed of sodium chloride (NaCl), 
naturally agglomerates to form rock salt deposits commonly 
mined for a wide variety of applications. Rock salt has been 
exploited for thousands of years as it evolved from a food 
conservation agent, to a multi-purpose chemical used in the 
agricultural, pharmaceutical, food and road de-icing 
industries. Rock salt, found in abundance around the globe, 
is extracted primarily through conventional mining and 
solution mining operations, and surface evaporation ponds.  

Rock salt exhibits fascinating mechanical and chemical 
behaviour which has led to extensive research and studies 
over the years. Halite draws its fundamental uniqueness from 
its mineral composition, which allows recrystallization  at 
various temperatures that effectively tends to heal 
microfractures. As a result, rock salt traditionally exhibits low 
porosity (typically < 1 %), moderate elastic stiffness (modulus 
around 30 GPa), and characteristically low compressive (15 
– 30 MPa) and tensile strength (< 1 MPa). Its low yield 
strength and recovery capacity also leads to time- and strain-
dependent behaviour, commonly observed through creep 
associated with continuous deformation under constant 
stress conditions. 

Due to its mechanical uniqueness, rock salt often requires 
special considerations in terms of mine design. Blasting 
techniques, ground control practices and subsidence 
forecasting must be specifically adapted for rock salt features 
and to achieve proper results.  

Given rock salt prevalence in modern day-to-day 
applications (e.g. road de-icing agent), it is often assumed to 
originate from similar geological sources, with comparable 
mechanical behaviour. It can be shown  however that the 
origins and mineralogical conditions of a rock salt deposit 
play a major role in its geotechnical behaviour. This can lead 
to significant differences in operating standards and 
observed behaviour from site to site. 

This article presents a comparative case-study of three 
different underground rock salt mining operations. The 
presentation focuses on the deposit origins, geomechanical 
characteristics and mineralogical composition. Exploitation 
practices pertaining to rock fragmentation by blasting and 
ground control, and observed time-dependent convergence, 
are compared and discussed with respect to the geological 
and geotechnical settings. The study indicates how the 
origins of the deposit and its geological history explain  the 
observed differences between the sites. 

The three sites considered for this study are the Pugwash 
(Nova Scotia, Canada) and Ojibway (Ontario, Canada) mines 
(K+S Windsor Salt, Ltd.), and Weeks Island mine (Louisiana, 
USA: Morton Salt, Inc). 

 
 

BACKGROUND 
 
 
1.1 Rock salt deposits 
 

Halite is a sedimentary mineral, member of  the evaporites 
family characterized by solubility in water. Other evaporites 
include potash bearing minerals sylvite, sarnalite, and kainite; 
sulfates such as anhydrite and gypsum; and carbonates such 
as dolomite and calcite.  

Evaporite formations are the result of precipitation and 
sedimentary deposition in sea water at or close to saturation. 
The typical sedimentation process of salt from sea water is 
the result of partial or complete seclusion of a water body that 
subsequently undergoes evaporation (Jeremic, 1994). 
Precipitation arises as mineral concentration increases 
following evaporation. The mineralogical content of the 
resulting deposit depends on the dissolved minerals and 
water seclusion conditions. When various minerals are in 
solution, the precipitation order depends on their respective 
solubility (i.e. least soluble minerals precipitate first). The 
different formation processes and seclusion conditions, and 
the resulting evaporite deposits are discussed at length by 
Babel and Schreiber (2014).  

Evaporite deposition leads to tabular formations typically 
encountered at shallow depth (< 1 km). As additional 
sediment layers are deposited on top of salt, high pressures 
and temperatures lead to plastic deformation and buoyant 
rise of the lighter minerals through denser surrounding rocks. 
Many resulting formations exhibit dome like shapes, as is 
typically encountered in the Southern United States oil fields. 
The tectonic movements, combined with buoyant uplifting, 
can result in various salt deposit shapes associated with 
diapirs, which typically contain intertwined evaporite mineral 
bands (Kupfer, 1968; Jeremic, 1994) and other impurities 
(e.g. clay).   
 
1.2 Mechanical and time dependent behaviour 
 
When subjected to sustained deviatoric stress conditions, 
rock salt exhibits plastic flow deformation resulting mainly 
from sliding of dislocations in halite crystals. Under a constant 
differential stress, inelastic deformation initially occurs with a 
higher strain rate, which then tends to decelerate as 
intracrystalline dislocations pileup and impede further plastic 
flow (a phenomenon known as strain-hardening). This first 
phase is termed primary creep (Skrzypek & Hetnarski, 1993). 
During the secondary creep phase that follows, dislocation 
pileups are counterbalanced by recovery processes and 
recrystallization of microfractures, leading to a constant strain 
rate (Carter & Hansen, 1983; Handin, et al., 1986; Senseny, 
et al., 1992). Tertiary (accelerating) strain rate arises when a 
sufficiently high differential stress is achieved and 
accumulated creep strain reaches a certain level (Hult, 1966; 
Sgaoula, 1997).  Creep strains and strain rates are also 
favored by higher temperatures. 

Figure D-1 illustrates schematically two creep curves with 

the strain   developing over time 𝑡  (s), for two constant 

differential stress conditions. Both curves undergo primary 
(hardening) and secondary (steady-state) creep. Curve II 
results from a lower differential stress and thus exhibits lower 
strain rates. Only curve I, with a higher applied differential 
(deviatoric) stress undergoes tertiary creep with an 
accelerated strain rate (during the observation period).  
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Figure D-1: Creep strain over time for two different deviatoric 
stresses. Curves I and II exhibit primary and secondary 
creep; curve I also includes a tertiary creep phase 
(accelerating strain rate) associated with a stress level that 
exceeds the damage initiation threshold.  
 
 
The relationship between the inelastic strain and strain rate 
and the stress (and temperature) conditions has been studied 
extensively by various authors, who have also  proposed 
different  models for predicting rock salt behaviour around  
underground excavations, and related issues such as  
surface subsidence (Munson & Dawson, 1979; Carter & 
Hansen, 1983; Van Sambeek, 1986; Sgaoula, 1997; Julien, 
1999; Bérest, 2013). Hampel et al. (2010) presents a 
thorough benchmarking comparison exercise considering 
different creep models and their numerical modelling 
applications.  

Implementation of creep models for practical applications 
to analyze underground openings for rock salt mines is often  
limited to secondary creep, in part because of its assumed 
prevalence over primary creep  for relatively long periods of 
time. Tertiary creep rate associated with failure beyond 
damage initiation is typically avoided by design (except very 
near the openings). The Bailey Norton law, or power creep 
law, represents the most common creep model in use 
(Sgaoula, 1997; Aubertin, et al., 2018); it can be written as 
follows (e.g. Carter and Hansen, 1983): 
 
𝜖�̇� = 𝐴 ∙ 𝜎𝑑

𝑛  [1] 

 

Where 𝜖�̇� (𝑠
−1) is the inelastic strain rate due to secondary 

creep, 𝐴 and 𝑛 are material parameters, and 𝜎𝑑 (kPa) is the 
differential (deviatoric) stress.  
 
1.3 Rock salt blasting 
 
Rock salt has been shown to behave differently during 
blasting events compared to hard rocks (Nicholls & Hooker, 
1962; Fornefeld, 1988; Aubertin, et al., 2018). These  
differences can be explained by the low density and 
moderate stiffness of rock salt (i.e. low blast wave 
impedance), and relatively small  compressive and tensile 
strengths. The following statements summarize the main 
features of rock salt blasting: 
 

• Large energy losses near the blasthole. 

• Limited capacity to accumulate strain energy.  

• High velocity of detonation (VOD) explosives tend to 
be less effective. 

• Explosives settings with non-ideal detonation yield 
more efficient burden removal.   

 
Years and experience and the observations behind the above 
statements have led underground rock salt mines to adopt 
special blast designs. Horizontal drill and blast development 
patterns incorporate additional free surfaces in the form of 
large boreholes or kerf cuts at the base of the faces. These 
extra free surfaces provide additional surface area for the 
blast waves to reflect and enhance localized fragmentation, 
and provide additional relief volume for the swelling rock 
masses.  

Figure D-2 presents the picture of a 4 meter long 
undercutter used at the Ojibway mine to generate a 15 
centimeter kerf cut near the base of the face along its width.  
 
 

 
 
Figure D-2: Electric undercutter used at the Ojibway mine to 
create an undercut kerf at the base of the face. Undercutter 
bar is 4 meters long and creates a 37 cm thick kerf.  
 
 
GEOLOGICAL SETTINGS 
 
 
1.4 Ojibway 
 
The Ojibway mine currently exploits a rock salt deposit from 
the Silurian Salina Formation. Sediments of the Salina 
formation were deposited in two major Paleozoic basins in 
North America: The Michigan Basin and the Appalachian 
Foreland Basin.  

Figure D-3 presents a map of Southern Ontario, Canada, 
highlighting the two basins, and tectonic elements pertaining 
to Paleozoic sedimentation around the Great Lakes region.  

The Michigan and Appalachian basins are connected by 
an East-West striking synclinal structure, the Chatham Sag 
(CS in Figure D-3), which intersects two anticlinal structures: 
the Algonquin and Findlay Arches (Sun, et al., 2018). 
Sediments in the center of the basins are buried up to 4 km 
below surface in the Michigan Basin, and about 12 km in the 
Appalachian Basin; sediments at the margin of both basins 

Curve I

Tertiary creep

Curve II

t
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are however much more shallow (few hundred meters). The 
Ojibway mine is situated at the Eastern margin of the 
Michigan Basin, South of the Chatham Sag. 

 
 

 
Figure D-3: Locations of the Michigan Basin and the 
Appalachian Basin located (mainly) in Southern Ontario, 
Canada;  adapted from Sun et al. (2018). 

 
 

Evaporites in the Salina Formation consist of an alternating 
sequence of rock salt, dolomite, anhydrite and shale, which 
appear to have been deposited in seven evaporitic cycles 
(Landes, 1945). The Salina sediments in southwestern 
Ontario are horizontally bedded with very minor tectonic 
influence (Goodman, 1983). Only one salt bed is currently 
exploited at the Ojibway mine (Middle F-Salt) whereas up to 
18 salt beds of the Salina B salt are exploited by solution 
mining in the adjacent Windsor brine field.  

The depth of the mined rock salt horizon in the Ojibway 
mine is about 300 m. The medium-size grain rock salt of the 
currently mined Salina Middle F-Salt consists of 95 % to 99 
% halite with very small amounts of impurities (anhydrite, 
dolomite and clay). A few areas show recrystallization with  
coarser-grained crystals up to 10 cm in diameter and almost 
no impurities. 

Figure D-4 shows an active face at the Ojibway mine. The 
typical halite (rock salt) and anhydrite beds can be discerned 
easily from the figure. Salt recrystallization can be observed 
along the face as well.  

 
 

 
Figure D-4: Active working face at Ojibway. Rock salt and 
anhydrite strata are present across the face and are 
discernable by coloration.  
 
 

1.5 Pugwash 
 
The Pugwash salt mine is located in the Cumberland Basin, 
a structurally complex sub basin of the late Paleozoic 
Maritimes Basin of Atlantic Canada. The Maritimes Basin is 
an extensive successor basin that formed in the wake of the 
Early to Middle Devonian Acadian Orogeny as part of the 
Appalachian Orogeny (Gibbling, et al., 1992). 

Figure D-5 illustrates the general paleographic settings of 
the Maritime basin where the Pugwash mine is located. 

 
 

 
Figure D-5: General paleogeographic and tectonic setting of 
the Maritimes Basin, in Atlantic Canada; Modified from 
Gibling (1992). 
 
 
The only major marine dominated depositional event in the 
late Paleozoic basin fill of the Maritimes Basin is represented 
by the deposition of the sediments of the Windsor Group 
(Giles & Boehner, 2001). Rock salt in the Pugwash deposit 
originated from the Lower Windsor Group (Giles, 2008), and 
is referred to as the Pugwash Mine Formation. The 
undisturbed Windsor Group rock salt succession is located at 
an estimated depth between 3.5 and 4.5 km. 

The Lower Windsor Group itself represents the first 
evaporite deposit formed out of five Major Cycles (MC-1) in 
the Maritimes Basin (Ryan & Giles, 2017). The overlying 
Mabou and Pictou Groups, as well as the underlying Horton 
Group, are dominated by clastic deposits like sandstones, 
siltstones and conglomerates, with occasional coal 
intercalations.  

The Pugwash deposit is in a fault-bounded parallelogram-
shaped salt diapir, part of a series of structurally complex, en-
echelon salt diapir anticlines (Boehner, 1987). The northern 
and southern boundary faults are striking NE-SW, whereas 
the eastern and western boundary faults are striking NNE-
SSW. The shape of the salt diapir is interpretative and not 
supported by geophysical data.  

The deposit is dominated by a steeply inclined sequence 
of argillite rock salt and partly isolated anhydrite cliffs. 
Carnallite and potash beds are also present, especially at the 
margin of the salt diapir. The  rock salt  body  has  been  
severely  deformed during uplift and multiple tectonic 
overprinting (Evans, 1965). Plunging  and  non-plunging  
synforms  and antiforms  are  common  structures, as 
portrayed in Figure D0-6.  

 

O

P

ugwash 



417 

 

 
Figure D0-6: A series of folds at the Pugwash mine along a 
mined out drift. Deformed rock salt layers of different purity 
are intertwined with dark folded bands of massive anhydrite.   
 
 
1.6 Weeks Island 
 
The Weeks Island salt dome is part of the South Louisiana 
Salt Basin (Cunningham, et al., 2016) located in the northern 
Gulf of Mexico. , This  area is part of the tectono-stratigraphic 
“Salt Dome-Mini Basin Province” (Diegel, et al., 1995). 
Weeks Island, Avery Island, Cote Blanche, Belle Isle and 
Jefferson Island form the Five Islands Salt Domes, 
representing two NW-SE striking syn-depositional counter-
regional growth faults. The trend of the Five Islands Salt 
Domes is also aligned with the Terrebonne Transfer Fault 
(Stephens, 2009). 

Figure D-7 illustrates the so-called Salt Dome-Mini basin 
Province with the 5 rock salt deposits. The structural features  
of the overall regional fault system are highlighted to 
showcase the concurrent parallel fault systems.  

Similar to the other four salt domes that have been mined  
in the region, the Weeks Island deposit consists of rock salt 
from the Jurassic Louann Salt Formation. The original 
Louann salt bed is located approximately 18 km below the 
surface, overlaid by other Mesozoic and Cenozoic sediments 
associated with the formation of the Gulf of Mexico and the 
progradation of the Mississippi Delta (Hoentzsch, et al., 
2019). 

 
 

Figure D-7: Structural framework of the southern Louisiana 
Gulf shore with the Five Islands Salt Domes. JI – Jefferson 
Island, AI – Avery Island, WI – Weeks Island, CBI – Cote 
Blanche Island, BI – Belle Isle. Taken from Hoentzsch et al. 
(2019), adapted from Stephens (2009). 

 
 

The internal structure of the Weeks Island salt dome consists 
of more-or-less pure rock salt with minor impurities and 
varying grain sizes. Deformation is generally ductile (folding). 
The currently mined, high purity rock salt exceeds  99 % 
NaCl. Kupfer et al. (1998) identified specific geological 
features in the Weeks Island salt dome having  a significant 

impact on salt quality and structural behaviour. These so-
called “anomalous zones” are characterized by  unusual 
texture, inclusions or accumulated impurities, or unusual 
structures in the salt. These features can be traced 
throughout the salt dome and used as directional markers 
between different levels to map potentially problematic 
anomalous zones (i.e.  brine pockets, anhydrite intrusions). 

Weeks Island’s deposit is characterized by two mined  
zones along a North-East South-West trending shear zone. 
The rock salt in the North portion of the dome exhibits higher 
cohesion, and is characterized by smaller grained  materials. 
The rock salt in the South portion of the dome is much more 
friable and contains lower amounts of impurities.  

Figure D-8 shows two samples taken from the Weeks 
Island mine. The left sample exemplifies the typical ore 
exploited at the Weeks Island mine, with coarse grained, 
friable, and interlocked crystals with varying edge geometry. 
The right sample represents recrystallized material typically 
found near and within anomalous zones, which constitute a 
valuable indicator for impurities and fluid intrusions.  

 
 

 
Figure D-8: Weeks Island rock salt samples: (left) coarse 
grained, high grade pure and friable rock salt, and (right) 
recrystallized rock salt (halite) crystals with fluid or gas 
intrusions. Taken from Hoentzsch et al. (2019). 
SITE COMPARISON 
 
 
1.7 Geomechanical characterization 
 
1.7.1 Strength properties 
 
The rock salt from the three considered sites exhibits very 
different strength properties due to mineralogical and 
granular differences. Figure 0-9 compares the uniaxial 
compressive strength, 𝐶0 (MPa) of rock salt sampled  at the 
three  sites. The figure also displays the strength of the 
characteristic dolomitic shale encountered above and below 
the salt seam at Ojibway, and of the massive anhydrite 
intrusions encountered at the Pugwash mine. The rock salt  
from the Pugwash mine has a NaCl content between 88 and 
92%, with the remainder as anhydrite intrusions. The  Co 
values for the Weeks Island mine rock salt are given for the 
two domal sections respectively located North and South of 
the geological shear zone separating the exploited zones.  
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Figure 0-9: Compressive strength of rocks sampled at the 
Ojibway, Pugwash, and Weeks Island mines. 
 
 
The results in Figure 9 indicate that the rock salt from the 
Weeks Island mine is  the weakest, reflecting  its interlocked 
coarse-grained structure, with relatively low   intercrystalline 
cohesion. The rock salt from the Pugwash mine shows the 
highest compressive strength of the three sites, in part due to 
anhydrite intrusions binding crystals together and high level 
of tectonic deformation resulting in enhanced crystal 
interlock. Ojibway mine rock salt strength is influenced  by 
traces of anhydrite intrusions  and small amount of  
deformation of the deposit.  
 
1.7.2 Elastic parameters 
 
Young’s modulus 𝐸  (GPa) and Poisson’s ratio 𝜈  (- ) are 
commonly used to quantify the elastic behaviour (and 
parameters) of rocks. Figure 0-10 presents a chart of 
compiled elastic properties for the three rock salt deposits. 
The data were provided  by the respective sites, and are 
based on unconfined compressive tests performed on cored 
samples.   
It can be observed that the rock salt from Pugwash mine 
exhibits the highest Young’s modulus at about 25 GPa, due 
in part to the stiffer anhydrite intrusions. The modulus values 
for Weeks Island and Ojibway are in the range between 15 to 
more than 18 GPa.  The latter Young’s modulus values are 
in the lower range for data reported in the literature.  
 

 
Figure 0-10: Elastic parameters for rock salt from the three 
mines: Weeks Island (WI) North (N) and South (S) section, 
Pugwash (Pug.), and Ojibway (Oj.). 
 
 
1.8 Ground control requirements 
 
The rock salt deposits at Weeks Island, Pugwash, and 
Ojibway mine  exhibit different geomechanical characteristics 
as indicated  in the previous sections. The deposits also 
feature quite different ground control requirements, primarily 
due to the deposits’ origins, structural features and failure 
modes. 

 
Table 0-1 compares the artificial ground control systems 

implemented at the three mine sites as part of normal 
operating practices. The table includes information about the 
rationale behind ground control practices and design, along 
with primary and secondary bolting, where required.  
It can be noted from  

Table 0-1 that the three ground control systems have 
been designed to address  different situations. The system at 
Ojibway’s tabular deposit aims at  maintaining a structurally 
sound rock salt support layer (behaving like a plate or beam) 
above the excavation. Below a certain thickness  of this layer 
(due to drifting and narrowing of the seam), rebar is installed 
to add  confinement and rigidity. Such confinement tends to 
increase the strength and stiffness of rock salt and its 
capacity to redistribute the stresses over time  by maintaining 
the protective layer between the highly brittle dolomitic shale 
and the excavation.  

Ground control at the Pugwash mine depends upon the 
structural features  of the deposit. Vertical folds and 
horizontal bedding form the main structures encountered in 
active working zones, and these require no systematic 
bolting. Horizontal structures  with massive and brittle 
anhydrite beds present a high potential for roof fall, so 
localized resin anchored bolting is implemented to support 
such structurally weak areas.  

The high grade homogeneous deposit at Weeks Island 
mine is supported systematically via pattern bolting. End 
grouted anchored bolts are used to allow for rock salt strain 
and wall converge around the excavation, which tends to 
progressively increase the load on the bearing  plates at the 
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face. Artificial bolting thus aims at capitalizing on long term 
rock salt movement by using  creep strains to increase 
confinement in the layer above the openings. Systematic 
bolting also provides enhanced support around undetected 
anomalous features (e.g. fluids).   

 

1.9 Time dependent behaviour 
 
The three sites require robust pillar design to limit excavation 
convergence and surface subsidence. Rock salt tendency  to 
deform inelastically overtime (in a ductile manner, without 
failure) is commonly quantified with  the Norton power law 
(equation 1) describing stationary creep.  

 
 
Table 0-1: Summary of artificial ground control systems used at the Ojibway, Pugwash and Weeks Island mines. 
 

Mine Ojibway Pugwash Weeks Island 

Ground control rationale Maintain integrity of 
horizontal salt layer 

Structural gravity driven 
failure. 

Systematic bolting. 

Primary bolting 1.5 m x 1.5 m bolt pattern 
(salt thickness < 0.9m) 
 

None. 5 bolts along drift. 

Secondary bolting Localized spot bolting for 
slabs (1.2 m long). 

Resin bolts. 1.8 m x 1.8 m bolt pattern. 

Bolt specifications 1.8 m fully grouted  
resin bolts. 

Varies in the mine. 1.8 m, resin anchored.  

Room dimensions 6 m high x 13 m wide 18 m high by 18 m wide 22 m high by 17 m wide 
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Figure 0-11 plots the measured stationary creep strain 
rates for a range of deviatoric stresses at the Ojibway, 
Pugwash and Weeks Island mines. Creep 
measurements at the Seleine mine (salt diapir, low 
grade anhydrite intrusion with massive interlayers) 
(Quebec, Cadana) are also presented for comparison 
purposes.  
 
 

 
 
Figure 0-11: Stationary strain rates as a function of the 
deviatoric stress for different rock salt deposits (log-log 
plot) considering a Norton-Bailey power law function.  
 
 
1.10 Blasting  
 
The Ojibway, Pugwash and Weeks Island mines rely 
on similar blasting methods associated with kerf relief 
at the base of the face. Figure 0-12 presents the 
powder factor (kg of explosives per T of rock salt) for 
production rounds at the three mines. Ojibway’s 
development occasionally relies on a modified design 
without kerf due to the presence of a low seam of hard 
dolomite near the floor that prevents the cut, but 
requires additional explosives. The advance at 
Pugwash mine is performed through two horizontal 
rounds, with the second cut including a kerf and a third 
free face at the top, yielding a lower explosives 
requirement. Both Pugwash and Ojibway mines use  
exclusively Amonium Nitrate Fuel Oil (ANFO)  
explosives. The face development at Weeks Island is 
performed using emulsion explosives, due to  traces of 
brine that limit the  use of ANFO near the perimeter of 
the dome. The bench conditions plotted in Figure 13  
correspond to  ANFO loaded blastholes. 

Weeks Island mine presents the lowest explosives 
requirements when using ANFO with bench design. 
The large free face, combined with relatively low rock 
salt  strength and granular cohesion,  leads to lower 
powder factor requirements compared to the two other 
sites. 

Pugwash mine exhibits a lower powder factor 
requirement than the Ojibway mine. This somehow 
counterintuitive practice was explicitly investigated and 
confirmed using single blasthole tests (Aubertin et al. 
(2018). This study indicates that rock salt at Pugwash 
exhibits a stiffer and more brittle response to loading, 
which affects  the release of energy during blasting 
events. 

 
Figure 0-12: Powder factor for the use of explosives at  
the three salt mines. 
 
 
SUMMARY AND CONCLUSIONS 
 
Three different rock salt deposits currently under mine 
exploitation were characterized with respect to their 
origins and, geological features.  The corresponding 
geomechanical properties and mine  designs are 
compared to assess the respective influence of rock 
salt behaviour. 

The data presented above indicate  that the rock 
salt in Weeks Island’s homogenous dome deposit 
shows smaller strength and lower explosive 
requirements, and  also higher creep strains under 
heavy deviatoric load. The coarse grained structure 
and low intercrystalline cohesion lead to  more porous 
conditions with  fluid intrusions  resulting in localized 
weakness planes that  require systematic bolting.  

The Pugwash heavily folded, tectonically 
influenced deposit is characterized by a high level of 
impurities in the form of massive and dispersed 
anhydrite. The stiffer material serves as a binder which 
enhances the stability of the rock mass and its capacity 
to accumulate strain. The ground control systems used 
at the Pugwash mine focus on controlling the response 
of brittle structures with preferential planes that  favor 
gravity driven structural roof falls.  

The Ojibway rock salt deposit contains impurities, 
similar to Pugwash, but at lower concentrations.  The 
overall rock salt homogeneity is comparable to Weeks 
Island.  The ground control systems at Ojibway mine  
are driven by the tabular formations with brittle 
overlying layers of dolomitic shale. Excavations are 
designed to create a rigid horizontal beam of rock salt 
above the excavation, to support the brittle layer. 
Blasting conditions are influenced  by the limited 
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capacity to accumulate strain energy and the need for 
higher amount of explosives.  

The three deposits are exploited primarily for the 
use of salt as a de-icing agent. Despite the same end 
use of the extracted ore, the three deposits exhibit 
quite different geological features, leading to different 
ground control and exploitation practices. This work 
confirms that rock salt can exhibit a wide range of 
geomechanical characteristics, which must be taken 
into account for the design of underground openings.  
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Appendix E 

Influence of the Creep Law on Pillar Response Based on Numerical 

Simulations of an Underground salt mine 
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1.  INTRODUCTION 

Polycrystalline halite, the mineral of  rock salt, presents 

unique mechanical features from the response to natural 

stress fields and around man-made excavations. Rock 

salt exhibits a deviatoric stress induced response,  

commonly referred to as creep, which results in inelastic 

deformation under sustained loading. Various 

investigations have indicated that  rock salt exhibits a 

ductile behaviour below its brittle (damage initiation) 

threshold which results in inelastic  deformation (without 

failure).  

The ductile behaviour of rock salt is particularly 

important when considering long term conditions around 

underground excavations. Numerous studies has been 

devoted to better understand this long term behaviour 

and  overall integrity of underground salt caverns (e.g. 

Vouille et al., 1993; Souley et al., 2008;  Bérest et al, 

2013; Warren, 2017). Salt caverns (and other openings 

in rock salt) have  generated an interest regarding oil and 

gas storage and the long term disposal of radioactive 

waste due to the very low permeability of halite and its 

intrinsic healing capabilities (Bérest et al., 1996; Du et 

al., 2012;  Moghadam et al, 2013). For instance, the 

waste isolation pilot plant (WIPP), located in New 

Mexico, USA, has generated extensive research  results 

that have led to the development of advanced 

constitutive modelling concepts (e.g. Munson and 

Dawson, 1979; Munson, 1997), and sampling and 

characterization techniques (Brush, 1990). 

Conventional mining has also generated efforts towards 

salt mechanics. Design criteria  have been developed 



425 

 

over the years to provide guidelines for sizing room and 

pillar. These design methods are often based on 

recognized index parameters combined with empirical 

evidences and numerical modelling (Beddoes and 

Finley, 1993; Beddoes and MacKintosh, 1993; Van 

Sambeek et al, 1993; Van Sambeek, 1998). Room and 

pillar design methods emphasize the role of geometry  to 

ensure safe underground excavations during the life of 

mine. 

Additional considerations must be given towards long 

term behaviour of underground excavations to ensure 

host rock integrity and limit surface subsidence. Shallow 

salt deposits face the risk of accumulated subsidence 

from excavation creep that may impact the overall dome 

cap integrity or damage horizontal sill pillars.  

Creep characterization therefore becomes critical when 

considering overall mine and surface integrity . 

Laboratory testing can provide reliable means of 

quantifying creep parameters, but can be perceived as 

costly and often require extensive calibration to replicate 

underground excavation conditions and response. 

Convergence monitoring underground provides a 

valuable and cost effective method to quantify the 

deformation behaviour of rock salt. Site geotechnical 

engineers have the opportunity to strategically monitor 

convergence rates. A careful consideration of 

fundamental creep constitutive models can provide 

indications and guidelines  to better assess  the material 

response, including transient and stationary strain rates  

This article highlights various aspects of rock salt 

inelastic response and identifies key differences between 

the power law steady state creep model and a strain 

hardening model derived from the unified SUVIC model 

(Julien, 1999; Yahya et al. 2000; Yahya and Aubertin, 

2002) , and their ability to capture  in situ behaviour. The 

comparison is performed  using  two dimensional 

simulations of the wall convergence in an underground 

room and pillar mine. A typical panel mining sequence 

is simulated to compare the impact of the creep model 

formulation  on  displacement  rates. Simulations of the 

progressive excavation of a room top section followed 

by the vertical benching of the lower portion are also 

shown to illustrate key features of the two models.  The 

simulations  were performed for the main site specific 

conditions at the Morton Salt Weeks Island mine, 

Louisiana, USA.  

 

 

2.  MECHANICAL BEHAVIOUR OF ROCK SALT 

Creep behaviour of rock salt (and other similar materials) 

is often divided into three phases: (I) primary or 

transient, (II) secondary or stationary, and (III) tertiary 

or accelerated creep. Salt creep is mainly the result of 

halite intra-crystalline  dislocation motions, sometimes 

accompanied by  micro-fracturing  and thermal healing.. 

Salt creep can be  described conceptually by considering 

the strain and strain rates under constant stress (Figure 

1).  

Primary or transient creep is characterized by a strain 

hardening effect resulting from dislocation pileups at the 

micro-scale of salt crystals. Secondary or stationary 

creep represents an equilibrium  state where dislocation 

pileups are counterbalanced  by   recovery processes. 

Secondary creep is characterized by a constant strain 

rate, and is often used as the main creep component  for  

long term analysis. Tertiary creep is characterized by an 

accelerating inelastic strain rate,  associated with 

progressive damage until failure. Most mine design 

methods aim to remain below the deviatoric stress 

conditions required to undergo tertiary creep.  

Figure E-1 presents a conceptual representation of the 

three phases of creep strain and strain rate over time 

(under a constant stress). The three creep phases are 

commonly identified based on a change of strain rate.  

 
Figure E-1: Strain (a) and strain rate (b) over time for the 

three creep phases (I, II and III) (Hult, 1966). 

Salt creep behaviour is highly dependent upon stress 

conditions and temperature. Temperature variations in 

underground mining operations are often small so the 
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impact of thermal fluctuation on creep can therefore be 

neglected.   

Rock salt stress-strain behaviour can be  represented 

conceptually through a triaxial stress condition. Halite 

shows an elastic limit of less than 1 MPa (in a natural, 

virgin state), above which it behaves in a ductile manner 

leading to  creep. Rock salt  ductile behaviour occurs 

below the damage initiation  threshold associated with 

brittle processes (i.e. microcracking) . 

Figure E-2 presents a conceptual representation of salt 

mechanical behaviour under triaxial stress conditions. 

The figure outlines the elastic and brittle limits of salt 

with respect to the major  and minor principal stresses.  

 

Figure E-2: Rock salt behaviour thresholds under triaxial 

stress conditions (adapted from Julien  et al.  1999). 

3.  CONSTITUTIVE MODELLING OF ROCK SALT 

3.1 Generalities 
Practical applications of creep modelling are often  

limited to stationary creep given its prevalence over very 

long periods of times. Stationary creep has inherent  

limitations when considering evolving excavations 

encountered for instance in traditional room and pillar 

mining. The calibration of long term stationary creep 

rates from observations in room and pillar excavations at 

various stages of their exploitation typically  lead to 

higher creep rates due to the  transient phase that 

naturally occurs.  

The integration of primary creep components into 

constitutive models follows two main approaches s: (i) 

partitioned  and (2) unified models. Partitioned models 

evaluate primary and secondary creep rates 

independently and combine the two components to 

obtain the inelastic creep rates. A partitioned approach 

can be  formulated  as follow: 

 휀̇𝑖 = 휀𝑝 ̇ +  휀�̇� (1) 

Where 휀̇𝑖  is the inelastic strain rate (s-1) and 휀𝑝 ̇ and 휀�̇� 

are the primary and secondary creep strain rates.  

Unified approaches describe creep strain through one 

fundamental relationship without dissociating primary 

and secondary creep phases (e.g. Krieg, 1987;; Pudewills 

and Hornberger, 1993; Cristescu,and Hunsche 1998). 

Unified models applied to salt mechanics were initially 

inspired by constitutive descriptions developed for  

metals (Krieg, 1987; Yahya and Aubertin, 2002; 

Boulianne, 2003). The evolving  creep rates are obtained 

from  internal state variables that capture history-

dependent  and material specific features that cannot be 

observed solely empirically, but which can be described  

mathematically (based on phenomenological 

considerations).   

Some of the main  unified constitutive models for rock 

salt are summarized by Hampel et al. (2010) who present 

a benchmarking review for numerical modelling. The 

present work  limits its focus to the commonly used  

Bailey-Norton creep power law and a Strain Hardening 

(SH) model with an internal state variable developed for 

the intended applications.  

3.2 Bailey-Norton Power law 
The Bailey-Norton law or power creep law is arguably 

the most widely used salt creep model (Morgan and 

Krieg, 1988; Sgaoula, 1997; Boulianne, 2003). The 

power law describes stationary creep rate as a function 

deviatoric stress. This power  law can be written as 

follow: 

 휀�̇� = 𝐴 ∙ 𝜎𝑑
𝑛 (2a) 

Where 휀�̇� (s -1) is secondary creep strain rate, σd is the 

deviatoric stress (MPa), A (MPan-1) is a temperature 

dependent material constant, and exponent n is another 

material constant. 

Site specific applications of the power law  often rely on 

two different sets of parameters to better represent the 

overall steady state strain rates over a  larger stress 

ranges.  

 휀�̇� = 𝐴1  ∙ 𝜎𝑑
𝑛1   for 𝜎𝑑 ≥  σref   (2b) 

 휀�̇� = 𝐴2  ∙ 𝜎𝑑
𝑛2   for 𝜎𝑑 <  σref  (2c) 

Ductile

Brittle

Semi-ductile

(𝜎𝑟𝑎𝑑) ∙ 𝑐𝑜
−1

(𝜎𝑎𝑥𝑖−𝜎𝑟𝑎𝑑) ∙ 𝑐𝑜
−1

Elastic limit
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Where A1, A2, n1, n2 are material constants, and 𝜎𝑟𝑒𝑓 is 

the reference deviatoric stress  (MPa) defining the 

transition between the two creep regimes (and 

parameters). The latter (Eq. 2a, 2b) will be used in the 

following. 

3.3 Strain Hardening (SH) 
Various types of transient creep equations exist, 

including the well-known strain hardening formulation 

(Hult, 1966). The model presented and used here was 

derived from the Strain rate history-dependent Unified 

Viscoplastic model with Internal variables for 

Crystalline materials (SUVIC) (Aubertin et al, 1999; 

Julien, 1999; Yahya et al., 2000). The model was 

adopted by Boulianne (2003) as  a convenient 

simplification to the (up to) 26-variables SUVIC model 

designed to represent the entire ductile  regime of salt.  

This SH model is characterized by a strain hardening 

effect to represent a transient creep rate evolving towards 

the stationary phase. The evolution of the creep rate is 

controlled by an isotropic internal state variable K (MPa) 

representing the mechanical history in terms  of a  strain 

dependent behaviour.  

The inelastic strain rate 휀̇𝑖 is described through a power 

relationship similar to the Bailey-Norton creep law 

normalized by the K variable. 

 휀̇𝑖 =  𝐴∗ 〈
𝜎𝑒

𝐾
〉𝑁  (3) 

Where A* and N are material parameters, 𝜎𝑒  is the 

equivalent Von misses stress described by equation 4, 

and 〈 〉  are the Macaulay brackets (i.e. 〈𝑥〉 =
1

2
 (𝑥 + |𝑥|)).  

 𝜎𝑑 =  𝜎𝑒 = √
3

2
 𝑆𝑖𝑗 ∙ 𝑆𝑖𝑗 (4) 

Where 𝑆𝑖𝑗 is the deviatoric stress tensor. 

The evolution  of  variable K (sometimes called the drag 

stress; Aubertin et al. 1999) is described by the following 

expressions:  

 �̇� =  𝐴5  (1 −
𝐾

𝐾′) 휀̇𝑖 (5) 

with 

 𝐾′ =
〈𝜎𝑒′〉

(
�̇�𝑖

𝐴∗)
1
𝑁

   (6) 

Where K’ is the saturation value of K (�̇� ≡ 0 for K = K’, 

when the stationary creep phase is reached, and K is set 

to 1 at the virgin state), A5 is the material property and 

𝜎𝑒′  is the saturation value of the equivalent stress 

described by the following hyperbolic sine function  . 

 𝜎𝑒
′ =  𝜎0 ∙ asinh

1

n∗ (
̇ 𝑖

0̇
)  (7) 

Where σ0 , n* and 휀0̇  are material constants at steady 

state. The stationary stress-strain rate relationship is 

unique, and independent of the mechanical history. 

Figure E-3 presents a conceptual representation of 

the evolution over time and under constant stress 

conditions of the inelastic strain rate and variables 

K and K’. According to equations 3 through 7, 

variables K, K’, and 휀̇𝑖  progressively evolve 

towards a constant value associated with the 

stationary creep phase. 

 

Figure E-3: Conceptual representation of the inelastic strain 

rate and variables K’ and K evolution in time under a 

constant deviatoric  stress.  

4. RECONCILIATION OF THE POWER LAW AND 

SH MODELS 

The strain hardening model presented above  converges 

towards a constant creep rate associated with stationary 

creep (under a constant stress). The value of the steady 

state creep rate can be expressed by the inverse of 

equation 7 (Yahya and Aubertin, 2002): 

 휀𝑠𝑡𝑒𝑎𝑑𝑦
𝑖 =  휀0̇ sinhn∗

(
𝜎𝑒

′

𝜎0
)   (8) 

Figure E-4 shows  a conceptual representation of the 

cumulative strain over time (under constant stress) for 

K (MPa)
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the power law and the strain hardening (SH) models. The 

SH strain rate converges towards a constant value 

equivalent to the creep rate obtained by the power law. 

 

Figure E-4: Cumulative strain over time under a constant 

stress  for the power law and the strain hardening (SH) 

models.  

Figure E-5 illustrates a conceptual representation of the 

inelastic strain rate over time for the power law and the 

strain hardening (SH) models. It is seen that the SH 

model gives an inelastic strain rate that converges toward 

a constant  rate equivalent to the  power law  steady state 

creep. 

 

Figure E-5: Inelastic strain rate over time for the power law 

and strain hardening (SH) models. 

5. SITE DESCRIPTION AND MODELLING 

PARAMETERS 

5.1 Mine settings 
The Weeks Island underground salt mine has been in 

operation  since 1902. The mine is located in southern 

Louisiana near the coast of the Gulf of Mexico. The 

region had at some point five different salt domes mines. 

Three domal salt mines, including Morton Salt’s Weeks 

Island mine, are still  active.   

Figure E-6 shows a map of Southern Louisiana with the 

location of this  mine and of other  salt domes. 

 
Figure E-6: Geographical settings for South Louisiana salt 

dome operations (taken from Mathab et al., 1979) 

The Weeks Island mine extracts  rock salt at an 

approximate depth of 450 meters (1,500 feet), primarily 

to produce de-icing road salt; a portion also serves 

chemical grade purposes.  Rock salt from the mine is 

transported via barges up the Mississippi river. 

The Weeks Island mine operates with  a room and pillar 

method for extraction.  The square pillars are roughly 30 

meters wide.  Rooms are approximately 15 meters wide 

and 6 meters high. Conventional drilling and blasting is 

used to advance the horizontal room. Vertical benching 

follows to excavate an additional 13 meters. 

5.2 Gemechanical parameters 
Index parameters describing Weeks Island rock salt’s 

elastic behaviour were obtained from laboratory 

characterization campaigns. Creep parameters were 

calibrated from convergence and subsidence 

measurements at the mine.  

SH

Power Law
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ε

𝜀 ̇ (s-1)

Time (s)

SH

Power law



429 

 

Table E-1 presents the geotechnical parameters for the 

mechanical behaviour of Weeks Island salt implemented 

as part of the modelling work.  

Table E-1: Geotechnical parameters for elastic behaviour  

and steady state creep power law. 

Parameters Values 

Elastic modulus (E) 20 GPa (from unloading cycles) 

Poisson ratio (ν) 0.33 

Density 2167 kg/m3 

n1  4.75 

A1 2.5 x10 -15 MPa s-1 

n2 2.5 

A2 3.4 x10 -13 MPa s-1 

σref 9.0 MPa 

 

Yahya et al., (2000) and Boulianne (2003) presented 

calibration parameters adaptable to the SH model for the 

Avery Island salt dome. The parameters in Equation 8 

were calibrated to  match the steady state behaviour of 

Weeks Island, as given by parameters in Table E-1. 

Table E-2 presents the strain hardening SH model 

parameters of the Avery Island salt dome (Boulianne, 

2003), and the calibrated values used as part of the 

numerical modelling work (Eq. 3-8).   

Table E-2: SH parameters calibrated for steady state of 

Weeks Island mine. 

Parameters Avery Island Calibrated values  

A* 1.76 x 10 -13 1.76 x 10 -13 

A5 2.70 x 10 07 2.70 x 10 07 

σ0 9.15 x 10 06 9.15 x 10 06 

N* 4.00 4.00  

n*   3.00 2.50 

ε0 1.35 x 10-10 8.8 x 10 -11 

 

Figure E-7 shows  the steady state inelastic strain rate 

with respect to equivalent (deviatoric_ stress  for the 

Weeks Island power law parameters, Avery Island strain 

hardening model, and calibrated strain hardening model.  

 

Figure E-7: Steady state inelastic strain rate with respect to 

equivalent stress  for the Avery Island and Weeks Island rock 

salt (used in the numerical modelling work).  

6. PRELIMINARY SIMULATIONS 

Numerical modelling was performed with Itasca’s finite 

difference method software FLAC 7.0. The SH 

constitutive model was implemented through the user-

defined constitutive model feature with  the built-in 

FISH scripting language. The power law (Bayley-

Norton) modelling simulations were carried using the 

built-in power law model (Eq. 2b, 2c) in the FLAC 

software. 

Simulations were first carried out to compare the 

response of the SH model to the power law.  

 

6.1 Constant stress test 
Constant stress  (creep) tests were simulated  for two  

consecutive load increments applied to an unconfined 

speciment. The simulation was performed under plane 

strain condition.   

Figure E-8 presents the result from the constant stress 

test simulations. The SH model initially exhibits a larger 

strain rate (and larger inelastic strains) due to  the 

transient behaviour. The SH strain rate evolves toward  a 

constant value equivalent to the power law creep rate. 

This confirms that that the SH model leads to a  steady 

state creep rate equivalent to the power law for the 

geotechnical parameters given in Table 1.   
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Figure E-8: Strain response from the power law and SH 

models under   constant stresses with two incremental 

increases.  

6.2 Thick wall cylinder 
The problem of a hollow cylinder under a constant 

external pressure for steady state creep described by the 

power law was addressed by Van Sambeek (1986).  The 

corresponding analytical solution gives  the radial 

displacement rate and principal stresses within the 

cylinder as a function of the distance from the center of 

the cylinder (r). 

The radial strain rate is calculated  as a function of radial 

distance r for the SH model described above. The 

numerical simulation and validation of FLAC’s built-in 

power law model is presented in  the software’ user 

manual (Cundall, 2001). 

The thick wall cylinder simulation was carried for four 

different time increments to showcase the radial strain 

rate (velocity) evolution over time due to the strain 

hardening process.  

Figure E-9 presents the numerical modelling results at  

four different times(after loading) for the SH and  power 

law models. The simulation was carried for a thick 

cylinder of inner radius ri and outer radius ro respectively 

1 and 20 meters. The in situ and outer compressive stress 

applied before the cylinder was hollowed was at 100 

MPa.  

 

Figure E-9: Thick wall cylinder numerical modelling results 

for the radial velocity as a function of the radial distance r 

normalized by the outer radius ro at different times after the 

load application. 

It can be observed from Figure E-9 that the curve of 

radial velocity as a function of radial distance converges 

toward the analytical solution of the power law in the 

long term (after 40 years). This results  indicates  that the 

SH model exhibits equivalent steady state behaviour as 

for the power law for the geotechnical parameters 

selected.  

7. MINING SEQUENCE SIMULATION 

7.1 Panel sequencing 
A five-entry mining panel was simulated in two 

dimensions with  FLAC. The five rooms are excavated 

at  three years intervals in a chevron pattern starting with 

the middle room. The excavation stages are simulated 

instantaneously.  

Figure E-10 shows a conceptual view  of the five-entry  

panel mining configuration. The in situ stress conditions 

correspond to  an isotropic, gravity based, stress field in 

a homogeneous salt dome at a depth of 450 meters (1500 

feet).   
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Figure E-10: Model schematic for 5-entry panel sequencing  

(not to scale). 

Measurements were collected during the simulation to 

replicate conventional convergence measurements in 

underground excavations. Vertical and horizontal 

displacements were registered  at  midpoints along the 

excavation’s walls.     

Figure E-11 presents the simulated vertical displacement  

during the panel excavation sequence at the top of the 

middle room. It can be observed  that the power law 

simulation exhibits relatively small strain rate increases  

approximately every three years according to the 

excavation sequence. Results from the SH model 

simulation exhibits more pronounced changes in strain 

rate evolution, before converging towards steady state.   

 

Figure E-11: Simulated vertical displacement measured at 

mid-point along the roof of the center excavation during 

mining sequence for the power law and SH models.  

 Measurement of horizontal displacements at mid-height 

of pillar ribs often provide a more  consistent 

convergence measurement (in practice), as superficial 

material along the excavation is less impacted by gravity 

driven displacements. Figure E-12 shows the simulated 

horizontal displacement at mid-height  from the middle 

room.  

 
Figure E-12: Simulated horizontal displacement at mid-

height in the center room during the excavation sequence for 

the power law and SH models. 

8. DISCUSSION AND CONCLUDING REMARKS 

8.1 Main findings 
The  work described here aims  at implementing a salt 

creep constitutive model to better capture transient and 

steady state creep through a unified strain-dependent 

approach. The strain hardening model was implemented 

in the FLAC software and results have been compared 

with the well-known  power law model for simple 

comparisons and  typical mining  sequence simulations. 

The numerical modelling results indicate  that the SH 

model presented here can be  implemented and used to 

analyze the response of  the salt dome at  the Weeks 

Island mine, and  better represent transient effects. The 

following summarizes some of the key findings from the 

present work: 

i. The SH model can be calibrated to replicate 

the power law for steady state creep 

behaviour over a consistent stress range 

applicable to mining applications. 

ii. Successive excavation of nearby rooms tend 

to  increase incrementally the inelastic strain 

rate. 

iii. Incremental excavations of the panel  result in 

additional transient creep phases in the 
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simulations with the SH model. Incremental 

transient stages cannot be captured by the 

power law. 

iv. The transient creep stages  tend to reach 

steady state faster due to the history-driven 

nature of the strain hardening constitutive 

model.  

v. For an equivalent steady state strain rate, the 

SH model  yields larger cumulative inelastic 

strains due to  the transient phase.  

Understandably, the fundamental nature of transient 

creep leads to larger cumulative deformations compared 

with  an equivalent steady state behaviour. Results 

shown here illustrate why  calibration of the geotechnical 

parameters is key for  numerical modelling, to properly 

replicated realistic and site specific response.  

It is noted here that the calibration of the steady state 

creep parameters from the early onset of an excavation, 

will result in artificially higher creep values associated 

with the steep transient creep slope. Moreover, changes 

in the nearby stress conditions associated with typical 

panel excavations will trigger new stages of transient 

creep.  

8.2 Limitations 
The  numerical modelling work shown here involved a 

series of simplifications and assumptions to limit the 

computational efforts required for the purpose of this 

project.  The following limitations can be  highlighted :  

i. The constitutive models implemented do not 

capture any damage and failure mechanisms 

and therefore represent an inaccurate state 

when such process exist. The surrounding 

damage zone around opening  would typically 

result in a softer pillar response and more 

pronounced stress field redistribution around 

the excavations.  

ii. Vertical and horizontal convergence 

measurements include the effect of  slabbing at 

the rib and the back due to the localized 

damage zone. Measurements within the rock 

mass at a certain depth  provide more accurate 

insight on the ductile behaviour of salt.  

iii. The excavation process was simulated 

instantaneously to exacerbate the response of 

the excavation convergence rate from the 

mining advance. Two-dimensional simulations 

should consider  a progressively softening 

room area to replicate more accurately the 

stress field evolution in time.  

iv. The power law parameters used for the 

modelling work were probably calibrated to 

partially capture transient response by a two 

different stress state response. The calibrated 

steady state for the SH model combined with 

the transient behaviour from the Avery Island 

calibration resulted in artificially high 

simulated displacement as observed in Figure 

E-11. 

8.3 Path forwards 
The present work aligns itself with a continuous effort 

towards adapting state of the art technological 

developments to practical applications with a focus on 

reduced resource-intensive methods. The 

implementation of the  simplified strain hardening SH 

model aligns itself well with day-to-day geotechnical 

engineers’ tasks and can potentially allow a more 

accurate representation of salt creep response to site-

specific stress conditions. 

Future work should be devoted to calibrating the 

transient behaviour to simulate realistic creep rates over 

the early stages of the excavation process. 

Laboratory characterization of the creep behaviour 

would be useful to better circumscribe and assess the 

creep stages observed from underground convergence 

measurements. Strategic creep calibration could provide 

geotechnical engineers with the capabilities to factor out 

transient effects from the steady state creep behaviour for 

improved long term predictions.     
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Application of LiDAR technology for the assessment of 
mechanical scaling conditions in underground mines and 
tunnels  
 
Jonathan D. Aubertin 
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D. Jean Hutchinson, Mark, S. Diederichs 
Geological Sciences and Geological Engineering – Queen’s University, Kinston, Ontario, Canada 
 
ABSTRACT 
Mechanical scaling consists of removing hazardous and loose rock from surfaces, following excavation by blasting. 
Mechanical scaling using heavy machinery involves scraping surfaces systematically to effectively cover most of the 
excavation and mitigate risks associated with loose materials. Quality control and performance assessment of mechanical 
scaling rely primarily on visual observations, which are subjective by nature. Assessing the impact of any changes in the 
mining process (e.g. drill pattern, new machinery) on mechanical scaling requirements and quality, is not trivial due to a lack 
of objective assessment criteria. The following article aims to introduce LiDAR survey applications for the assessment of 
mechanical scaling. Three different surface quality assessment methods are presented based on the analysis of point clouds 
obtained through LiDAR scanning. The methods provide an attempt at quantifying mechanical scaling quality, scale instability 
potential following mechanical scaling, and expected wear and tear on a mechanical scaler based on surface roughness. 
The methods were applied to different excavations across K+S Windsor Salt mining operations and on an open source tunnel 
point cloud.  
 
RÉSUMÉ 
Le processus d’écaillage mécanique consiste à sonder les parois d’une excavation rocheuse afin d’enlever le matériel 
endommagé posant un risque de relâchement non prévisible. La machinerie lourde opérée pour effectuer cette tâche est en 
général utilisée de façon large et uniforme enfin de sonder la grande majeure partie des parois rocheuses. L’analyse de la 
performance de l’écaillage, ainsi que l’estimation de l’effort requis se base principalement sur des observation visuelles et 
subjectives. L’impact de changements dans la méthode de minage (e.g. patrons de forages, nouvelle machinerie) est donc 
particulièrement difficile due au manque de subjectivité des analyses. Le présent article introduit diverses applications 
d’analyse de la qualité de l’écaillage mécanique à l’aide d’arpentage au LiDAR. Trois méthodes sont présentées basés sur 
l’analyse de nuage de points afin de quantifier la qualité de l’écaillage. Les méthodes proposées se concentrent sur le 
potentiel de glissement, la qualité de l’écaillage, et le degré d’intensité de l’écaillage nécessaire en lien avec la machine 
utilisée. 

 

INTRODUCTION 
 
Mining and tunneling operations are defined by cyclical and 
repeated processes. The typical mining cycles for 
conventional operations include drill and cut phases, 
explosives loading and blasting, ground control and 
material loading and hauling. Figure F-1 illustrates a typical 
mining cycle for underground exploitations.  

Ground control processes can be sub-divided into two 
primary categories: artificial support and surface scaling.  
Artificial means for ground control support include 
mechanical or grout anchored bolts, screen or mesh, 
support plates, and expansion bolts. Scaling of excavation 
surfaces relies on power tools or chisel bars which are 
used to sound surfaces and remove potentially hazardous 
material loosened by the blast.  

In large underground operations such as room and 
pillar mines, mechanical scaling represents a resource 
intensive and time consuming component of the 
excavation process. In some instances, mechanical 
scaling can represent as much as 50% of the mining cycle. 
Great efforts are therefore invested to optimize the quality 
and efficiency of mechanical scaling, while ensuring safe 
active workings.  

 
Figure F-1: Typical operation cycle for large scale 
underground mining processes. 
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Mechanical scaling in underground excavations is 
intended to remove rocks that have been loosened by 
blasting vibrations and structural relief. The process plays 
a key role in mitigating roof fall hazards and must be 
performed systematically after each blasting event. Scaling 
can be greatly impeded by uneven surfaces that result from 
improper blast design or unaccounted for geological 
features. Rough surfaces will tend to cause accentuated 
wear and tear on mechanical scalers and increase the 
process time. The optimization of scaling requirements and 
conditions therefore present significant potential value.  

Figure F-2 presents the picture of a mechanical scaler 
used at the underground room and pillar salt mine Ojibway 
(K+S Windsor Salt), located in Windsor Ontario. The long 
and retractable boom is complemented by a pick used to 
scrape and remove rocks. Scaling strokes are performed 
at approximately 50 centimeter horizontal spacing 
intervals, and over the full vertical length from the roof to 
the floor.  

 
 

 
 

Figure F-2: Mechanical scaler cleaning the surface of a 
pillar after a blast at the Ojibway mine (Windsor, Ontario, 
Canada). The room is approximately 6 meters in height 
and 13 meters in width.  
 

 
Surface quality assessment in the context of mechanical 
scaling primarily applies to two situations: the estimation of 
mechanical scaling efforts, and identification of ground 
control hazards. Assessing the quality of a surface for 
mechanical scaling purposes (both before and after) often 
relies on subjective visual assessments and provides very 
little quantitative and comparable information. Ghasemi et 
al (2012) presented an empirical guideline to assess roof 
fall risks in room and pillar coal mines. In their proposed 
risk model, surface quality is assessed based on 
roughness and size of outlying lumps.  

The following article presents an evaluation approach 
for blasted and scaled surfaces based on the concept of 
surface roughness measured using LiDAR technology. 
The objective of the conducted work is to provide an 
objective, reproducible and partly automated methodology, 
to assess surface quality, to improve mechanical scaling 
efficiency and ground control of hazards. The proposed 
assessment also aims to provide a quantitative comparison 
basis for changes in the mining cycle that could potentially 
adversely affect surface quality and scaling requirements 
(e.g. different type of explosives, new drilling pattern). 

Three different surface assessment methods are 
proposed here based on surface roughness. The 
workflows have been developed using point cloud surveys 
obtained in a room and pillar salt mine located in Nova 
Scotia, Canada. The assessment methods are 
subsequently tested on an open-source point cloud of an 
underground hard rock tunnel.   

Underground terrestrial laser scanning (TLS) was used 
to obtain three-dimensional point clouds of the surfaces of 
interest. Laser scanning has gained widespread popularity 
in the field of geological engineering during the last two 
decades. Researchers have developed processing tools to 
help engineering tasks such as the prediction of rock slope 
failure (Lato, et al., 2009; Kromer, et al., 2015), and 
automated identification and characterization of rock mass 
discontinuities (Lato, et al., 2009; Vögue, et al., 2013; 
Vazaios, et al., 2017).  Fekete et al. (2010) listed a concise 
summary of various applications for LiDAR technology in 
conventional drill and blast tunneling operations. Other 
authors have used point clouds collected from LiDAR to 
characterize blasting conditions (Aubertin, et al., 2017; 
Aubertin, et al., 2018)  and the resulting muckpile 
fragmentation (Campbell & Thurley, 2017).      

 
 

SITE DESCRIPTIONS 
 
 
1.1 Pugwash mine 
 
The Pugwash mine, Nova Scotia, Canada, is operated by 
the Canadian mining company K+S Windsor Salt. Rock 
salt is extracted from the mine at a depth of approximately 
1300 feet. Rooms of 55 feet wide by 60 feet high are 
excavated by two successive horizontal passes of 30 feet 
high. Conventional drilling and blasting is used to break the 
rocks. Mechanical and hand scaling is performed following 
the haulage of the broken rock to ensure safe ground 
control conditions in active workings. Little to no roof 
support is installed in the main workings except at critical 
locations where periodic rework is considered impossible. 

Recent work on drilling and blasting practices at the 
Pugwash mine emphasized the need to quantify scaling 
requirements before it takes place, and mechanical scaling 
quality once it is performed. Two different point cloud sets 
from Pugwash were used and processed for the present 
work. Both were obtained using a FARO Focus X-130 
(FARO Technologies Incorporation, 2014) at its 1/8th 
resolution setting, achieving 13 millimeters spacing per 10 
meters radial distance from the scanner location. Settings 
also included repeatability (quality setting) with three 
measurements averaged for every point. 

The first scan was collected from an unscaled and 
recently blasted location. The second scan was collected 
at a location recently scaled mechanically and manually. 
This second point cloud is meant to serve as a point of 
reference for scaling quality.  

 
1.2 Open source tunnel data set 
 
A third point cloud set was obtained from the Rockbench 
open-access data-set (Lato, et al., 2013). The scan set is 
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from an underground tunnel, under construction, located in 
Oslo, Norway. A FARO Photon 120 was used to survey the 
location. Point spacing is less than 1 centimeter for the 
section of interest. The tunnel point cloud was obtained 
from two different scan positions, relatively close to the 
face and at the same stage of development. Positioning of 
the scans was performed using FARO SCENE software 
(FARO, 2016). Positioning and registration of the scans 
were performed using the Cloud Compare software and its 
built-in registration algorithm.  

The captured portion of the tunnel is over one hundred 
meters in length. Only the main active face was used as 
the relevant portion of the point cloud. The face exhibits a 
horseshoe shape and spans approximately 13 meters in 
width.  

 
 
METHODOLOGY 
 
 
The following section describes the methodology used and 
algorithms adapted to process the point clouds of interest.  
 
1.3 Roughness coefficients 
 
For the present work, surface conditions are assessed 
using a coefficient of roughness (RC). Roughness is 
defined simplistically here as the distance of a point 𝑝 to 
the best-fit plane for points located within a sphere of 
radius 𝑟 around 𝑝.  

The best-fitting plane 𝑃 for the set of points 𝑋 defined 

by a sphere of radius 𝑟  around point 𝑝 is defined by its 

normal vector �⃗⃗� using the following equation: 
  

 
�⃗⃗�  ∙ 𝑝0 + 𝑑 = 0 [1] 
 
 
Where �⃗⃗� = 〈𝑎, 𝑏, 𝑐〉  and 𝑑  is a distance constant. 𝑝0 

represents any point 𝑝 which satisfies equation 1. A best fit 

plane from a set of points 𝑋 can be derived from minimizing 
the squares of the residuals along the plane’s axis with the 
shortest span (i.e. the smallest angular difference with the 
resulting normal). Cramer’s rule is used to solve the 
resulting set of equations (Fienen, 2005). 

The roughness coefficient RC (m) for the point p is 
defined as the distance from 𝑝 = [𝑥, 𝑦, 𝑧] to the best-fitting 

plane 𝑃.  
 
 

𝑅𝐶 =
(𝑎𝑥+𝑏𝑦+𝑐𝑧)

𝑎2+𝑏2+𝑐2  [2] 

 
It is to be noted for this work that computations of 
roughness coefficient were limited to uninterrupted parallel 
surfaces. Two perpendicular surfaces (e.g. the roof and a 
wall) would need to be assessed separately.  

From the definition of roughness outlined above, it can 
be seen that any analysis performed requires the arbitrary 
assignment of a radius 𝑟  of measurements. The 
implications of the radius of measurements and some 
rationale behind parameter selection are discussed in 
Section 4. 

 
1.4 Definitions of surface conditions  
 
The conditions of a surface before and after mechanical 
scaling is reflected primarily by the mechanical effort (and 
resulting wear and tear) expended by the scaling machine, 
and the remaining lumps of rocks on the surface that can 
be considered as potential rock fall hazards. In the case of 
mechanical effort, the relevant dimension relates to the 
size of mechanical tools used to scale the surface. The 
chisel edge of a standard 1.2 meter (4 feet) aluminum 
scaling bar (illustrated in Figure F-3) will detect significantly 
smaller roughness features on a surface, as opposed to a 
mechanical scaling pick as shown in Figure F-2. 

Mark and Iannacchione (2000) reviewed available data 
related to injuries caused in underground mines due to roof 
falls in United States. The study suggested that skin failure, 
defined by 0.6 meters (2 feet) pieces of rock, represents 
more than 95% of the injuries caused by roof and rib pillar 
failures. This value is used in future analysis when 
considering scale instability potential.  

 
 

 
 

Figure F-3: Pictures of a scaling bar, typically used to 
perform secondary scaling and sound surfaces for voids. 
 RESULTS HAND ANALYSIS 
 
 
1.5 Distance of interest 
 
The roughness coefficient 𝑅𝐶  defined above is greatly 

influenced by the considered radius of measurement 𝑟 (m). 
A small measurement radius will describe localised 
roughness created by surface asperities. A large radius of 
measurement will quantify point distances and relative 
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roughness with respect to a plane closely resembling the 
overall surface. 

Figure F.1 shows point clouds from the Pugwash mine 
for a mechanically scaled surface. The point cloud is 
colored according to a scalar field for 𝑅𝐶 values as defined 

in the previous section. The figure shows 𝑅𝐶 computed for 

the same surface point cloud using three different 𝑟  
values. The three distributions for 𝑅𝐶 are summarized by 

the mean, 𝑅𝐶𝜇  (m), standard deviation, 𝑅𝐶𝜎  (m) and 

maximum value 𝑅𝐶𝑚𝑎𝑥 (m).  

Figure F.2 shows 𝑅𝐶𝜇, 𝑅𝐶𝜎 , and  𝑅𝐶𝑚𝑎𝑥, based on the 

considered 𝑟 values for the scaled surface at Pugwash. It 
can be observed that the relevant statistical values 
representing the value of 𝑅𝐶  increases over  the 
considered range of radius of movement. It can be 
understood, conceptually, that the theoretical maximum 
RC value will be achieved for the dimension r of the 
excavation. In the light of Figure F., the question remains 
as to what radius of measurement should be used to 
provide consistent surface quality assessment.  

Figure F-4 presents the ratio of the maximum to mean 
roughness coefficient ( 𝑅𝐶𝑚𝑎𝑥 /𝑅𝐶𝜇)  with respect to the 

radius of measurement 𝑟 for the Pugwash scaled surface. 
It can be noted from Figure F-4 that the influence of the 
radius of measurement on the ratio 𝑅𝐶𝑚𝑎𝑥 /𝑅𝐶𝜇  is 

inversely proportional, and eventually plateaus.  
 

 
 
Figure F.2: Mean, standard deviation and maximum value 
for the roughness coefficient based on considered radius 
of measurement 
 
 
𝑅𝐶𝑚𝑎𝑥 /𝑅𝐶𝜇  increases as the measurement radius 𝑟  

increases, with a fairly distinct inflection in the curve. It 
seemingly reaches a plateau after which 𝑟  no longer 
seems to influence the considered ratio. 

The abrupt decrease in 𝑅𝐶𝑚𝑎𝑥 /𝑅𝐶𝜇  observed for an 

increasing radius of measurement presents a useful 
indicator of the scale to be considered. As the radius of 
measurement for the coefficient of roughness increases, 
the best-fit plane within the considered sphere of radius 𝑟 
closely describes the overall surface considered. In Figure 
F-4, the largest 𝑟 considered is 17 meters, approximately 
the largest dimension for the surface, obtained from its 
diagonal. A radius of measurement of 25-30% of the 
surface span (between 4 and 5 meters) appears to 
represent a tipping point between localized RC associated 
with asperities and global roughness corresponding to the 
overall surface, in this case.  
 

 

 

 

 

 
 

 

 

𝒓 =  0.5 m 
 

𝑅𝐶𝜇 : 0.023 m 

𝑅𝐶𝜎 : 0.019 m 

𝑅𝐶𝑚𝑎𝑥 : 0.24 m 

𝒓 =  1.5 m 
 

𝑅𝐶𝜇 : 0.057 m 

𝑅𝐶𝜎 : 0.04393 m 

𝑅𝐶𝑚𝑎𝑥  :0.330 m 

𝒓 =  5 m 
 

𝑅𝐶𝜇 : 0.0.145 m 

𝑅𝐶𝜎 : 0.094 m 

𝑅𝐶𝑚𝑎𝑥: 0.614 m 

 
Figure F.1: Point cloud of the scaled surface at the Pugwash mine. Point cloud scale factor and key indicators for surface 
roughness are based on measurement radius of 0.5, 1.5 and 5 meters. Face dimension is 18 meters wide by 9 meters high. 
Color scale is for RC (m) value with origin at 0 . 
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Figure F-4: Ratio of maximum to mean roughness 
coefficient with respect to the radius of measurement, 
for Pugwash mine data 
 
 

The point of inflection on the curve presents a 
repeatable way to describe surface roughness. It 
effectively quantifies the scale of asperities with 
respect to the overall surface. The smaller the radius of 
measurement at the tipping point, the smaller the size 
of the localized asperities relative to the overall surface 
morphology. A reduction in this point indicates an 
improvement in the scaling quality. The ratio of mean 
to maximum 𝑅𝐶 can be normalized by the surface span 
to provide a comparable term to quantify and compare 
roughness.  

Figure F-5 presents the relationship between 
𝑅𝐶𝑚𝑎𝑥 /𝑅𝐶𝜇 , and the radius of measurement 𝑟 

normalized by the surface’s span. The Pugwash scaled 
surface is compared to the Pugwash unscaled surface, 
and the open source tunnel.  

 
 

 
 
Figure F-5: Maximum to mean roughness coefficients 
with respect to the radius of measurement for the 
Pugwash scaled and unscaled surfaces and the open 
source tunnel point cloud.  
 

 
It can be observed that the Pugwash scaled, the open 
source tunnel, and the Pugwash unscaled face 
respectively transition from a local to global roughness 
measurement at a r value equivalent to 0.3, 0.5, 0.85 
(normalized by the surface span).    
 
1.6 Mechanical scaling effort assessment 
 
The assessment of mechanical scaling requirements 
must be related to the machinery used to perform the 
task. The mechanical scaler considered for the 
Pugwash mine is assumed to have a scaling motion 
range of approximately 2 meters per pass. Critical 
lumps adversely affecting the mechanical scaling 
process, because they are difficult to remove, are 
defined here as 10 centimeters. based on site 
experience at the mine.   

Figure F-6 below shows the unscaled surface at 
Pugwash with roughness coefficient computed for a 
measurement radius of 1 meter (2 meters diameter, i.e. 
approximately the scaling range of motion). The scalar 
field is limited to red for 𝑅𝐶  values above 10 
centimeters, and blue for the rest. A cross-section of 
the surface is illustrated on the right side of the figure 
to highlight the different color representations.  
 

 

 
 

Figure F-6: Pugwash unscaled surface point cloud with 
roughness coefficient scalar field based on a one-
meter measurement radius. Color scheme adapted to 
showcase roughness above 10 centimeters in red, and 
the remaining portion in blue.  
 
 
The mechanical scaling assessment performed for the 
Pugwash mine relies on the definition of a scaling effort 
rating to provide an objective and quantifiable 
perspective. The effort rating is defined as the fraction 
(%) of the surface below the identified threshold: in this 
case 10 cm. A higher rating therefore indicates to a 
surface that will cause less wear and tear on the 
scaling equipment used.   

Table F-1 presents the effort rating for the three 
different excavations considered as part of this work, 
and for 2 meters range of motion (i.e. 1-meter radius of 
measurement).  
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Table F-1: Mechanical scaling effort rating for the point 
cloud surfaces considered. 
 
 

Point cloud  Effort rating (%) 

Pugwash unscaled surface 72.5  

Pugwash scaled surface 94  

Open source tunnel 68.1  

 
 
It is important to note that the dimensions of the 
mechanical scaling device and its relevant critical 
dimension are site-specific. The fraction of the surface 
above the defined threshold provides a measure of 
surface quality that can be used to compare surfaces, 
defined here as the mechanical scaling effort rating. 

 The analysis applied to the open source tunnel is 
based on the Pugwash conditions and does not 
account for the machinery used or the geological 
settings. It is impossible to surmise any site specific 
conditions for the open source tunnel, other than 
inferring that a similar mechanical scaling equipment 
used at Pugwash would incur increased wear and tear 
on the tool at the tunnel site.  
 
1.7 Scale instability potential 
 
Scale instability potential is defined here based on 
Mark and Iannacchione’s (2000) definition of a critical 
size of 60 cm lumps. In this analysis, 30 centimeters is 
selected as a scalar field threshold for the roughness 
coefficient (i.e. half block protruding). In contrast to the 
mechanical scaling effort, scale instability potential is 
defined as an absolute assessment, assuming that any 
identified lumps must be removed when identified.  

Figure F-7 shows the point cloud for Pugwash’s 
scaled surface with a binary scalar field showcasing 
sections above the defined threshold value.  

 
1.7.1 Comparison sites 
 
Figure F-8 presents the open source tunnel point cloud 
with the same applied algorithm. The open tunnel point 
cloud was analysed here to showcase the potential to 
reproduce the methodology and exercise.    

 It is noted that no further assessment of the face 
condition is made by the author of this paper. Any 
actual hazard related assessment would require 
knowledge of site specific conditions such as 
geotechnical parameters and geological structures. 
Authors of this paper refrain from making any hazard 
related assumptions or recommendations.  

 
 

Figure F-7: Scale instability potential for Pugwash 
scaled surface 
 

 
 

Figure F-8: Rock fall hazard assessment for the open 
source tunnel point cloud.  
 
 
DISCUSSIONS AND CONCLUSION 
 
Mechanical scaling represents a major component of 
the mining cycle in underground room and pillar mines. 
An attempt was made in this work to quantify and 
assess objectively the quality of mechanical scaling 
and the expected efforts on the machine based on 
surface roughness. Three different approaches were 
proposed to systematically assess surface quality from 
point clouds. These methods can be summarized as 
follows: 
 

1. Roughness scale transition: the radius of 
measurement for surface roughness where 
the surface’s overall orientation takes 
precedence over local asperities. A smaller 
transitional radius of measurement relates to 
a smoother surface. 

2. Mechanical scaling quality rating: fraction of 
the surface below a mechanical impedance 
threshold. The threshold depends on the 
equipment used for scaling. A surface with 
high rating relates to less wear and tear on the 
machine.  

3. Scale instability potential: systematic and 
objective perspective to determine zones that 
may require additional consideration based 
on predetermined empirical dimension 
(regulatory or site specific).  
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The three methods summarized above were applied to 
an open source point cloud of an underground tunnel. 
The tunnel subjected itself well to the implemented 
methodology, emphasizing the capacity to replicate the 
process on point clouds.  

 
1.8 Limitations and future work 
 
It is noted here that the methods above reflect 
systematic assessment methodology based on 
empirical evidence (e.g. size of protruding lump, 
dimensions of mechanical scaling equipment). 
Calibration based on equipment and operational 
conditions must be performed to identify appropriate 
radius of measurement.  

Additional work must be performed to identify 
relevant dimensions for the respective thresholds used 
in methods 2 and 3. These represent inherent variables 
in the defined functions and will require additional 
investigation to properly quantify their influence and 
provide meaningful data.  

The present work introduced algorithms providing 
the means to assess mechanical scaling conditions 
and requirements based on site specific features and 
empirical evidence. It is emphasized that any actual 
recommendations towards scaling improvements, 
mining method changes, and hazard detection requires 
an in-depth knowledge and understanding of the 
geological and geotechnical characterization of the 
deposit considered.  
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