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1 INTRODUCTION 

In the year 2003 KCEM started a European pilot 
project (EUExcert) to tackle this problem. A     
second project (EUExcert II) started in 2006. A 
third project (EUExNet) was started in 2009 with 
partners from 10 European countries and one 
European organisation. The outcomes of these 
projects have been presented at earlier              
conferences. This project, EUExImp, which was 
started in September 2014 will aim to develop 
transnational partners’ understanding of how to 
implement the ESA NOS as human resource (HR) 

and management tools both at plant level and to 
develop existing training into a package that is 
transferable across organizational and national 
boundaries. 

The project has three phases: 
-         Preparation: which includes the creation of 
practical guidance and support on the                 
implementation of the ESA NOS; 
-    Implementation; which includes delivery of 
support and guidance materials; 
-         Closure: which includes the development and 
distribution of a step by step implementation  
handbook including best practice and lessons 
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learned as well as the production of guidance    
materials. 
 
2 PROJECT DESCRIPTION 

Project activities are related to the need of          
up-skilling the workforce in the European          
explosives sector and to ensure that the companies 
and stakeholders in the sector will maintain or    
develop their competitiveness to ensure the       
survival on the global market, prevent job losses 
and maintain a safe industry. Project goals will 
comply with the Horizon 2020 targets to ensure 
that skills and qualifications can be more easily 
recognised, within and across national borders, as 
the project will focus on one specific sector on the 
European market, the explosives sector.  

The restructuring of the industry, in general, 
has led to many changes, such as lower job growth 
and skills drain due to worker retirement. It has 
brought specific changes to the explosives sector 
related to education and training, where most  
training previously was organized as in-house 
training, now it is mainly provided by external 
education and training institutions. These         
providers need incentives to adapt their supply to 
better match industry demands, by the means of 
collaboration around education and training with 
industry partners. The project aims therefore to 
develop support structures dedicated for education 
and training initiatives targeted for the industry. 

The target is twofold: 1. Implement selected 
key roles from the occupational standards,        
specifically developed for the explosives sector in 
Europe, in five industry partner organisations in 
UK, Estonia, and Portugal, Sweden and Germany; 
2. To develop easy to use and easy to understand 
tutorial materials, such as a step-by-step guidance 
material for process management and a handbook 
of good practice. 

The standards, based on 13 key roles, provide 
systematic mechanisms to support: the design of 
criteria for, selection, training and assessment of 
new entrants, existing staff, staff appraisal and 
promotion, the identification of training needs, the 
specification of organizational HR policies, the 
demonstration of a commitment to quality and    
investment in people, and the ability to comply 
with industry codes of practice, and              
bench-marking tools. 

Occupational Standards in Explosive          
Substances and Articles (build on the European 
framework EQF) have been developed for the 
whole industry – both civilian and military – by 

the UK’s Standards Setting Body for Explosives,   
Munitions and Search Occupations (SSB for 
EMSO) and it is the desire of the EUExcert       
Association, through its previous three projects 
that they should be taken into use across the   
European explosives sector except where a partner 
nation has an equivalent system. Previous    
EUExcert projects partners agreed to make use of 
the Occupational Standards, having been involved 
in the development of the concept of a universally 
recognised and accepted qualification or standard 
that could be carried by an explosives worker     
between companies and partner nations. These 
standards are based on the outcome of a            
methodical analysis of the roles and functions of 
people working within the industry. 

This initiative grew out of an awareness that 
the current pool of personnel with explosives        
competence is shrinking. The measurement and  
assurance of competence is the norm in modern 
professions. Legislation and regulation               
increasingly require employers to demonstrate a 
commitment to quality and effectiveness of their 
workforces. Activities with perceived health and 
safety and public safety risks will be subject to   
increasingly stringent monitoring and regulation. 
The risk of losses and litigation renders inaction 
financially and morally unacceptable. 

The previous projects EUExcert, EUExDL, 
EUExNet have all been funded by the European 
Union, by Leonardo da Vinci, the first and second 
by the national agency in Sweden (IPK) and the 
third by the European agency (EACEA). The     
activities in the previous projects have been     
conducted to meet the demands from the industry, 
and have mapped the number of employees in the 
sector, described relevant occupations in the sector 
and mapped existing education and training. The 
incentives for project related activities have been 
to develop knowledge and tools to handle skills 
shortage in order to respond to the lack of         
sufficient training, improve communication        
between the industry and education and training 
providers to match industry demand with supply 
(VET and FE institutions) and to improve           
recruitment practice and to develop safer working 
conditions in order to handle the age distribution 
by developing a European framework for        
competencies. Previous mapping of the age       
distribution in the European explosives sector 
shows that more than 50 percent of the workers 
are 50 years and older and less than 10 percent of 
the workers are below 30 years of age. Partners 
from 12 member states and relevant stakeholders 
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at    national and European level, the civil and        
military sector, from academia, trade unions,     
sector specific associations, education providers 
etc., have been involved in previous projects. 

In order to take the occupational standards to 
the next level, to go from a tool with little         
recognized practical value which needs to be 
tested and used by the industry partners, the                
project aims to give practical examples of how the 
occupational standards can be used at plant level 
to add value to their HR processes and for other 
stakeholders. 

The project is set up as a case study where five 
industry partners from five nations will implement 
selected key roles from the occupational standards 
in tight collaboration with the five other partners 
in the project team, who all have previous              
experience of developing the standards. The new 
project, EUExImp, will focus on developing    
support structures for the industry partners in their 
efforts to implement the occupational standards. 
The support will be provided by people from the 
project team supporting management and HR staff 
at plant level during the entire process of           
implementing the occupational standards in their 
company. 

The implementation process will be conducted 
in three phases, where each phase will develop 
learning outcomes that can be built into a tool for 
managing implementation processes. The three 
phases are: 

Initiation, identification of key roles for        
implementation and setting up a time plan. 

Implementation of the selected key roles and 
standards in the company’s HR routines and   
processes. 

Dissemination of results and evaluation of the 
learning outcomes and documentation of good 
practice. 

 

The implementation process will be monitored 
and evaluated during the whole period in order to 
develop experience and knowledge into a step-by-
step guidance material for further support of the 
implementation process. In addition the guidance 
material will be developed into a handbook in 
phase three to include good practice. The purposes 
of the tools are to support future implementation 
processes in other companies and to develop easy 
to use manuals in order to increase the impact 
from the project. The manuals can be spread to 
others (companies and stakeholders) when they are    
available on the project website. 

The project team will develop two intellectual 
outputs during the project period, number 1 is the 

step-by-step guidance materials and number 2 is 
the handbook which includes a revised form of the 
step-by-step guidance to include good practice. In 
order to develop these tools each partner will join 
a collective learning group, by sharing their       
experiences from the implementation process. The 
group will meet regularly at project meetings. 

Other expected outcomes during the project  
period are a change of mind-sets among the      
project partners, managers and HR staff. This will 
happen when the industry partners make new     
experiences and discoveries during the project 
leading them to changing their attitudes and minds 
about using occupational standards in their HR 
processes. 

By disseminating project activities, outcomes 
and intellectual outputs the project will reach out 
to other companies, stakeholders, education and 
training providers and employees and hopefully 
convince them that the use of occupational      
standards can add value to HR routines and    
processes and help them to develop a more       
strategic and systemic approach towards HR   
planning, recruitment, role definition, skills gaps 
analysis, competence planning and further       
education. The project aims to show how the use 
of occupational standards can help managers and 
HR staff to change their practices when mapping 
skills gaps and change how they communicate 
with VET providers and FE and HE institutions 
when demanding company and employee specific 
education and training. 

3 PROJECT PARTNERS 

The number of participating countries in 
EUExImp is 5: UK, Sweden, Portugal, Germany 
and Estonia. Each country has two participants: 
Picrite (UK), Event Horizon (UK), Saab Bofors 
Test Center (Sweden), KCEM (Sweden), Univer-
sidade de Coimbra (Portugal), GJR – Pirotecnia e             
Explosivos (Portugal), Dresdner Sprengschule 
(Germany), Orica (Germany), Voglers (Estonia) 
and Tallinna Tehnikaulikool (Estonia). KCEM is 
the project promotor. 

4 OUTCOMES 

The project will have two major outcomes, a   
Step-by step guidance material and a Handbook. 

The step-by-step guidance material is aimed for 
use by the industry in the European explosives  
sector, when implementing occupational          
standards. The guidance material is to be used in 
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HR management processes. The guide includes 
useful tutorials in how to make skills gaps analysis 
based on the occupational standards developed for 
the explosives sector, in addition the occupational 
standards can be used to assess learning needs,  
define occupational roles, advertise for key     
competencies when recruiting, and plan for     
competence enhancement programs and             
upskilling. The guidance material will be           
developed simultaneously when supporting and 
documenting the implementation process, by 
monitoring and evaluation the learning process. 
The material will be developed through three 
phases simultaneously conducted in five plants, in 
UK, Sweden, Germany, Portugal and Estonia. 

The methodological handbook developed for 
the European explosives sector for implementing 
occupational standards built on good practice and 
a step-by-step tutorial guidance material. The 
handbook is aimed for industry partners when   
implementing occupational standards in their HR-
management processes. The handbook will be    
developed in collaboration with all involved    
partners and include learning outcomes based on 
monitoring and evaluation of the implementation 
process. The handbook will include good practice 
from all involved plants. It will be developed      
simultaneously in five plants, in UK, Sweden, 
Germany, Portugal and Estonia and collated to a 
joint publication by the UK-partner. The        
handbook will be developed in English and    
translated to several languages, Portuguese,        
Estonian and another optional language decided 
by the project team. 
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1      INTRODUCTION 

The Explosive Substances and Articles National 
Occupational Standards (ESA NOS) were          
developed in the UK by the Standards Setting 
Body for Explosives, Munitions and Search      
Occupations (SSB for EMSO) in response to the 
UK Ministry of Defence’s (MoD) aspiration for a 
set of comprehensive standards against which  
people’s competence in working with explosives 
could be developed and measured. The ultimate 
aim was to enhance the mobility of the UK        
explosives industry and provide measurable      
outcomes by which people could be recruited, 
trained, developed and their performance        
managed. 

 
The SSB is a voluntary, autonomous entity, 

formed and approved by the UK government in 
2000 in order to develop National Occupational 
Standards and National/Scottish Vocational   
Qualifications (N/SVQs) for those involved in 
munition clearance (i.e. bomb disposal) and search 
activities. These standards were launched in      
October 2003. 

Following this launch, the Defence Ordnance 
Safety Board (DOSG) of the MoD approached the 
SSB and asked for help in defining the            
competencies known at the time in the MoD as 
Ordnance, Munitions and Explosives (OME) but 
which later became known as Explosive          
Substances and Articles (ESA). Since the MoD 
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development purposes and to enhance business processes and performance. It will draw on practical and 
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ideally wished its personnel to gain national       
accreditation for achievement of the resulting  
standards, the project was therefore widened to  
include all organizations that employed people 
who needed expertise in dealing with explosives. 

In particular, the issues facing the MoD were: 
- A need to assure competence as one means of 

avoiding accidents by providing an objective 
method of assessment of training inputs; 

- Recruitment difficulties: ESA is a shrinking 
specialism within the MoD and a high level of 
commitment is required of applicants who will 
need to fulfil their training programme; 

- A need to put in place objective criteria by 
which contracts placed with commercial          
companies can be assessed and managed; 

- A desire to provide formal accreditation for   
individuals’ competence; 

- The imperative of enhancing and maintaining 
safety standards. 

The work was developed by senior               
representatives of those organizations involved in 
ESA activities including the Ministry of Defence 
(MoD), military forces and private sector defence 
companies, facilitated by a consultant expert in the 
specification and measurement of competence. 

1.1     ESA standards 

Taking into account subsequent developments, the 
key outcomes of the project were: 

- An occupational map, i.e. a descriptive report 
of the industry, its size and composition; skills and 
training issues; roles employed; numbers           
employed and other notable related issues; 

- A functional map which describes all the    
explosives-specific functions carried out in the  
explosives industry and the most common generic 
functions; 

- A suite of around 450 standards (of which 
around 260 are explosives-specific), describing the 
measures by which someone’s performance would 
be measured (performance criteria), descriptions 
of the parameters of competent performance       
(contexts) and the critical minimum knowledge 
and understanding (knowledge requirements) 
needed to fulfil the performance criteria and     
contexts – all written as outcomes; 

- A total of 35 qualifications designs (including 
subsequent developments) at levels 1 – 4           
(effectively, basic support, operator,                   
supervisor/technician and operational manager). 

UK Health and Safety legislation states that 
people working with explosives shall be          
competent but this had not been defined until the 

ESA standards were developed. In July 2009, the 
MoD published a requirement to demonstrate 
competence against the ESA standards where an 
article is any equipment containing explosives. 
This applies to all people working with or           
responsible for ordnance, munitions and              
explosives. Specifically, it says: 

The competence of those working in Weapons, 

Ordnance, Munitions or Explosives (WOME) shall 

be demonstrated against the standards of best 

practice set by the sector; these are the National 

Occupational Standards (NOS) for Explosives 

Substances and Articles (ESA). 

The Health and Safety Executive (HSE) has 
also stated that, when carrying out inspections, it 
will review the competence of personnel against 
the ESA standards. We anticipate that the          
development of competence when working with 
explosives will become increasingly important in 
the UK. This can be done by working to standards. 
Assurance of competence can be achieved through 
the award of competence-based qualifications that 
provide external, independent validation of         
internally assessed competence. 

The ESA NOS were developed several years 
ago but they have been validated for use across 
Europe by the EUExcert project. 

1.2    Coverage of the ESA standards 

 
The ESA standards cover the use of explosives 

in the following areas: 
- Research, design and development 
- Safety management 
- Test and evaluation 
- Manufacture 
- Maintenance 
- Procurement 
- Storage 
- Transport 
- Facilities management 
- Entertainment 
- Logistic disposal 
- Munition clearance and search 
- Semi-generic supporting activities. 

1.3    Structure of the ESA NOS 

The ESA NOS are written in terms of outcomes. 
This makes them relatively future-proof (since 
there is no reference to specific processes or      
legislation so changes in these can be                 
accommodated easily) but the main point is that 
they are measurable. 

The ESA NOS comprise three components: 
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Figure 1. A model of Competence. 

- ‘Criteria’ – by which someone’s competence 
is judged (also written as outcomes). For example, 
in the standard about handover of ESA, this        
includes ‘ensure that the information exchanged at 
handover is accurate, up to date and complete’; 

- ‘Contexts’ – which describe the parameters of 
someone’s competence. For example, during 
handover of explosive substances and articles, two 
of the contexts of the handover are ‘issuing’ and 
‘receiving’; 

- ‘Knowledge’ – this specifies the essential 
knowledge needed for competent performance 
which cannot be inferred from competent          
performance e.g. ‘the limitations and any specific 
requirements of the explosive substances and/or 
articles (e.g. transport, storage etc.)’. 

1.4    What is ‘competence’? 

There are many definitions of what competence is. 
The UK has adopted the following model of   
competence when developing National              
Occupational Standards i.e.: 

competence is the ability to perform             
consistently to occupational standards 

The relationship between the ESA standards 
and other performance-related specifications can 
be described by the following model below: 

There are three drivers to performance: targets 
and objectives, technical competencies and        
behavioural competencies. The pyramid explains 
the relationship between these. Targets and        
objectives are agreed at performance appraisals 

and state the quantified annual expectations of 
staff. These will probably change every year i.e. 
these are annuals. 

However, in addition to achieving specific   
targets and objectives, people need to maintain the 
organisation’s good practice in what they do: in 
other words, they need to achieve the requirements 
of technical competencies. The technical         
competencies describe what people do in their jobs 
and the standards they should maintain             
continuously. These are sometimes also known as 
functional competencies or standards. These are 
the ESA standards. These quality expectations are 
permanent – i.e. they are perennials. 

In order to help achieve their targets and       
objectives and maintain the required quality       
expectations, people also need to exhibit certain 
personal qualities – what people are i.e.              
behavioural competencies (also often known as 
personal qualities). For example, if you are a sales 
assistant, it would be helpful to develop the     
quality of customer focus. Finally, the behavioural 
competencies support the development of personal 
behaviours that help an individual to attain their 
targets and objectives whilst maintaining the      
required standards of performance as described by 
the technical competencies. 

1.5    Uses of the ESA standards 

Standards lie at the heart of all HR processes. 
There are in fact many possible uses of standards 
in a range of HR processes as described by the 
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Figure 2. Uses of the ESA standards. 

diagram below. 
By describing what an organization expects of 

its staff, standards can be used for many different 
purposes such as: 

- Recruitment and selection – e.g. job adverts, 
interview aide memoires, job descriptions, role 
profiles; 

- Appraisal – standards amplify an                 
organisation’s expectations; appraisals can be 
more objective & evidence-based; 

- Training needs analysis – through self-

assessment, development discussions, 360°      
feedback, Personal Development Plans, audits of 
team strengths & development needs; 

- Training syllabus design – based on the       
requirements of the standards; 

- Career management – e.g. career maps, career 
planning tools; 

- Succession planning – systematic approaches 
to talent management based on an organisation’s 
analysis of development needs; 

- Demonstration of a commitment to known 
quality standards, investment in people and the 
ability to comply with legislation, regulation and 
codes of practice; 

- … and many more specific applications 

within each part of the HR cycle. 
Implementing the standards can help             

organisations to manage the development and    
deployment of suitable resources and to provide 
assurance to regulators that they have despatched 
their duty of care with respect to ensuring the 
competence, and therefore safety, of their       
workforce. 

2    IMPLEMENTING THE ESA STANDARDS 

Here are some considerations to take into account 
if you want to implement the ESA NOS and if you 
decide you wish to implement qualifications, these 
same points still apply. 

People are frightened of the word competence 
because of the implications of its opposite i.e.    
‘incompetence’. People may fear that they may 
lose their jobs if they are found to be lacking in the 
competence required of them by their employer. 
Also, people are often nervous about change and 
the implementation of the ESA NOS may      
sometimes be seen as something threatening. 

So, we recommend that you do some dry runs 
and iron out the glitches before “going live” i.e. 
you need to run a pilot with a limited number of 
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users of the standards. You might identify the need 
for more or different support (e.g. more time,    
better systems or improved communications). Here 
are some tips on successful implementation. 

- Be clear about what you are going to use the 
standards for and why and communicate this to all 
involved; 

- You must have senior management support to 
implement such an initiative; 

- Integrate the standards into Human Resources 
(HR) processes (e.g. building role profiles mapped 
to the ESA NOS into performance appraisal      
systems); 

- Identify sources of evidence; 
- Get managers and those being appraised used 

to assessment against the standards; 
- Consider quality assurance – how are you   

going to ensure that everyone will be treated fairly 
and equally? Even though the standards are     
written as objectively as possible, there will        
always be scope for different interpretations. 

2.1    Role profiles 

The best way to start the implementation process 
is by creating role profiles so that you know which 
ESA NOS are relevant to which roles. If you begin 
by creating role profiles, you will have a        
specification of the outputs that people are         
expected to achieve in their jobs – as opposed to 
the responsibilities (i.e. inputs) that are usually 
listed in job descriptions. These outputs will be 
measurable because the components derive from 
the ESA NOS i.e. criteria, contexts and        
knowledge. 

So, you will be able to recruit, train, appraise, 
develop and promote people against the same    
objective specification. Working to standards will 
then inform people’s personal development plans 
by identifying specific development needs. 

2.2    Recruitment and selection 

With some judicious copying and pasting, you can 
use the ESA NOS for all sorts of purposes. For job 
advertisements, you can use the standard title,   
performance criteria, contexts and knowledge 
statements to form the specification of the skills 
and experience that you are seeking. 

For interview aide-memoires, you could use the 
performance criteria as the basis for interview 
questioning. This could help to elicit evidence of a 
candidate’s achievements in this area. A third   
column can provide space for the interviewer’s 
notes of the applicant’s responses to the             
criteria-based questions. 

2.3    Appraising against the ESA NOS 

The same advice applies to the use of the ESA 
NOS for appraisal purposes as to the                  
implementation of the standards described above. 
A small scale pilot scheme will help to identify 
any problems so that action can be taken before 
rolling out the process across an organization. For 
both the pilot and full-scale roll-out, you will need 
to brief everyone concerned – not forgetting those 
who will be appraised as well as those supervisors 
and managers who will be carrying out the         
appraisals. 

At the beginning of the reporting period, it is a 
good idea for managers and appraisees to sit down 
together with a copy of the ESA NOS and agree 
which priority standards appraisees will work     
toward based on: 

- the needs of the current job role; 
- the needs of future job roles; 
- operational needs and priorities; 
- personal preference & abilities. 
At the point of appraisal, managers and         

appraisees can agree whether the individual has 
met the requirements of the agreed standards or 
not met them (or possibly even exceeded them). 
As with all other feedback processes, individuals 
should be congratulated on their achievements and 
any agreed development needs can be transferred 
onto a Personal Development Plan (PDP). 

As with any other system, this system needs to 
be managed: for it to work effectively, managers 
and appraisees will need time (and obviously, 
there is a cost attached to this). However, there are     
significant potential benefits to be gained, for    
example, greater clarity of expectations, improved 
motivation, better communications and working 
relationships – aside from enhanced performance 
and competitiveness. 

2.4    Training using the ESA NOS 

The ESA NOS can be used to identify training 
needs in a number of ways e.g.: 

- self assessment; 
- appraisals; 
- 360 degree feedback; 
- team audits against standards. 
The ESA NOS can be mapped both to           

internally and externally delivered training.     
Adding up all the individual identified training 
needs and commissioning future training that will 
be delivered against these needs will result in a 
much better use of training budgets as it will be  
focused on specific and quantified needs and the 
outputs of training can be measured more easily. 
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This approach should also make it easier to 
manage outsourced trainers because an               
organisation can specify its requirements           
unequivocally and in detail. 

It is a point worth remembering though that an 
individual’s training and development needs might 
best be met through interventions other than     
formal, classroom training e.g.: 

- better communication; 
- clarification of expectations/procedures; 
- coaching; 
- more practice; 
- short seminars delivered by colleagues or a  
manager; 
- assignments; 
- projects; 
- job swaps; 
- reading; 
- internet/resource centre research. 

2.5    Career management and succession 

planning 

An aggregation of individuals’ skills,              
competencies, qualifications and achievements 
will provide a clear picture of an organization’s 
skills strengths i.e. how many and which                      
individuals are competent in different occupational 
areas. A spreadsheet of such information can      
include caveats such as who is currently in      
training; who is scheduled for training; whose 
training or licence period has or is about to expire; 
any limitations as to an individual’s competence or 
authority to carry out certain tasks (e.g. some   
people might be limited to carrying out a task in a 
certain facility or only with the boundaries of their 
employing organization) and so on. 

Conversely, an aggregation of individuals’    
development needs will provide a clear picture of 
an organization’s skills weaknesses i.e. how many 
and which individuals need training and             
development in different occupational areas. This 
can also help with benchmarking against         
competitors. 

Once this information is available, robust      
career management strategies and pathways to 
help the organization meet future manpower           
challenges can be developed. 

3    QUALIFICATIONS 

Whilst working to standards is useful as for such 
management and personal development purposes, 
it is the independent, external validation of     
competence brought about by the award of     

qualifications that provides organisations with    
assurance that its people are competent and    
therefore, safe. 

Homeland Security Qualifications (HSQ) offers 
different types of vocational qualification i.e.: 

- vocational qualifications that are recognised  
by the UK explosives industry; 
- bespoke qualifications. 
HSQ’s industry-recognized vocational      

qualifications all derive from nationally accredited 
ESA standards. They comprise a number of     
standards and are written in terms of the          
competence needed for a particular function which 
is measured by achieving the performance criteria; 
specifications of the critical minimum knowledge 
and understanding needed to fulfil the               
performance criteria and descriptions of the        
parameters of competent performance – the     
‘contexts’. 

They involve an occupationally competent, 
qualified assessor to assess the candidate and they 
require internal and external verification of         
assessment processes. Note that assessors and     
internal verifiers are employees of the organization 
but external verifiers as HSQ’s appointees. Thus, 
independent, objective validation of internal       
assessment is achieved. 

3.1    Evidence of competence 

Evidence must be current, valid, complete,         
authentic, sufficient, relevant and auditable, and is 
obtained by: 

- direct observation of the candidate; 
- photographic, audio, video or other electronic  
recording of candidate activity; 
- the presentation of real work produced by the  
candidate; 
- previously recorded achievement; 
- questioning the candidate to assess the        
underpinning knowledge and understanding   
and/or to authenticate the validity of other    
evidence. 

3.2    Vocational qualifications 

HSQ's vocational qualifications cover a wide 
range of occupational areas including: 

- defence range safety; 
- using small arms; 
- munition clearance and search; 
- explosives storage; 
- explosives maintenance; 
- relief operations; 
- movement of explosives; 
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- explosives operations;  
- explosives supervision; 
- explosives safety management and/or  
advice/and/or regulation; 
- test and evaluation of explosives; 
- disposal of explosives. 

3.3    Bespoke qualifications 

HSQ works with its qualifications centres to create 
bespoke qualifications where the centre’s            
requirements do not meet mainstream industry 
needs. For example, bespoke qualifications may 
accredit knowledge or competence gained through 
a training course or a candidate may be employed 
by an organization in a very specialist role. 

Unlike industry-recognized vocational      
qualifications, bespoke qualifications are not part 
of a national framework and cannot be used for 
exemption from, say, college entrance                 
requirements. However, for some employers and 
groups of employers, such awards are a useful tool 
for the selection, training and advancement of   
personnel. 

Bespoke qualifications may be linked to       
National Occupational Standards or national  
qualifications and are likely to recognize approved 
in-house training, role profile matching or other 
records of experience, skills and knowledge in 
employment. 

4    QINETIQ: A CASE STUDY 

QinetiQ, a major UK defence contractor, wished 
to provide auditable assurance of the competence 
of its personnel who work with explosives. In        
addition, QinetiQ's training system specified   
training requirements but no detailed specification 
of training content existed. A more robust,         
auditable system of training was therefore sought 
that would prove competence. Consequently, 
QinetiQ decided to implement HSQ’s vocational 
qualifications which accredit the competence of 
those who work with explosives as this would 
provide the sought-after robustness and an audit 
trail that would prove the compliance of QinetiQ's 
staff with the ESA standards. 

QinetiQ first identified its target candidates for 
the industry-recognized explosives qualifications 
that were to be delivered i.e.: 

- Safety Management (levels 3 & 4); 
- Test & Evaluation (levels 2, 3 & 4); 
- Storage (levels 2, 3 &4); 
- Transport (levels 2 & 3); 
- Disposal (levels 2, 3 & 4); 

- Munitions Search (level 2); 
- General Explosives Operations (level 2). 
QinetiQ's next task was to train the identified 

Assessors and Internal Verifiers upon whom    
success of the scheme would depend. For around 
500 candidates in all QinetiQ's sites across the 
whole of the UK, this involved training 4 Internal 
Verifiers and 11 Assessors. The experiences      
described below have come about through the    
delivery of assessor and verifier training and the 
business benefits that have arisen have similarly 
come about through this initial preparatory process 
– i.e. even before the qualifications have been   
implemented. 

4.1 Business benefits 

4.1.1 To the business 

- role profiles were created for people who work 
with explosives which were mapped to the ESA 
NOS. These will be embedded in QinetiQ's HR 
system so that, in future, people will be appraised 
against them annually as the qualifications'         
assessment specifications are seen as amplifying 
QinetiQ's expectations; 

- through the implementation of qualifications 
that measure the competence of the explosives 
workforce, QinetiQ now has a demonstrably 
proven, competent and safe workforce. It also has 
evidence of workers' limitations and identified 
training needs which has informed the                
development of targeted training plans which in 
turn has led to better use of resources when     
commissioning training; 

- the implementation of the qualifications has 
led to the formalization of a common standard of 
technical knowledge and expertise among          
supervisors and managers who may have arrived 
in their current positions by various routes; 

- encouraging supervisors and managers to get 
more closely involved in day to day operations has 
increased their knowledge of explosives-related 
processes and facilitated a system for continuous 
improvement to safety, processes, quality and 
standards; 

- as business practices are enhanced and the 
workforce works to consistent processes and    
standards, there has already been a reduction in  
re-work; 

- many of QinetiQ's UK sites have evolved 
from different starting points and ownership   
structures which has led to variations of practice. 
The introduction of HSQ's qualifications has      
begun to bring together business practices to a 
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common standard and modus operandi. This has 
also led to a reduction in the amount of re-learning 
and re-certification that was needed when people 
transferred from one site to another; 

- a culture of quality-assured competence is 
growing. 

4.1.2 To supervisors and managers 
 

- supervisors and managers do not all share the 
same background, training, experience and         
expertise. By using the ESA standards and     
qualifications' assessment specifications,            
supervisors and managers are developing a more 
detailed understanding on technical issues e.g.    
resource allocation, process methods, safety and 
standards. Reductions in mistakes and re-work are 
expected as a result; 

- previously, in a climate of economic difficulty 
and recent redundancies, workers were concerned 
about voicing their concerns about work         
processes. However, as supervisors and managers 
have held confidential reviews of individuals'   
performance, people now feel more confident 
about expressing their concerns and making     
suggestions for improvements; 

- by providing objective evidence of           
competence in the appraisal process, the use of the 
qualifications' assessment specifications has       
reduced the ‘horns and haloes’ effect of other   
performance review processes that are not built 
upon observed evidence; 

- supervisors and managers have already       
noticed a difference in the candidates' performance 
as they now have a detailed focus for their           
attention, provided by the qualifications'             
assessment specifications; 

- traditionally, there has been a perception 
among workers that the only valuable training was 
that which was delivered through a training 
course. However, there has been an increasing 
recognition by workers that training can be                           
delivered in many ways, particularly when it 
comes to developing skills; 

- new tools for HR and an updated concept of 
the quality assurance of personnel and processes. 

4.1.3 To workers (i.e. candidates) 

- by comparing what they do with QinetiQ's    
Standard Operating Procedures (SoPs), workers 
have identified gaps in their knowledge for which 
they have asked for more training which in turn is 

helping to create greater robustness of training - 
both in terms of the delivery and content; 

- as workers now have sight of the              
qualifications' assessment specifications at higher 
levels than their own roles, they are now able to 
take an informed view as to what is required to 
progress to higher levels. This will in turn help to 
inform QinetiQ's career management and          
succession plans; 

- in discussion with their supervisors, workers 
have questioned why procedures have been       
traditionally carried out in a particular way and 
have made suggestions for improvements to   
processes and, as a result, greater efficiency,   
quality and safety has been achieved; 

- improved communications between workers 
and their supervisors has come about as a result of 
private one-to-one discussions about individuals' 
performance when measured against the          
qualifications' assessment specifications. This in 
turn has led to greater clarity of expectations, 
greater trust and enhanced levels of self-esteem 
and confidence which has led to improvements in 
morale and motivation; 

- workers now have the confidence to discuss 
control systems for managing explosives processes 
so already, there is evidence that people are    
looking beyond their immediate activities to spot 
the potential for improvements to the robustness of 
systems; 

- workers acknowledge the investment that the 
company has made in their training, development 
and the accreditation of their competence and 
skills. The fear that qualified people will leave the 
company has proved untrue: as the achievement of 
a qualification has introduced a note of stability, 
people are content to remain in an environment 
where they feel that their contribution is valued. 

In short, QinetiQ's experience has been that the 
implementation of these qualifications provides a 
vehicle to unequivocal communication, a shared, 
consistent understanding of the company's         
expectations and standards and a reduction in the 
scope for variation of interpretation of SoPs. By 
embedding this degree of detail, high quality   
standards of work, safety and best practice will be 
built into everyday work. 

Already, even before the qualifications have 
been implemented, tangible business benefits have 
been identified which are directly attributable to 
the qualifications. For example, workers have been 
able to use the qualifications' assessment        
specifications as process audit tools and question 
the clarity and currency of work instructions. This 
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has led to suggestions for business improvement. 
QinetiQ anticipates more opportunities for       
business improvement as HSQ's qualifications are 
rolled out across all UK sites. 

5 CONCLUSIONS 

In summary, there are many significant benefits to 
assuring the competence of people against         
objective and detailed descriptions of competence. 
This can be done by implementing the ESA NOS 
in the workplace and using them for a variety of 
purposes. However, if independent proof of    
competence is sought, the achievement of          
explosives qualifications not only provides this 
proof of competence but, if embedded in HR    
systems, also provides organizations with          
systematic processes for capacity-building (both 
knowledge and competence) and the better        
targeting of resources, quality enhancement, risk 
avoidance, collaborative working and gaining a 
competitive edge. 

The Explosive Substances and Articles         
National Occupational Standards are available 
here: 

http://www.homelandsecurityqualifica
tions.co.uk/documents/ 
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1    INTRODUCTION 

The use of explosives remains the most efficient 
way to fragment rocks and therefore blasting     
operations are essential in all large-scale mining, 
quarrying or civil construction excavations.    
However, as only a part of the explosive energy is 
used for the fragmentation and the displacement of 
the rock-mass, improperly designed blasts may 
cause undesirable side effects like noise, fly rocks 
and vibrations. Among them, the control of ground 
vibration can be a challenge if neighbours live in 
the close vicinity of sites and if severe standards 

are imposed by authorities. It is then imperative to 
forecast the vibration level prior to the operations. 

In this study, 240 blast data sets, recorded in 
two places located nearby the Moha quarry     
(Belgium), were used to estimate the Peak Particle 
Velocity (PPV) via the classical scaled distance 
laws (Chapot 1981; Dowding 1985) and a       
theoretical derivation method (Sambuelli 2009) 
versus the Epsilon Support Vector Machine      
Regression with RBF kernel (Khandelwal et al. 
2010). We also examined various exponential 
models using the distance and more or other    
variables than the maximal charge per delay. 

 
 
 
 
 
 
 
 
 
 

ABSTRACT: This study was carried out to assess different methods to forecast blast induced ground 
vibration. To achieve this objective, 240 blast data sets, recorded in two places located nearby the Moha 
quarry (Belgium), were used to estimate the Peak Particle Velocity (PPV) via the classical scaled distance 
laws (Chapot 1981; Dowding 1985) and a theoretical derivation method (Sambuelli 2009) versus the 
Epsilon Support Vector Machine Regression with RBF kernel (Khandelwal et al. 2010). We also 
examined various exponential models using the distance and more or other variables than the maximal 
charge per delay. These methods required linear regressions on the natural logarithm of the entries for 
which the Least Squares and the Epsilon Support Vector Machine with linear kernel gave close results. 
The best determination coefficients between the measured and predicted values were obtained with the 
Dowding’s law for one location and with the Epsilon Support Vector Machine Regression with RBF 
kernel in the other. 
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 Symbol Site 1 Site2 

PPV (mm/s) Vmax 0.254 - 6.287 0.699 - 14.224 
Pseudo-frequency (Hz) F 3.6 – 128 3.2 - 65 
Vector sum (mm/s) Vsum 0.254 - 7.153 0.704 - 16.701 
Dominant frequency (Hz) FDom 1 - 76.75 2.63 – 28.75 
Distance (m) D 210 – 850 90 - 560 
Instantaneous charge (kg) Qi 29 - 236 
Total charge (kg) Qt 680 – 5,600 
Instantaneous energy (MJ) Ei 150 – 1,060 
Total energy (MJ) Et 2,810 – 24,600 
Average volume/hole (m3) Vol 80-750 
Total blasted volume (m3) Volt 2,000 – 20,000 
Minimum delay (ms) SD 7 - 28 
Number of holes NH 6 - 62 

Table 1. Range of the field data. 

 

2    SETTING 

The field data were collected at the Moha quarry 
operated by Carmeuse. It is situated 20 km west 
of Liège (Belgium), on the left bank of the     
Mehaigne River, immediately upstream of Moha 
village. Located on the northern limb of the    
Namur Syncline, the quarry excavates 150 m of 
Lower Carboniferous limestone, dipping with an 
angle of 10 to 15° to the S.-S.E. The quarry face 
is divided in 7 benches whose heights fluctuate 
between 10 and 25 m and their slope angle is 
80°. 

For this study, 240 blasts were monitored. 
They consisted of firing 6 to 62 holes, drilled 
with 140 mm diameter, with a 4 m by 4 m to 5.5 
by 5.5 m pattern. The typical powder factor was 
120 gr/t and a blast consumed in average 2.2 t of 
explosives. Dynamite was used as booster and 
the charges were composed of Anfo, Alufo or 
Emulstar. The blasts were initiated with         
electronic detonators, with an inter-hole delay 
fluctuating between 7 and 28 ms, whereas, the  
inter-row delay was 3-5 times the inter-hole     
delay. 

The PPV was recorded, with Nomis          
seismographs, in two places respectively located 
between 200 and 850 m from the shots for the 
first site, and between 90 and 560 m for the    
second one. In site 1, the measured PPV are     
between 0.25 and 6.3 mm/s with associated 
pseudo-frequencies between 3.5 and 128 Hz, 
while in site 2, the measured PPV are between 
0.7 and 14.2 mm/s with associated pseudo-
frequencies between 3 and 65 Hz. 

3    EPSILON SUPPORT VECTOR MACHINE 
LINEAR REGRESSION WITH THE 
SOFTWARE WEKA 

In this paper we consider exponential models 

 where the  are different 
input data. This turns to linear models 

 where the regression of 

 on the  will be processed by least 
squares versus support vectors machine. The first 
one is well known and we give some broad       
outlines for the second approach. 

Given training data  

with  as inputs and  as        
corresponding ouputs, the Epsilon Support Vector 
Machine Linear Regression looks for an             

estimation  of the output y 

corresponding to a test input with a tolerance 
strip as wide as possible while keeping the          

residuals  of the outside data as 
close to the tolerance as possible . Thus we choose 

 and consider the strip between the hyper-

planes  outside of 
which the training data are seen as mistakes ones 
and we introduce the slack variables 
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Figure 1. SVM insensitive strip.  

for taking these mistakes data into account. The 

distance between  and  

 

is increased by decreasing  and, 
finally, we choose C > 0 and minimize the convex 
quadratic function 

 

in the subset of  defined by 
the affine inequalities 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

By the duality theory in convex optimization this 
primal problem turns into the dual one: search 

 which maximizes the   
concave quadratic function 

 

under the constraints 

 

This maximum exits by the continuity of g and the 
compactness of the set defined by the constraints. 

The Kuhn-Tucker equations of the duality   

theory lead to the following expression of  

 

with  for all i, so that one of the 

factors is always 0. In fact the dual variables 

 relative to the training data  
strictly inside the strip are both equal to 0 and only 
the border and outside data contribute to  : these 
are the support vectors. 

The estimation of b is also a consequence of 
the Kuhn-Tucker equations. For example, if 

 for one index j then    

belongs to the hyperplane  so that 

 

The regression function is finally 

 
We compute and test our models, least squares 

(LS LR) or Vector Support Machine (SVM LR), 
with the free software Weka of Waikato University 
in the Explorer mode (Witten et al. 2011). For the 
VSM LR this software uses the Sequential      
Minimal Optimization (SMO) where the quadratic 
optimization problem is reduced to a sequence of 
2-dimensional ones whose solution is purely    
analytical (Platt 1999; Shevade et al. 2000). The 

data  are called instances in Weka, the 

components of an input  are the attributes and 
the output y is the class. Weka can load and save 
csv files or arff files (its own file format, which 
may be commented by lines beginning with % in a 
text editor). 

First we split our instances in 2/3 for a Training 
Set and 1/3 for a Testing Set (Preprocess > filter > 
unsupervised > instance > Reservoir Sample) and 
we evaluate the natural logarithms of the original 
values in cvs files for the following computations. 

For the LS LR model we run Classify >      
classifier >function > Linear Regression in Use 

Training set to build the model and in Supplied 

test set with the option Output prediction > csv 
file to get the predicted values versus the actual 
ones i.e. the natural logarithms of the measured 
values. 

For the SVM LR model we first get a good 

choice of the parameters  and C for the Training 
Set with Grid Search (Classify > classifier > meta 
> Grid Search based on the classifier function 
SMOreg, running in Use Training set option)     
between chosen limits with a chosen step. Then we 
run Classify > classifier > function > SMOreg in 
Use Training set and in Supplied test set with the 
option Output prediction > csv file. 
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The option Output prediction > csv file in  
Supplied test set gives the sub-file ‘Prediction on 
TestingSet’ in the Weka results window (first line 
: inst# actual predicted error). This sub-file may be 
copied in a csv file to evaluate the exponential of 
the actual and predicted values and their            
correlation. 

When the basis affine model doesn't agree with 

the original data, the inputs x are mapped into a 
space of greater dimension, finite or not, by a 
transformation 

 or 

, Hilbert 

space of the real sequences  

such that  is convergent (The  are 

called features while the components of an 

input x are the attributes) and one seeks a           
regression function of the form 

 

The mapping is choosen in such a way that the 

inner product  may be computed 
by means of a kernel k 

 

Then the concave quadratic function to maximize 
in the dual problem becomes 

 

with the same constraints and, finally, the           
regression function is 

 

The kernel we use in this paper is the Radial Basis 
Function (RBF) 

 

for which is the sequence of terms 

 

with  and, for each k, all the multi-indexes 

 such that  

With the SVM RBF method, after the splitting of 
the instances in 2/3 for the Training Set and 1/3 
for the Testing Set, we note the extreme values of 
the attributes of the Training Set before                  
normalising them in the range [0,1] (Preprocess > 
filter > unsupervised > attributes > Normalise) and 
we adapt the values in the Testing Set. With this 

normalization the value of will be a few        
integers order. 

Following a suggestion of Chernassky et al. 

(2004), the parameter is given by 

 
Where l is the number of instances 

of the TrainingSet and is the     

standard deviation of the noises perturbing the , 
estimated from 

 

where is the mean of the                   

corresponding to the k nearest  of . These 

are given by Weka (Classify > classifier > 

lazy > iBk with KNN = k) and practically  is 
the product of the associated Root Mean Squared    

Error by . In this paper we use the 

mean of the five values of . 

Now the parameters C, of the Training Set 
are given by Grid Search (Classify > classifier > 
meta > Grid Search based on the classifier      
function SMOreg, running in Use Training set  
option) between chosen limits with a chosen step. 
Then we run Classify > classifier > function > 
SMOreg in Use Training set to build the model 
and in Supplied test set with the option Output 

prediction > csv file to retain the correlation       

between the actual  i.e. their normalized    
measured values and the predicted ones. The    
normalization has no effect on the correlation    
because the transformation of the actual values 
and their predictions by the inverse of the                
normalization formulate is an affine                
transformation. 

4    TESTED MODELS, RESULTS AND 
DISCUSSION 

This study was conducted in different steps. 
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 Site1 Site2 

D, Qi LS LR 0.780 0.689 
D, Qi SVM LR 0.773 0.682 
D, Qi SVM RBF 0.805 0.691 

 

 

 

In the first one, the classical scaled distance 
laws (Chapot 1981; Dowding 1985) were        
compared to the Epsilon Support Vector Machine 
regressions. As shown in Table 2, in both sites, the 
determination coefficients between the measured 
and predicted values (CoD) are higher for the 
Dowding’s estimator than for the Chapot’s one. If 
for the first site, the least squares linear               
regressions give higher CoD, for the second site, 
the two linear regression methods give the same 
CoD. The SVM regression with RBF kernel gives 
lower CoD and, at this stage, the method does not 
seem to be convincing. 

 
Table 2. Coefficients of determination obtained on   
the testing sets for the scaled distance laws (LS =   
least squares, LR = linear regression, SVM = support 
vector machine, RBF = Regression with RBF kernel) 

 

 Site1 Site2 

Chapot LS LR 0.731 0.672 
Chapot SVM LR 0.692 0.672 
Chapot SVM RBF 0.684 0.656 
Dowding LS LR 0.774 0.730 
Dowding SVM LR 0.733 0.730 
Dowding SVM 
RBF 

0.736 0.694 

 
For the second step, least squares and the SVM 

regressions were performed on the same attributes 
(D and Qi) without using the scaled distances. As 
shown in Table 3, for the first site, the CoD are 
higher than the ones obtained previously, while for 
the second site they are lower than those obtained 
with the Dowding’s law. For both sites, this time, 
the SVM regressions with RBF kernel give the 
highest CoD. 

 
Table 3. Coefficients of determination obtained on the 
testing sets for the model based on D and Qi. 

 
 
 
 
 
 
 
The third step uses the theoretical derivation 

method (Sambuelli 2009). As this estimator        
includes the dominant frequency (FDom) in its 
building parameters, prior to estimating the PPV, 
we simulated the values of FDom via Weka. For 
this, we ran Classify > classifier >lazy > IBK with 
Linear 2 Near Neighbors search in Use Training 

set to build the model and in Supplied test set with 
the option Output prediction > csv file to get the 
predicted values. Compared to previous models, 
for the first site, the CoD was among the highest 
while, for the second site, it was much lower. 
Least squares and the SVM regressions were   
conducted on the same attributes (D, Ei and 
FDom). For the first site, the CoD were improved 
with the linear regressions and lowered with the 
SVM regression with RBF kernel while, for the 
second site, they were all improved but remained 
lower than the ones obtained with the Dowding’s 
law (Table 4). 

 

Table 4. Coefficients of determination obtained on the 
testing sets for the Sambuelli method and the model 
based on D, Ei and FDom. 

 

 Site1 Site2 

Sambuelli 0.792 0.566 
D, Ei, FDom LS LR 0.815 0.634 
D, Ei, FDom SVM 
LR 

0.812 0.621 

D, Ei, FDom SVM 
RBF 

0.738 0.634 

 
In order to identify potential alternative     

models, during the fourth step, least squares and 
SVM regressions were performed on different sets 
of instantaneous attributes, corresponding to the 
hole with the biggest charge. On both sites, none 
of the CoD was higher than the optimums found 
previously. 

 

Table 5. Coefficients of determination obtained on the 
testing sets for several instantaneous models tested via 
least squares and SVM regressions. 

 

 Site1 Site2 

D, Ei, Vol LS LR 0.781 0.661 
D, Ei, Vol SVM LR 0.776 0.643 
D, Ei, Vol SVM 
RBF 

0.764 0.679 

D, Ei LS LR 0.781 0.663 
D, Ei SVM LR 0.776 0.656 
D, Ei SVM RBF 0.796 0.704 
D, Qi, Vol LS LR 0.780 0.692 
D, Qi, Vol SVM 
LR 

0.783 0.664 

D, Qi, Vol SVM 
RBF 

0.741 0.691 
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Site1 Site2 

D, Et, NH, SD, Volt LS LR 0.794 0.599 
D, Et, NH, SD, Volt SVM LR 0.753 0.599 
D, Et, NH, SD, Volt SVM RBF 0.750 0.659 
D, Et, NH, Volt LS LR 0.789 0.598 
D, Et, NH, Volt SVM LR 0.785 0.601 
D, Et, NH, Volt SVM RBF 0.773 0.642 
D, Et, Volt LS LR 0.787 0.596 
D, Et, Volt SVM LR 0.789 0.667 
D, Et, Volt SVM RBF 0.783 0.642 
D, Et LS LR 0.780 0.602 
D, Et SVM LR 0.766 0.666 
D, Et SVM RBF 0.776 0.650 
D, Qt, NH, SD, Volt LS LR 0.785 0.616 
D, Qt, NH, SD, Volt  SVM LR 0.746 0.612 
D, Qt, NH, SD, Volt  SVM RBF 0.803 0.680 
D, Qt, NH, Volt LS LR 0.780 0.615 
D, Qt, NH, Volt  SVM LR 0.787 0.610 
D, Qt, NH, Volt  SVM RBF 0.819 0.672 
D, Qt, Volt LS LR 0.783 0.613 
D, Qt, Volt SVM LR 0.787 0.651 
D, Qt, Volt SVM RBF 0.797 0.666 
D, Qt LS LR 0.781 0.615 
D, Qt SVM LR 0.785 0.671 
D, Qt SVM RBF 0.797 0.648 

 

For the last step, different models built with the 
global data (total charge, total blasted volumes, 
number of holes) were tested via least squares and 
SVM regressions. The CoD are presented in the 
table 6. In the first site, the SVM regression with 
RBF kernel on the distance (D), the total charge in 
kg (Qt), the number of holes and the total blasted 
volume (Volt) gives the highest CoD ever found. 
For the second site, all the CoD are lower than the 
one obtained with the Dowding’s law and no 
method nor model can be selected. 

 

Table 6. Coefficients of determination obtained on the 
testing sets for several global models tested via least 
squares and SVM regressions.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5    CONCLUSIONS 

Two hundred and twenty blast data sets, recorded 
in two places located nearby the Moha quarry 
(Belgium) were used to assess different methods to 
forecast the blast induced ground vibration. 

Among the classical scaled distance laws, one 
model (Dowding 1985) gave higher coefficients of 
determination (CoD) between measured and     
predicted values than the other one (Chapot 1981). 

In one place, the Dowding’s law even gave the 
best CoD of all tested models and methods. 

In the other place, we obtained the best CoD 
via the Epsilon Support Vector Machine            
Regression with RBF kernel (Khandelwal et al. 
2010) on a model built with the distance, the total 
charge in kg, the number of holes and the total 
blasted volume. 

We also examined various models using the 
distance and more or other variables than the 
maximal charge per delay. These methods required 
linear regressions on the natural logarithm of the 
entries for which the Least Squares and the        
Epsilon Support Vector Machine with linear     
kernel give very close results. Their CoD are a bit 
lower than the best but as they provide easily     
usable exponential laws, they can be good           
alternatives. 
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1    INTRODUCTION 

Emulsion explosives are high internal phase water-
in-oil emulsions comprising of a super-saturated 
oxidiser solution in an oil base. Emulsifiers are 
used to stabilise these emulsion formulations 
which can be subjected to challenging conditions 
such as extreme climates, low pH chemical       
gassing and stress during pumping and            
transportation. In some cases, emulsions are       
expected to withstand these conditions and still 
possess a shelf life over 12 months. 

In addition to these challenges, emulsion     
formulation changes can create new found,        
difficult conditions for emulsifiers. Pressure to   

reduce formulation costs causes mines to switch to 
lower quality raw materials, for example, more 
economical grades of ammonium nitrate and       
recycled oil from mining trucks. Such formulation 
changes cause an increase in impurities which    
destabilise the emulsion. These challenges demand 
innovation to deliver emulsifiers which can      
provide enhanced emulsion stability. 

In this paper, optimised solutions have been 
developed using existing emulsifier chemistries. 
Emulsion preparation and evaluation methods 
were developed and adapted for the different     
applications. The emulsion preparation method 
used was standardised with disciplined changes to 
process steps as required; such as mixing regimes, 

ABSTRACT: Through project design and selected industry collaboration, optimised emulsifier offerings 
have been developed for challenging emulsion explosives applications. This paper describes the 
development of a robust standard method for bulk emulsion explosives. This method involves the 
preparation of emulsions and the determination of emulsifier stability performance by optical microscopy 
as the emulsion ages (with accelerated aging through freeze-thaw cycling). This standard method has then 
been adapted for use in other applications including cartridge formulations, formulations containing low 
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chemically gassed. Five new emulsifier blends have been developed from this work, showing advantage 
over existing solutions in their respective applications. 
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Table 1. Standard bulk formulation. 
 

Amount Emulsion Component 

%w/w 

Ammonium Nitrate 73.6 
Water 18.4 
Oil 7.0 
Emulsifier 1.0 

 

 
Figure 1. Emulsion preparation equipment setup. 

preparation temperatures and emulsion raw       
materials. 

2     METHOD STANDARDISATION: BULK 
EXPLOSIVES 

Initial method development focussed on              
establishing a reliable, applicable method for    
testing emulsifiers in bulk emulsion explosives.  

2.1    Emulsion formulation 

Bulk formulations vary widely between emulsion 
explosives manufacturers. The standard             
formulation stated in Table 1 was derived through 
collaboration with industry peers. It was important 
that the formulation was representative of real-life 
applications but also that it was capable of      
demonstrating performance differences between 
emulsifiers. 

The ingredients used to make the emulsions 
have been standardised to ensure consistency of 
results. Where possible, industry standard         
materials were used. The oil used was either      
hydro-treated light naphthenic or diesel fuel oil, 
which are typical oils used in industry. The       
oxidiser phase was made up of reagent grade    
ammonium nitrate and deionised water. Although 
purer than typical industry applied materials, this 
ensured consistency of results. 

 
 
 
 
 
 
 
 

 
 

Typically, the initial emulsion viscosity was  
between 10,000 and 20,000 cP, this varied with 
different emulsifiers. Viscosity was measured     
using a Brookfield viscometer with spindle 7 at 20 
rpm. 

2.2    Emulsion preparation 

In emulsion explosives, the fudge point is the  
lowest temperature at which the solid oxidiser is 
fully soluble in the water. The fudge point of the 
oxidiser phase was approximately 60 °C. This 
phase was therefore heated to 80 °C before    

emulsion preparation in order to ensure that the 
ammonium nitrate was completely solubilised. 

The oil phase was heated to 60 °C prior to 
emulsion preparation or 50 °C for diesel (this was 
a health and safety precaution, due to the lower 
flash point of diesel compared to naphthenic oil). 

In order to ensure that the emulsion             
components were heating uniformly, heating baths 
with circulators were used instead of direct      
electrical element heaters. The use of a heat    
transfer fluid also provided additional safety by 
preventing the existence of hot spots during     
heating. The emulsion preparation equipment 
setup is shown in Figure 1. 

 

Once both phases were at the required        
temperatures, the oxidiser phase was flowed (from 
the top vessel, see Figure 1) into the stirred oil 
phase under gravity. The addition rate was      
drop-wise initially for a fixed time and then a   
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Figure 2. Example of results graph (where Product A showed better stability than Product B). 

 

continuous slow flow. During addition of the    
oxidiser phase, the stirrer in the fuel phase was set 
to 300 rpm. Once all of the oxidiser phase had 
been added, the stirring speed was increased to 
1000 rpm. This standard procedure of addition and 
mixing regime showed good emulsion preparation 
repeatability (see Section 2.6). 

2.3    Emulsion evaluation 

Immediately after preparation, emulsions were 
measured for viscosity and observed for          
crystallisation by optical microscopy. Polarised 
light and a polarising filter are used to observe   
areas of crystallisation at ×10 zoom. Using image 
analysis software, the percentage crystallisation by 
area was determined for each emulsion             
photograph. This process was repeated as the 
emulsion aged. 

2.4    Emulsion aging 

The aging process of the emulsions was              
accelerated using thermal cycling. Some         
emulsifiers were capable of producing very stable 
emulsions; which even when left for several years, 
did not show significant crystallisation. 

Thermal cycling was carried out by placing the 
emulsions in a test chamber which alternated   
storage temperature between -20 °C and +40 °C. 
The emulsion was stored for 11½ hours at each 

temperature and then the sequence was repeated. 
After two sequences the emulsion was cooled to 
room temperature (22 °C). Two sequences of -20 
°C to +40 °C was named one ‘thermal cycle’.    
After each thermal cycle the emulsion was         
observed for crystallisation by optical microscopy. 
It was found that twelve thermal cycles were     
sufficient for determining the success of an    
emulsifier. This was a total of six weeks testing 
time. 

2.5    Displaying results 

Results for products were plotted on graphs with 
the percentage crystallisation observed as the y-
axis against the emulsion age as the x-axis. Figure 
2 shows an example of two products, where   
Product A gave a more stable emulsion than   
Product B. Observed crystallisation in samples 
signifies emulsion break down, hence an        
emulsifier giving poor emulsion stability. High 
levels of crystallisation in emulsions lead to a 
slower velocity of detonation until a point where 
the emulsion no longer detonates. 

2.6    Method reproducibility 

Figures 3 to 5 show results for four different  
emulsifiers. In each figure, the graph shows results 
of four emulsions prepared by two different       
scientists. Each data point has been plotted         
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Figure 5. Crystallisation against time for four 
emulsions prepared by two different scientists 
with a polyisobutenyl lactone (PIB-Lactone) 
based emulsifier. 

 

individually so the variation in results may be    
observed. It can be seen that the results were      
reproducible, showing comparable levels of     
crystallisation and trends across sample age. For 
normal product testing using this method, testing 
was completed in duplicate and the results       
compared, if the results were not comparable, the 
testing was repeated to identify erroneous results. 

As well and the reproducibility of the method, 
it may also be noted from Figures 3 to 5 that the 
method was able to produce stable emulsions with 
a full range of emulsifiers. The method              
differentiated their performance in twelve thermal 
cycles; i.e. the PIBSA (polyisobutenyl succinic  
anhydride) emulsifier gave no more than 3%   
crystallisation during the testing, where the       
sorbitan monooleate emulsifier showed 100% 
crystallisation before the twelfth cycle. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3     METHOD DEVELOPMENT: FURTHER 
APPLICATIONS 

Using structured, disciplined step changes, the 
standardised method described in the previous  

section was then adapted for other applications. 
Below are some examples, in each case the        
developed method was then able to be used to 
make product recommendations for the              
application. For each application, an improvement 
over existing products was required. 

In order to make the graphs clear, the results 
for each application only show some of the     
products which were tested. In each case, the    
performance of sorbitan monooleate has been     
included in order to show how the performance of 
the same emulsifier can change for different       
applications. 

 

3.1    Mixed oxidiser bulk formulation 

 
The standard bulk formulation oxidiser phase  
contained only ammonium nitrate. In reality,  
emulsion explosives formulations often include 
other oxidisers. Calcium nitrate or sodium nitrate 
could be added in order to change the blasting 
properties or to reduce the overall cost of the 
emulsion explosive. 

3.1.1    Emulsion preparation and testing 
 

In order to assess emulsifiers in the presence of 
other oxidisers, a formulation was developed   
containing calcium nitrate as well as ammonium 
nitrate. The amount of oil was reduced so that the 
formulation represented a typical reduced cost 
emulsion containing calcium nitrate. A higher  
concentration of emulsifier (approximately 
1.5%w/w) was required in order to form a stable 
emulsion. This work was carried out in              
collaboration with a customer. 

The emulsion preparation, evaluation and      
aging methods remained the same (Section 2.2-

 
Figure 3. Crystallisation against time for four  
emulsions prepared by two different scientists 
with sorbitan monooleate emulsifier (SMO). 

 

 
Figure 4. Crystallisation against time for four 
emulsions prepared by two different scientists 
with a polyisobutenyl succinic anhydride 
(PIBSA) based emulsifier. 
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Figure 6. Mixed oxidiser results. 

 
2.4), except that four thermal cycles were found to 
be sufficient to differentiate between products. 

3.1.2    Results 

Figure 6 shows the results for standard PIB-
Lactone Emulsifier A, sorbitan monooleate and 
Optimised Emulsifier 1. Optimised Emulsifier 1 
was formulated based on PIB-Lactone Emulsifier 
A and sorbitan monooleate, the emulsion stability 
performance exceeds that of its two components, 
this is shown by the lower percentage              
crystallisation at 1 to 3 cycles. 

3.2    Low quality ammonium nitrate bulk 

formulation 

The use of low quality ammonium nitrate is       
desirable as manufacturers attempt to reduce the 
cost of their formulations and have flexibility of 
raw material ammonium nitrate supply. Impurities 
present in low quality ammonium nitrate (such as 
organic matter and trace metals) cause emulsion 
stability issues. In order to test emulsifiers in the 
application, a field representative sample of      
ammonium nitrate was sourced and tested using 
the standard protocol. The material used in this  
example was Acron ammonium nitrate, grade B. 

3.2.1    Emulsion preparation and testing 

 
The formulation for the emulsion was as standard 
but the emulsifier concentration was increased to 
2%w/w. The increase in dose of emulsifier was 
offset by a decrease in the amount of oil added. 
The emulsion preparation, evaluation and aging 
remained the same. 

3.2.2    Results 
 

Figure 7 shows the stability of PIB-Lactone   
Emulsifier B, sorbitan monooleate and Optimised 
Emulsifier 2 in the formulation containing low 
quality ammonium nitrate. Sorbitan monooleate 
does not show good stability, with the emulsion 
completely phase separated within two thermal  
cycles. PIB-Lactone Emulsifier B shows improved 
performance over sorbitan monooleate. Optimised 
Emulsifier 2, which is based on PIB-Lactone 
Emulsifier B, shows excellent emulsion stability 
(only reaching a maximum of 30% crystallisation 
at the end of the test). 

3.3    Recycled oil bulk formulation 
 

As mentioned in Section 3.2, the pressure to       
reduce emulsion formulation costs causes       
emulsion explosives manufacturers to turn to 
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Figure 7. Low quality ammonium nitrate results. 

 

 
Figure 8. Recycled oil results. 

 lower quality raw materials. Another example of 
this is the use of recycled oil from mining trucks to 
make up some or all of the emulsion oil phase. In 

this case, there can be a significant cost saving due 
to the cost associated with disposal of used oil by 
other means. To test emulsifiers in formulations 
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Figure 9. Cartridge results. 

 

containing recycled oil, field samples of used   
mining truck oil were sourced. These samples had 
been filtered, but otherwise were not pre-treated. 

3.3.1    Emulsion preparation and testing 

A low cost formulation was chosen. The oxidiser 
phase ratio remained unchanged from the standard 
bulk formulation, but the total oxidiser phase was 
increased to compensate for a reduction in the oil 
content. The total oil content was reduced by     
approximately half and was made up of 75%w/w 
recycled oil and 25%w/w diesel. The emulsifier 
concentration remained the same. This work was 
carried out in collaboration with two customers. 

The emulsion preparation was as the standard 
bulk formulation. The emulsion aging was not by 
thermal cycling but instead by storage at            
approximately 35°C for 15 days. 

3.3.2    Results 

Figure 8 shows the results for sorbitan         
monooleate, PIBSA Emulsifier A and Optimised 
Emulsifier 3. The PIBSA emulsifier alone gives 
less emulsion stability than sorbitan monooleate, 
this is unusual and the only example of this in this 
paper. A combination of the two components gave 

improved performance (represented by the        
performance of Optimised Emulsifier 3). 

3.4    Cartridge formulation 

Cartridge or packaged emulsion explosives      
typically use waxes such as paraffin wax and/or 
microcrystalline wax to thicken the emulsion to a 
solid, increasing emulsion stability. To test      
emulsifiers in this application, a formulation and 
testing regime has been developed. 

3.4.1    Emulsion preparation and testing 

In collaboration with a customer, the standard 
formulation was adapted to incorporate the use of 
waxes and sodium nitrate. Both paraffin and 
microcrystalline wax were added to the emulsion. 
The emulsifier concentration was increased to 
2%w/w (from 1%w/w). 

The emulsion preparation technique differed 
from the standard bulk formulation in the         
temperatures and mixing regimes used. The      
oxidiser phase was heated to 90 °C and the fuel 
phase to 80 °C. This was to ensure that the waxes 
used were molten prior to the emulsion          
preparation. The mixing speed during addition of 
the oxidiser phase was increased to 500 rpm and 
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Figure 10. Gassing results. 

 
then the subsequent stirring was at 1500 rpm for 5 
minutes. 

Crystallisation was observed via optical        
microscopy as the standard protocol. From method 
development work, it was decided to increase the 
number of thermal cycles from 12 to 20. This     
enabled better differentiation of emulsifier        
performance. 

3.4.2    Results 

Figure 9 shows the results for sorbitan         
monooleate, PIB-Lactone Emulsifier C and       
Optimised Emulsifier 4. PIB-Lactone Emulsifier C 
shows better emulsion stability than sorbitan 
monooleate but still does not meet the stability   
required for 20 thermal cycles, reaching 100% 
crystallisation after 9 to 10 thermal cycles.         
Optimised Emulsifier 4 was made up of the two 
components and shows good stability up to 20   
cycles. 

3.5    Chemical gassing 

Section 2.6 showed that polymeric emulsifiers 
produced more stable emulsions than sorbitan    
ester emulsifiers in a bulk formulation. The       
following sections describe the method for    
evaluating the emulsifiers in the application of 
chemical gassing. 

3.5.1    Emulsion preparation and testing 
 

Emulsions were made using the standard bulk 
formulation and preparation. The hot (60 °C) 
emulsions were then evaluated for their gassing 
properties by addition of a 25% sodium nitrite    
solution and measurement of density over two 
hours. Sulfamic acid was added to the emulsion 
before the test; the pH was 2.7. A positive result 
was a density of 1.0 to 1.2 g/cm3 after 20 minutes. 
This work was carried out in collaboration with 
two customers, one of whom carried out the     
gassing experiments. 

3.5.2    Results 

As can be seen in Figure 10, PIB-Lactone      
Emulsifier D and sorbitan monoisostearate did not 
meet the required criteria of between 1.0 and 1.2 
g/cm3 after 20 minutes. Optimised Emulsifier 5 
which is made up of these two components is able 
to meet this requirement. Sorbitan monooleate has 
been included on Figure 10 as a reference.          
Interestingly, sorbitan monooleate when used 
alone is able to meet the gassing requirement, but 
as shown in Figure 3 and described in Section 2.6, 
sorbitan monooleate is not able to meet the    
emulsion stability requirement. This illustrates the 
need for blended emulsifier solutions such as    
Optimised Emulsifier 5 which gives good      
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Viscosity 
at 25 °C 

Viscosity 
at 70 °C 

Pour 
Point 

Emulsifier Application 

cP cP °C 

Optimised 1 Mixed oxidiser formula-
tion 

3400 200 -24 

Optimised 2 Low quality ammonium 
nitrate 

4700 300 -18 

Optimised 3 Recycled oil 1900 130 -21 
Optimised 4 Cartridge formulation 6100 350 -18 
Optimised 5 Chemical gassing 3400 250 -24 

 

Table 2. Summary of optimised emulsifiers with physical properties. 

 

emulsion stability but also produces an emulsion 
which is able to be sufficiently gassed through the 
process of chemical gassing. 

4    CONCLUSIONS 

A standard method has been developed for testing 
emulsifiers for the application of emulsion         
explosives. This method is able to be used          
in-house to compare the stability performance of 
different emulsifiers, facilitating product            
development and process improvement for the    
application of emulsion explosives. 

From this starting method, method steps have 
been successfully adapted to suit a variety of      
applications. These new methods have been able 
to identify five new blended products, each            
developed for their own application and shown to 
have improved properties over existing solutions. 
The physical properties of the new emulsifier 
blends are summarised in Table 2. 

Optimised emulsifier solutions made from 
polymeric emulsifiers and sorbitan esters have 
proved to have an application in emulsion          
explosives. In several cases, the combination of 
these two chemistries has been proved to be more 
effective than each of their component parts.  
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Figure 1. Explosive pressure parts, idealised functions. 

 

 

1    BLAST PRESSURES 

In principle detonating explosive makes two parts 
of pressure to be added: a) the gas pressure, a 
quasi static part pstat (jump function) and b) the 
pressure pulse, a dynamic part pdyn (pulse        
function). 

 

1.1    Gas pressure pstat 

Equalise in a cylinder the inner energy Ei = VL · 
pS´ of the pressured charge volume VL and the  
outside energy Ea = VS · p0 of the depressed gas 
volume VS and you get a simple formula for the 
gas pressure pstat: 

ABSTRACT: All actual existing calculations of charge weights in blast demolition I am aware of are only 
found in an empirical way and not in strong physical relations. So, I began to compile the physical 
relationships of explosives, like energy, detonation velocity, explosive density, gas density to derive blast 
pressures. I created an idealized ‘cylinder model’ with a linear charge in a cylindrical tensile resisting 
material for normal charge cases. For dimensioning first charges I created a blasting ‘wedge model’. With 
the physical models, material properties and a new term for the ‘blast strength’, an equation for the blast 
performance of any explosives new formulas for charge weights in blast demolition could be derived. 
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 Figure 2. Explosive cylinder (length: 1 m) with 
tensile ring force Z (MN/m) 

 

pstat  ≈  VS* · ρL · p0                                                                  (1) 

 
VS *      Gas volume per kg explosive (m³/kg) 

ρL  Specific explosive volume, explosive  

 dense (kg/m³) 

p0  Atmospheric air pressure (p0 = 0.101  

 MN/m²) 

Example: Eurodyn 2000:  VS* = 0.90 m³/kg,  ρL 

= 1400 kg/m³ : 

pstat = 0.90 · 1400 · 0.101 = 127.2 MN/m² 

1.2    Pulse pressure pdyn 
 

pdyn  =  ρS ·  v ² / 2                                (2) 

 
ρS  specific gas weight, gas dense (kg/m³)  

v  explosion velocity in inclusion 

Example: Eurodyn 2000: v = 6000 m/s, ρS = 1.4 

kg/m³ : 

pdyn =  1.4 · 6000 ² / 2 = 25.2 · 10 6 N/m² = 25.2 
MN/m² 

1.3    Superposition to max pressure p 

p = pstat + pdyn                                                                                (3) 

Example: Eurodyn 2000: 

p = 127.2 + 25.2 = 152.4 MN/m² 

2    BLAST STRENGTH ‘S’ 

The performance of an explosive named blast 
strength can be expressed in the following form: 

S = p² / ρL                                                                                        (4) 

p Explosion pressure (MN/m²) 

ρL Specific explosive volume, explosive  
 dense (kg/m³)   

Example: Eurodyn 2000: S = p² / ρL = 152.4² / 
1400 = 16.58 MN²/(kg/m) 

3     CYLINDRIC MODELS FOR CHARGE 
WEIGHT 

3.1    Tube model 

The first formula for the necessary radius r of the 
charge is very simple but very unusual:  

r = Z / p                                                               (5) 

Z tensile ring force per length (MN/m) 

p explosive pressure (MN/m²) 
 

With the cylinder volume and the blast strength 
S a better formula for the charge weight L* is: 

L* = ε · Z ² / S                                                      (6) 

L* charge weight per m (kg/m) 

ε factor of safety, 1 < ε < 1.5 

Z tensile crack ring force per m length  
 (MN/m) 

S blast strength, S = p² / ρL  
 [MN²/(kg·m)]   (see Section 2.) 

 
This formula does not depend on the blast body 

volume. With it you can calculate the charges of 
water filled steel columns, water filled concrete 
columns or silos. 

3.1.1    Examples of water filled steel blasting 

If steel columns are hollow, like boxes or tubes, 
they can be filled with water and be blasted with 
linear bar charges. The tensile force Z depends, for 
welded boxes only, on the welding seams with the 
thickness a and the ultimate tensile stress σZ:  Z = 
σZ · a . 



 

- 319 - 

 

L 

a a 

a 
 

 
Figure 3. Water filled and blasted steel box column. 

 

 

L d 

Figure 4. Water filled and blasted steel tube column. 

 

 

Example: Eurodyn 2000: S = 16.58 

MN²/(kg·m), ε = 1.0; welds: a = 6 mm, σZ = 470 
MN/m²    

Z = 470 · 0.006 = 2.82 MN/m²; L* = ε ·¶ · σZ ² / 
S = 1.0 ·¶ · 2.82² / 16.58 = 1.506 kg/m . 

 

Example: Eurodyn 2000: S = 16.58 

MN²/(kg·m), ε = 1.0; tube: d = 10 mm, σZ = 470 
MN/m²    

Z = 470 · 0.01 = 4.70 MN/m²; L* = ε · σZ ² / S 
= 1.0  · 4.70² / 16.58 = 4.185 kg/m . 

If steel has to be cracked by explosives the 
charge weights are strong increasing. If the        
example steel tube has a wall thickness of only two 

centimetres the required charge weight will        
increase to L* = 16.7 kg/m! 

3.2    Cylindrical model for homogeneous material 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

With the cylinder volume, a constant material 
property σZ and the blast strength S a formula for 
the specific charge weight L* is: 

 
L* = ε · σZ ² / S                                                     (7) 

 

L*    charge weight per m³ (kg/m³) 

ε factor of safety, 1 < ε < 1,5 

σZ tensile stress resistance (MN/m) 

S blast strength, S = p² / ρL [MN²/(kg·m)]    
 (see Section 2.) 

 
The formula for homogeneous material         

depends on the blast body volume. With it you can 
calculate the charges of no reinforced concrete, 
steel, stone and wood. 

 
Example: Eurodyn 2000: S = 16.58 

MN²/(kg·m), ε = 1.5; concrete C 20/25: σZ = 2.9 
MN/m² 

L* = ε · σZ ² / S = 1.5 · 2.9 ² / 16.58 = 0.761 
kg/m³ . 

 
This calculated charge weight is good        

compared with the existing traditional charge 
weight for no reinforced concrete. 

In most cases, such as slim structure members 
with rectangular cross sections (columns, bars), 
the concrete can be considered as not reinforced. 

Figure 5. Cylindrical blasting model (length: 1 m). 
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Figure 6. Cases of free degrees of a charge. 
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Figure 7. Wedge blasting model (1 m length). 

 

Only circle wired columns and cubic reinforced 
blocks must be calculated as reinforced. 

4    MODEL CHECK 

The described models ‘Tube’ and ‘Cylinder’ need 

for a good work of the charge four, three or    

minimal two free sides to expand the blasted     
material. All two dimensional possibilities are 
shown the following picture (n - number of free 
degrees). 

In case of n = 4, 3 or 2 the models ‘Tube’ and 
‘Cylinder’ can be used correct. In case of n = 1, 
only one free side (start charges), it is necessary to 
find a competent model describing this                
relationship. In case of n = 0 (all sides resist) the 
blast will fail. 

 
5    WEDGE MODEL FOR FIRST CHARGES 

WITH ONLY ONE FREE SIDE 

 
 
 
 
 
 
 
 
 
 
 
 

r Radius of the charge 

p Explosive pressure 

σZ tensile stress resistance 

Equal weight of vertical forces ZV = PV : 

r · p sin α = σZ · h / (sin α · cos α)   

σZ · h / (r · p)  = sin² α · cos α    
 
To overcome the constant material property 

and break off the wedge with minimal energy an 
angle α = 54.7 ° is necessary; 

α = 54.7 °in 

r = σZ · h / [ p (sin² α · cos α)] 

 

r = 2.60 σZ · h / pL  

with L* =  r ² · ρL : 

 

L* = ε · ( 2.60 σZ · h )2 / S                                 (8) 

 

ρL Explosive dense (kg/m³) 

L* Charge weight per m³ (kg/m³) 

ε Factor of safety, 1 < ε < 1,5 

σZ Tensile stress resistance (MN/m) 

S Blast strength [MN²/(kg·m)]        
 (see Section 2.) 

Example: Eurodyn 2000: S = 16.58 MN²/(kg·m), ε 
= 1.5; h = 0.3 m concrete C 20/25: σZ = 2.9 
MN/m² : L* = ε · (2.60 σZ  · h)² / S = 1,5 (2.60 · 
2.9 · 0.3)² / 16.58 = 1.45 kg/m³ . 

6    CONCLUSIONS 

Blasting is only cracking. That is why the tensile 
stress resistance is the most important blast        
material property to take in account. The           
performance of an explosive named blast strength 
S depends on the explosion pressure p and the    
explosive dense ρL . 

To calculate charge weights L* three blast 
crack models were created. All model bodies are 1 
m long within 1 m long charges. The tube model 
uses a tensile resistant tube. The cylinder model 
uses a tensile resistant cylinder. These models    
require a minimum of two free sides per exploding 
charge. If there is only one free side (in case of 
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start charges) you have to use the wedge blasting 
model with a tensile resistant wedge body. The 
charge weights calculated with the wedge model 
are almost 7 times higher than the values           
calculated with the cylinder model.  
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1    PREREQUISITES FOR APPLICATION OF 
ELECTRONIC INITIATION DEVICES 

Constant demand for increase of mining deposits 
depth, worsening of mining and geological      
conditions, increasing manifestation of mining and 
mechanical phenomena dictate additional           
requirements to mining technology in terms of 
controlling rock fragmentation by blasting. Taking 
into account that, performance factor of the mass 
explosion at rock crushing does not exceed 10-
15%, there is a strong necessity in creation of 
highly accurate and effective blasting systems and 

their application technologies. Hence, such tasks 
as investigating characteristics of non-electric 
detonators with electronic delay, their design and 
operation principle, comparing results of            
experiments with pyrotechnic and electronic non-
electric detonators will be set before us in this    
paper. 

2     NON-ELECTRIC DETONATOR WITH 
ELECTRONIC DELAY 

Safety, reliability and high accuracy are the three 
main conditions which were taken into account 
during the development process of the system. 
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Figure 1. General view of the electronic 
initiation device. 
 

 
Figure 2. Longitudinal section of the electronic 
initiation device. 

 

 

Figure 3. General view and design of the device. 

 

2.1    General characteristics of the system 

Electronic initiation device based on shock tube 
and detonator cap with electronic delay, general 
view of which is shown in Figures 1 and 2, is used 
during surface blasting , as well as underground 
blasting in gas- and dust-safe mines. The label    
indicates the delay time of the device and the 
shock tube length. 

The main task set during the development of 
the device was increasing of delay timing accuracy 
(up to 1 ms) thanks to application of electronic 
components and original modern technical         
solutions with preservation of simplicity, safety, 
reliability and ease of handling equal to that of 
non-electric detonators with pyrotechnic delay. 
This ensures reliable application in the most      
difficult mining and geological conditions and  
permits to create short delay blasting circuits with 
wide and high accuracy delay ranges. The device 
has Russian Federation patent No. 2497797 with 
priority 30.12.2011 ‘detonator with electronic    
delay for shock tube’(Belin 2010). 

Delay time ranges from 10 to 2,200 ms in the 
temperature range from minus 50°C to plus 50°C. 

Delay time with 1 ms accuracy is programmed  
during manufacturing with provision of factual 
length of shock tube. Therefore, delay time is      
always counted from the end of shock tube. The 
device has protection from static electricity, radio 
frequency, stray current and all other factors of 
electric nature, as all its elements are placed into a 
sealed metallic shell which secures perfect    
shielding. 

In the manufacturing process of the device,    
algorithm of the microcontroller program allows 
embedding of the ID number of each electronic 
module after main programming. ID number of the 
device will enable strict tracking of device through 
all production stages. During the process of       
application to obtain accurate preprogrammed    
delay time it is necessary to initiate shock tube in 
the place where the label, stating delay time, is    
attached. 

2.2    Design and technical characteristics 

The device, shown in Figure 3, consists of an     
instantaneous detonator cap with initiation ability 
equal to elemented cap No.8 , electronic delay 
module and shock tube. Detonator cap and shock 
tube are connected with the help of plug. More  
detailed technical characteristics can be observed 
in Table 1. 
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Characteristic Value 

Geometric measurements shell diameter 7.75-0.1 mm and 
length 96-0.6 mm, shock tube length 
upon customer’s request 

Shell material aluminum alloy 
Delay principle electronic, preprogrammed during 

manufacture process upon         
customer’s request 

Delay time range, ms from 10 to 2200 
Increment of delay time program-
ming, ms 

1 

Permitted variation from the pro-
grammed delay time, ms 

±1 

Application temperature, °C from -50 to +50 
Maintaining operability during 12 h at 80±5°C 
Water resistance 14 days at 2 kgf/cm2 
Tensile strength (shock tube – 
detonator cap) 

not less than 80 N (8 kgf) 

Vibration stability 60 impacts per 1 min, during 10 
min (H = 150 mm) 

Shelf life, month 12 

 

Table 1. Technical characteristics of the device. 

 

 

Figure 4. Appearance and design of electronic 
delay module. 

 

Magnetic exciter, delay time circuit with     
condenser and igniter are executed as an              
indivisible electronic delay module, which is    
presented in Figure 4. It is worth mentioning that 
delay time circuit is covered with potting        
compound, which securely fixes magnetic exciter, 
delay time circuit with condenser and igniter. In 
the place containing magnetic exciter the module 
is covered with electric steel case. 

2.3    Operation principle 
 

Magnetic exciter, shown in Figure 5, transforms 
the shock tube impulse into electric current. It  
consists of electric steel case, frame of non-
conducting material (dielectric), cylinder-shaped 
permanent magnet with axially oriented           
magnetisation and coils, wound to the frame in 
such a way that axes of coils and frame coincide. 
In order to fix the magnet, electric steel flange is 
used. Lead wires serve for connecting exciter to 
delay time circuit. The frame is hollow inside with 
the diameter equal or slightly exceeding the    
magnet  diameter.  The  number  of coils should be  

 

even, so that the inductivity of the exciter would 
be close to zero, and detonator would be                  
insensitive to outside electromagnetic                
disturbances. Length extension of magnetic exciter 
by means of increasing the number of coils makes 
it possible to charge the condenser to a higher  
voltage, and hence, conserve more energy on the 
condenser until the speed of magnet, passing by 
the last coil, starts decreasing due to mechanical 
and electromagnetic braking and air drag. By 
means of using a bigger number of magnets, coils 
and electric steel rings between the coils, which 
close magnetic circuit through each coil during the 
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Figure 5. Longitudinal section of magnetic exciter. 

 

magnet moving, it is possible to increase           
performance factor of the exciter and the          
condenser voltage. 

At initiation of the detonator, a shock wave, 
through the shock tube hole in the flange,           
influences the movable element (permanent    
magnet) of the magnetic exciter, causing it to 
move. The accelerating magnet moves along the 
duct of the frame. As the magnet enters the first 
coil the flux increases and electromotive force 
(EMF) appears. With the magnet moving away 
from the first coil the flux, running through it,   
decreases and EMF of a reversed polarity appears. 
Meanwhile, the magnet is getting closer to the   
second coil, the flux, running through it, increases 
and EMF of the same polarity as in the first coil 
appears, as the coils are wound in different         
directions. Thanks to the fact that the coils are 
connected in series, the voltage of two coils is 
added, and the signal magnitude increases two-
fold. Afterwards, having passed through the      
second coil, the magnet starts withdrawing from it 
and EMF of reversed polarity appears in the coil. 
Thanks to the cavity of the frame being sealed, the 
air in the way of the magnet compresses leading to 
decreasing of the magnet speed to zero at reaching 
the inner surface of the cavity. This decreases the 
influence of the stopping magnet shock wave on 
the detonator, in particular, on the electronic delay 
circuit shown on Figure 6. 

Electromotive force (EMF), sufficient for 
charging the condenser and operation of the    
electronic delay circuit, is created in the exciter. 
With the help of diode bridge VD1-VD4 happens 
voltage rectification from the magnetic exciter of 
electric power. The energy is stored on condensers 
C1 and C2. Condensers C1 and C2 also form a     

potential divider, from the lower resistor of which 
the voltage is applied to stabiliser D. Stabilised 
voltage is used for the provision of power to      
microcontroller D2. External generator G1 is the 
source of reference frequency and is used for   
calibrating the internal low-frequency generator of 
the microcontroller. The electric circuit             
presupposes compensation of temperature drift 
which eliminates the influence of ambient        
temperature on accuracy of the device firing.   
Compensation scheme is based on the dependence 
of direct current on temperature. Temperature  
sensor VK1 measures the current module          
temperature. Based on the sensor data                
microcontroller calculates the temperature of 
printed circuit board (PCB) of the electronic delay 
module. The measured temperature value is used 
for temperature calibration of the nominal         
frequency of the reference generator G1. Electronic 
key VT2 serves for switching igniter RH. At the 
expiration of delay time the condensers C1 and C2 
discharge onto the igniter bridge, which initiates 
the explosive. This is the final stage of the device 
functioning. In order to decrease the firing time 
(i.e. increase the firing speed) a special thin-film 
igniter is used. 

3     COMPARATIVE STUDY OF 
APPLICATION OF PYROTECHNIC VS. 
ELECTRONIC NON-ELECTRIC 
DETONATORS 

As far as the hypothesis of the experiment runs, 
high accuracy of operation of initiation devices   
allows to minimise influence of the nominal      
targeted delay time distribution on the consistent 
process of mass explosion development. It should 
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Figure 6. Electronic delay circuit. 

 
lead to a more rational utilisation of explosive 
transformation energy and have a direct influence 
on the results and economic parameters of blast 
(shape of disintegration of broken rock,            
fragmentation rate, development of bench bottom, 
explosives rate). In the meantime, it is supposed to 
decrease seismic impact of the blast onto the open 
pit edge and protected objects, considerably     
lowering the flyrock ratio. As far as the ecological 
safety demands to mining technologies are of 
paramount importance, considerable decrease of 
after-effects of mass explosion, like seismic       
impact, shock wave influence, dust and gassy     
explosion product outburst, become utterly        
important. Utilisation of non-electric detonators 
with electronic delay module is considered a    
possible solution to this. 
 

The experiment logic was designed in such a 
way that would enable us to investigate issues  
arising during application of non-electric         
detonators with pyrotechnic delay. For the sake of 
conducting experimental blasts several open pits 
were taken, all necessary pre-blast parameters, 
such as type of explosives and initiation devices, 
depth and diameter of hole, the height of hole 
charge and tampering, were documented. Three 
experiments of blasting initiated by pyrotechnic 
non-electric detonators and three experiments with 
electronic non-electric detonators were taken for 
detailed study in this paper. 

3.1    Field experiments with non-electric 

detonators 

 
It is known that for securing detonation of the 
down hole two boosters can be used with two 
detonators for their initiation. There are 3 variants 
of placing boosters in the down hole: 
 

−  both detonators at the hole bottom 

−  detonators placed randomly 

−  one of the detonators is placed at the hole      
bottom, another one – in the upper part        
of the base charge. 

 
Three field tests in the follow-up part of the   

research will be examples of the two first patterns 
of booster placement in the down hole. The        
experiments held by Professor V. Belin where he 
was studying the detonation speed of emulsion  
explosives in production conditions of OJSC 
Karelsky Okatysh, showed that frequent cases of 
detonation stoppage of down hole charges take 
place. Normal detonation from the booster, having 
passed part of the charge, stops and the remaining 
part of the charge either burns away or is blown 
out of the hole. Detonation stoppages were        
observed in 69% of down holes, at the same time 
30.5% of the overall charge mass were lost. The 
conducted research did not give a clear answer to 
the question about the reasons for detonation   
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Figure 7. Curve of detonation speed change in depth of down hole 5.2. 

 

 

Part of 

down 

hole 

Area 

number 

VOD, m/s 

9 blow-out 

and burn-

out 

8 blow-out 

and burn-

out 

Wellhead 

7 blow-out 

and burn-

out 

6 blow-out 

and burn-

out 

5 blow-out 

and burn-

out 

Middle 

4 2853 

3 4675 

2 5255 Bottom 

1 5685 

 

Table 2. Measured parameters in down hole 5.2. 

 

stoppages. They were observed in all parts of 
down holes, with different boosters applied, in all 
down hole diameters, with different charge dosing 
from MEMU trucks. 

3.1.1    Field test 1 (Down hole 5.2) 

The pre-blast parameters documented before the 
blast were: 

 
−  down hole depth: 20 m 

−  down hole diameter: 258 mm 

−  overall height of the charge: 14 m 

−  tamping height: 6 m 

−  pentolite boosters: are placed 1 m from the hole 
bottom (Figure 7) 

−  initiation of boosters: non-electric detonators. 

 
The average detonation speed for current   

blasting conditions can be calculated correctly by 
means of averaging of speed at 4-5 m depth and 
equals 4,625 m/s. 

After initiation of the charge by boosters at the 
depth of 1 m, normal speed detonation started 
spreading in the charge upwards. At the depth of 
5.4 to 5.9 m speed decreased and detonation 
stopped. The remaining part of the charge (area 5-
9) burnt away or was blown out of the down hole. 
Detonation with normal speed occurred only in the 
area from 0.0 to 5.9 m (which comprises 42% of 
charge mass). 
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Figure 8. Curve of detonation speed change in depth of down hole 1.1. 

 

 

Part of 

down hole 

Area 

number 

VOD, 

m/s 

9 blow-out 

and 

burn-out 

8 blow-out 

and 

burn-out 

Wellhead 

7 blow-out 

and 

burn-out 

6 1408 

5 6306 Middle 

4 6256 

3 5850 

2 6917 Bottom 

1 6644 

 

Table 3. Measured parameters in down hole 1.1. 

 

3.1.2    Field test 2 (Down hole 1.1) 

 
The pre-blast parameters documented before the 
blast were: 

 
−  down hole depth: 20 m 

−  down hole diameter: 258 mm 

−  overall height of the charge: 13.5 m 

−  tamping height: 6.5m 

−  main lower booster: seismic charge for            
developing bench bottom based on          
detonating ballistic powder, mass appr.        
30 kg (Technical requirements TU 7276-  
023-56466532-2007) at the down hole      
bottom (Figure 8) 

−  second booster: pentolite PT-P-500, 3-5 m from 
the bottom 

−  initiation of boosters: non-electric detonators. 

 
The average detonation speed for current   

blasting conditions can be calculated correctly by 
means averaging of speed at 4 m depth and equals 
6,256 m/s. 

After initiation of the charge by boosters at the 
depth of 0 m (bottom of the down hole),           
normal speed detonation started spreading            
in the charge upwards. At the depth of 8.8            
to 9.1 m there      happened speed decrease and 
detonation stoppage. The remaining part of the 
charge (part of area 6 and areas 7-9) burnt away  
or was blown out of the down hole. Detonation 
with normal speed occurred only in the             
area from 0.0 to 9.1 m (which comprises 67% of 
charge mass). 

3.1.3   Field test 3 (Down hole 3.2) 
 

The pre-blast parameters documented before the 
blast run as follows: 
 

−  down hole depth: 19 m 

−  down hole diameter: 258 mm 

−  overall height of the charge: 12.5 m 
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Figure 9. Curve of detonation speed change in depth of down hole 3.2. 

 
−  tamping height: 6.5m 

−  main lower booster: seismic charge for            
developing bench bottom based on          
detonating ballistic powder, mass appr.        
30 kg (Technical requirements TU 7276-   
023-56466532-2007) at the down hole      
bottom (Figure 9) 

−  second booster: pentolite PT-P-500, 3-5 m from 
the bottom 

−  initiation of boosters: non-electric detonators. 

 
The average detonation speed for current   

blasting conditions can be calculated correctly by 
means averaging of speed at 4, 5, 6 m depth and 
equals 3,502 m/s. 

After initiation of the charge by boosters at the 
depth of 0 m (bottom of the down hole), normal 
speed detonation started spreading in the charge 
upwards. At the depth of 1.9 to 2.3 m there      
happened speed decrease and detonation stoppage. 
The remaining part of the charge (areas 3-9) burnt 
away or was blown out of the down hole.        
Detonation with normal speed occurred only in the 
area from 0.0 to 2.1 m (which comprises 18% of 
charge mass). 

3.1.4    Results of the field tests with non-electric 

detonators with pyrotechnic delay 

From the experimental blasts it is clear that      
placing two boosters at the hole bottom as well as 
making 3-5 m spacing between them leads to the 
following effect. One detonator initiates another, 
as far as the shock wave from the explosive 

reaches the second detonator cap faster than the 
shock tube speed. In such cases only a doubling 
effect is possible. One of the suggested solutions 
can be making maximal spacing between two 
boosters, placing one at the hole bottom, another – 
at the upper part of the hole charge. Such spacing 
ensures individual detonator firing and therefore 
better blast result. The problem occurs, though, 
when applying boosters with the use of standard 
pyrotechnic delay non-electric detonators:           
simultaneous initiation of the two boosters         
becomes impossible as actual delay time variation 
of detonator caps with pyrotechnic delay can reach 
7-10%. 

One of the unfortunate consequences of        
pyrotechnic delay time variation is that it is         
capable of changing the blast grid explosion       
sequence, which leads to a number of effects: 

 
- destroying the base charge of the hole before its  
 initiation and, therefore, misfire of the hole  
 charge 
- considerable damage to the surface blast grid  
 and, therefore, numerous misfires 
- appearance of oversize 
- absence of control of blast rock disintegration   
 direction 
- increase of flyrock ratio. 

 
Detonation stoppages also lead to considerable 

loss of base charge explosive (from 23 to 82% 
loss). It tells on the economic factor of the blast in 
general: in case of burn-out or blow-out of the 
hole charge, part of the hole charge as well as the 
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Part of 

down 

hole 

Area 

number 

VOD, m/s 

9 408 – blow-out 

and burn-out 

(burning more 

probable) 

8 525 – blow-out 

and burn-out 

(burning more 

probable) 

Well-

head 

7 433 – blow-out 

and burn-out 

(burning more 

probable) 

6 601 – blow-out 

and burn-out 

(burning more 

probable) 

5 664 – blow-out 

and burn-out 

(burning more 

probable) 

Middle 

4 551 – blow-out 

and burn-out 

(burning more 

probable) 

3 571 – blow-out 

and burn-out 

(burning more 

probable) 

2 3403 

Bottom 

1 3600 

 

Table 4. Measured parameters in down hole 3.2. 

 

second booster and detonator turn out to be        
ineffective. 

For elimination of probability of detonation 
stoppages irrespective of reasons we offer          
initiation of the downhole charge in two points, 
with placement of the second booster in the upper 

part of the charge. It is also very important that 
non-electric detonators with electronic delay    
module should be used to initiate boosters as the 
former have accuracy of 1 ms. 

3.2    Field tests with non-electric detonators 

with electronic delay module 

Under general conditions, design of down hole 
charge presupposes placing two duplicating 
boosters, in the upper and lower part of the down 
hole charge. Non-electric detonators with         
pyrotechnic delay are normally used for the    
purpose of both boosters initiation. However,   
taking into account the big delay time variation of 
such devices, boosters do not detonate               
simultaneously, one of them detonates first, hence 
the second one cannot initiate the hole charge and 
is destroyed by blast of the main hole charge. 

Positive results in such blast patterns can be 
obtained with the help of using counter initiation 
of the hole charge from two simultaneously       
initiated small-sized boosters, placed in the upper 
and lower part of the hole charge. 

For the purpose of checking this hypothesis a 
series of experimental blasts were held in 2014 in 
Novosibirsk region, where counter blast design 
was applied with the use of non-electric         
detonators with electronic delay for initiation of 
small-sized boosters, which in their turn initiated 
the main down hole charge. 

3.2.1    Field test in limestone open pit LLC 

‘Chernorechensky Open Pit’ (Block No.3) 

The pre-blast parameters documented before the 
blast were: 
 

−  block No.3, level +105 

−  limestone 

−  down hole diameter 250 mm 

−  down hole grid: 6.5 * 6.5 m 

−  down hole depth: 17-18 m 

−  explosives: emulsion (wet holes) and granulite 
(dry holes) with small-sized boosters      
(pentolite PT-P-500), initiated by non-
electric detonators with electronic delay 
module ‘ISKRA-T’ – 182 detonators 

−  number of down holes – 91 

−  volume of the blasted block – 54.5 thousand  
sq. m. 

 
The oversize ratio after block excavation,      

according to mine survey, comprised 408 m3 or 
0.75% from the overall volume. For the sake of 
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Figure 10. Results of blast on the open pit LLC 
‘Chernorechensky Open Pit’ (Block No.3). 

 

 

 

No. Type of      
initiating     
device 

Date of 
blast 

Series Level, 
m 

Distance 
to gas 
pipeline, 
m 

Volume, 
m3 

Influence 
on the 
gas   
pipeline, 
mm/s 

1 Non-electric 
detonator   
(pyrotechnic 
delay) 

18.04.2014 2 + 120 300-350 39 100 6.2 

2 Non-electric 
detonator   
(pyrotechnic 
delay) 

30.04.2014 3 + 120 300-350 22 600 10.6 

3 Non-electric 
detonator 
(electronic  

26.06.2014 4 + 120 300-350 39 700 3.0 

Table 5. Measurements analysis of seismic impact of mass explosions influence on level + 120 m onto 
the underground gas pipeline, situated to the east of limestone open pit. 

 

comparison the oversize ratio for the same level + 
105 m blocks with the use of standard non-electric 
detonators with pyrotechnic delay was 1.7% in 
2014. 

 
3.2.2    Field test in limestone open pit LLC  

‘Chernorechensky Open Pit’ (Block No.4) 

 
The pre-blast parameters documented before the 
blast were: 
 

−  block No.4, level +120 

−  limestone 

−  down hole diameter 250 mm 

−  down hole grid: 6.0 * 6.0 m 

−  down hole depth: 17-18 m 

−  explosives: emulsion (wet holes) and granulite 

(dry holes) with small-sized boosters       
(pentolite PT-P-500), initiated by non-electric 
detonators with electronic delay module 
‘ISKRA-T’ – 138 detonators 

−  number of down holes – 69 

−  volume of the blasted block – 39.7 thousand   
sq. m. 

 
The oversize ratio after block excavation,      

according to mine survey, comprised 660 m3 or 
1.6% from the overall volume. For the sake of 
comparison the oversize ratio for the same level + 
120 m blocks with the use of standard non-electric 
detonators with pyrotechnic delay was 2.3% in 
2014. Seismic impact measurements, made by the 
specialists from Altai-Sayansky branch of        
Geophysical service of Siberian Branch of the 
Academy of Sciences, can be found in Table 2. 

Analysis of the data presented in Table 2 shows 
that the signal, registered on mounted seismic    
stations filtered in the zone of 1-10 Hz according 
to the influence on object, shows a considerable 
difference between the experimental block and the 
analogous standard blocks. It underlines a lower 
seismic effect was achieved in the experimental 
block. 

3.2.3    Field test in the open pit ‘Borok’ (PLC 

‘Mining company’) 

Part   of   the  works  on  the  open  pit  ‘Borok’  is 
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conducted in confined conditions. In close      
proximity to the open pit is an area of detached 
housing and a Nissan automobile centre. One way 
to eliminate the impact on nearby buildings is to 
decrease the size and spread of the down hole 
charge. Normally standard non-electric detonators 
with pyrotechnic delay are used as initiation      
devices. Taking into account a certain level of    
inaccuracy of small-sized boosters detonation, 
there’s the possibility of only one of the spread 
charges detonating, which would lead to over-
compression of emulsion explosive which would 
negatively impact the quality of blasting works. 

Application of non-electric detonators with 
electronic delay lessens the influence of these   
factors and improves the quality of the blasted 
rock. 

The pre-blast parameters documented before 
the blast were: 

 

−  block No. 24, level +53 

−  granodiorite 

−  down hole diameter 220 mm 

−  down hole grid: 5.0 * 5.0 m 

−  down hole depth: 10.4-12.6 m 

−  explosives: emulsion (wet holes) with small-
sized boosters (pentolite PT-P-500), initiated 
by non-electric detonators with electronic   
delay module ‘ISKRA-T’ – 110 detonators 

−  number of down holes – 55 

−  volume of the blasted block – 12.7 thousand sq. 
m. 

 

The oversize ratio after block excavation,      
according to mine survey, comprised 1216 m3 or 
9.57% from the overall volume. For the sake of 
comparison the oversize ratio for the same kind of 
blocks with the use of standard non-electric    
detonators with pyrotechnic delay was 13.3% in 
2014. 

3.2.4    Results of the field tests with non-electric 

detonators with electronic delay 

The field tests show a considerable decrease of 
seismic effect due to the correct use of spread 
charge and short delay blasting. Together with that 
the flyrock ratio also decreased. 

Data analysis showed decrease of oversize     
ratio. However, at times there was a slight          
decrease in the oversize ratio compared to average 
yearly data (the main oversize output is usually 
from the first row of down holes where it is very 
hard to control rock fragmentation). Nevertheless, 

the key positive effect was a more intensive rock 
fragmentation inside the block which resulted in a 
decrease in truck loading times of approximately 
10-15% and therefore an increase in the efficiency 
of the whole mining-excavation complex in     
general. 

The following positive effects were also       
observed which accompany more intensive rock 
fragmentation in the block: 

 
- lowering consumption of critical materials for  
 rock excavation (bucket tooth of the excavator,  
 cable, rack-and-pinions, etc.) 
- decreasing the load on the main units of the  
 excavator lessens the emergency downtime  
 due  to breakage 
- increasing the safety level of excavation works  
 (due to disappearance of overhangs and over 
 size in the upper part of the pit face of           
 excavator). 

3.3     Field test in the open pit OJSC 

‘Iskitimizvest’ 

Taking into account positive results of several   
experimental blasts at LLC ‘Chernorechensky 
Open Pit’ and PLC ‘Mining Company’, a program 
of blasts was developed in the open pit of OJSC 
‘Iskitimizvet’. The basic task was to increase      
efficiency of drilling and blasting works by means 
of increasing blasted rock output from one running 
meter of the down hole, without deterioration of 
quality characteristics. 

The pre-blast parameters documented before 
the blast were: 

 

−  block No. 7, level +115 

−  granodiorite 

−  down hole diameter 250 mm 

−  down hole depth: 16-17 m 

−  explosives: emulsion (wet holes) with small-
sized boosters (pentolite PT-P-500), initiated 
by non-electric detonators with electronic   
delay module ‘ISKRA-T’ – 60 detonators 

−  number of down holes – 30 

−  volume of the blasted block – 17.9 thousand    
sq. m. 

 
In standard conditions the down hole grid     

design of 6.5 * 6.5 m was applied. On the          
experimental block the distance between down 
holes was increased to 7 m, therefore, the blasted 
rock output from one running meter increased    
approximately by 5.5%.  
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In an experimental blast the quality of blasted 
rock did not deteriorate. However, over           
fragmentation occurred due to heightened intensity 
of blasting, and the siftings rate increased from 
standard 20% to 30%. 

It is worth mentioning that obtaining positive 
results during conducting experimental blasts    
became possible thanks to: 

 
- competent blast design of drilling and blasting  
 works with consideration of mining and  
 geological conditions and properties of  
 explosive materials and initiation devices 
- high performance discipline of the contractor 
- strict compliance with the instructions of  
 initiation devices and explosive materials. 

4    DISCUSSION 

The main advantages of non-electric detonators 
with electronic delay module observed in the     
experiments were: 

 
− possibility of lowering the explosive rate up to 

10% and widening of the drilling grid thanks 
to strict sequence of down hole blasting      
occurrence 

− optimisation of fragmentary composition of the 
blasted rock, leading to the increase of        
efficiency rates of mining and crushing  
equipment, as well as lowering of oversize 
output rate (leads to lowering costs of       
secondary crushing) 

− possibility of exact initiation of spread charges 

− considerable lowering of seismic effect, as well 
as lowering of air shock wave, dust and gassy 
explosion product outburst 

− decreasing the flyrock ratio 

− no necessity for extra teaching and instructing 
the blasting personnel, as far as blasting     
circuit assembling is done in the same fashion 
as with standard pyrotechnic delay non-
electric detonators. 

 
Application of non-electric detonators with 

electronic delay module is economically efficient 
thanks to increasing effectiveness of explosive  
materials used due to the possibility of                 
simultaneous initiation of the two blast hole 
charges, which allows to lower explosive rate also 
by means of charge dispersion or widening the 
blast and drill pattern by 10% with simultaneous 

increasing of rock output per running meter of a 
blast hole. 

Everything mentioned above enables us to  
conclude that in the nearest future new ‘hybrid’ 
initiation systems will be in demand. As they are 
based on accurate and secure shock tube impulse, 
ensuring power to the inner electronic components 
of the detonator cap, as with the simplicity of their 
application they also have a revolutionary          
potential of increasing efficiency of blasting 
works. 

With the beginning of application of non-
electric detonators with electronic delay module, 
blasting design engineers obtained a highly        
accurate modern initiation system which is going 
to be the main element of blasting design and   
control in the near future. 

The present research gives a way to further 
studies in the field. Taking into account the result 
of the last experiment with some degree of over 
fragmentation, it is possible to go further in search 
of more efficient blast grid designs. These finds 
would be beneficial in terms of economising on 
explosive use. Moreover, they can lead to oversize 
reduction and preventing over fragmentation.   
Further investigation of the factors influencing 
counter initiation of blast hole charges can be done 
in order to find technically more advanced          
solutions. One of the possible directions of such 
studies can be checking possibilities of computer 
software solutions for blast planning and pre-blast 
bench face profiling. 
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ABSTRACT: Optimisation of ‘drill and blast’ design and engineering can deliver a significant positive 
impact on the profitability of any mining operation. However, true engineering of the blasting process is 
less common than might be thought. The paper explores this gap and suggests a process control based 
approach to the challenge. 
 The concept of applying modifications to drill and blast designs in order to achieve efficiency 
improvements in down stream mining processes is far from new. However, the author suggests that the 
practical application has become less than rigorous in a number of different sectors of the mining industry 
in a wide range of countries. 
 There is a common tendency for the design process to become simplified to the point where the 
objective is merely the communication of instructions to field implementers (drillers, explosive suppliers, 
blasters, etc.). In effect, design often degrades to cut and paste with consequences that vary from mild to 
critical, with respect to the profitability of the business. 
 Engineering of the drill and blast process involves the design function but not on a one-off basis but 
rather as a component of a more complete cyclical process that includes a statement of objectives, a 
design based on a suggested hypothesis, field measurement of results, comparison with the target 
‘set-point’ and the application of control measures followed by new measurement, including 
interpretation of the results in financial terms. 
 Engineering, applied in this fashion provides practitioners with the means to truly optimize the drill 
and blast impact on the full spectrum business result of the mining activity. 
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1    INTRODUCTION 

There is little doubt that drill and blast is one of 
the most critically important processes in the          
productive cycle of any mineral, metallic or      
otherwise. 
 

The literature contains constant reference to the 
discipline referred to as Drill and Blast              
Engineering, which incorporates the half-science, 
half-art process of design. 

The following paper explores the nature of this 
discipline, its origins and, in particular, highlights 
the fundamental importance of measurement and 
analysis, without which the effective practice of 
engineering is not possible. The principles        
discussed are illustrated in the context of a gold 
producing open cut operation. 

A key concept in the effective conduct of drill 
and blast is the need to transform design into      
reality; in a word, execution. 

When mining or quarrying operations are 
committed to a process of continuous                 
improvement in drill and blast the evaluation of 
the results obtained in the field just reflect the        
characteristics of the design under review, this 
evaluation requires a faithful implementation of 
that design. 

With such a commitment to quality the process 
improvement initiative acquires traction and will 
be accepted as valid by all participants in the   
process. Without a rigorous application of each  
design it is extremely difficult to determine true 
cause and effect relationships and the continuous 
improvement loses credibility. 

2     DESIGN AND ENGINEERING 
DEFINITIONS 

The quality of the practice of engineering (and its 
improvement) is associated with the constant and 
critical revision of implementation, checking daily 
activities against a standard or idealised              
description of the process. This requires an       
adequate definition of what is understood as      
engineering. It is worthwhile to consider some   
formal definitions of the discipline. 

One general definition might describe           
engineering as a field of study or activity related to 
the modification or development of a particular 
area; to bring into being a result or event. The   
Oxford Dictionary offers a simple definition as 
‘the action of working artfully to bring something 

about’. 

Another dictionary, the Merriam Webster, 
speaks of ‘the work of designing and creating 

large structures or new products or systems by   

using scientific methods’. The same source       
continues, ‘The control or direction of something 

(such as behaviour)’. The role of ‘control’ is noted 
once more. 

Engineering as such may be defined by the   
origin of the Latin word ingenium meaning     
‘cleverness’ and ingeniare meaning ‘to contrive’ 
or ‘devise’ and is the application of scientific,  
economic, social and practical knowledge in order 
to design, construct, maintain and improve     
structures, machines and processes. 

This definition covers a wide range of essential 
concepts such as the application of knowledge   
(action) of different types including the economic 
(business), social (CSR) and practical. This     
functional definition begins to resemble the     
concept of a business, in our case the mining   
business. 

3    THE CURRENT STATE OF DESIGN 

If the previous descriptions are considered to be 
close to ideal then it is convenient to compare this 
standard with observations made in a number of 
national industries in a wide ranging number of 
countries around the world. 

It is frequently observed, in numerous       
countries that the design practice has been reduced 
to a process of preparing and delivering              
instructions to mine operators (and little more),  
often losing sight of the ‘Why?’ of these             
instructions as well as the ‘How?’ The rigorous, 
quantitative and objective evaluation of the results 
achieved is often frequently missing. It is the 
measurement component of the activity that makes 
possible the control of the outcomes of the drill 
and blast process, so vital in so much of        
downstream process productivity and the success 
of the engineering process. 

It is valid to question, on a global level, 
whether or not the art and science of engineering 
of blast outcomes for the integral benefit of mining 
operations is being lost. Both Art and Science can 
cohabit the engineering space, the art providing 
the intuitive inspiration and insight while the           
science ‘backfills’ and confirms this intuitive      
direction with data and analysis. This process     
requires a specific, technical and measurable   
definition of the result or results that will deliver 
the overall benefits required by the mining      
business. 
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Figure 1. Depiction of Drill and Blast as a ‘motor’ of mining activity. 

 

A review of the pages of a Thesaurus reveals a 
vision of what is and what does engineering not 

represent. Amongst those words aligned with    
engineering are: devise, conceive, contrive,        
delineate, design, control and develop. On the 
other hand, words that suggest the opposite of   
engineering include, duplicate, reproduce,         
replicate, transcribe, trace, copy and even Xerox. 
The fundamental condition that dictates the       
importance of constant renovation and                
re-evaluation of designs is the constantly changing 
nature of the rock mass in which drill and blast is 
carried out. 

The process by which drill and blast designs 
are adjusted for changes in the rock mass        
characteristics should not be a trial-and-error  
without some sense of direction towards the       
optimum result state. A constant focus on the  
characteristics of the product broken rock        
(fragmentation, displacement, etc.) is needed, in 
the context of the downstream process efficiencies, 
keeping in mind that the blasted rock properties 
impact on virtually every stage of what follows. 
Success in achieving optimisation in blasting      
requires the input and definition on the part of 
those that are responsible for the management of 
the post-blast processes. In other words,             
optimisation requires a specific statement of       
objectives. Frequently this is not available. 

The successful (and faithful) implementation of 
new designs requires the dismantling of the silo 

mentality that so frequently dominates the budget 
creation and management process in many mines. 
Total optimisation requires a vision that goes far 
beyond traditional unit operation boundaries,    
taking into account all stakeholders. 

In order to control the drill and blast process 
adequately, it is necessary to have access to      
suitable measurement technology for the       
evaluation of the quality of the multiple products 
or results of the event, including fragmentation, 
damage, muck pile shape, etc.) as well as the 
analysis processes that will confirm achievement 
of the stipulated, quantitative goals. These      
analyses deliver the ability to extend the             
optimisation process downstream to the final   
saleable product; herein lies the opportunity to    
dimension the savings and enhanced profitability 
of the operation. 

The definition of these benefits must be in the 
context of the full process, focussing on the cost of 

the final product that is sold to the market. It is 
crucial to resist the temptation of making short 
term savings in unit costs that worsen the blast 
outcome quality and lead to an increase in final 
product cost. Reducing Powder or Energy Factor 
in an arbitrary or ill-informed manner is one such 
example of this approach. 
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Figure 2. Application of automatic process control concepts to the blast optimisation challenge. 

 

4    DRILL AND BLAST: CRITICAL PROCESS 

Accepting the critical importance of drill and blast 
for the productivity and profitability of mining  
operations, the engineering of an optimum result 
requires that those who ‘own’ this next         
downstream process describe this result in a    
quantitative and measurable manner. Only then 
can an optimisation process be designed and      
implemented. 

Figure 1 depicts the concept of drill and blast 
as a motor intended to deliver the broken rock        
required by the internal client (plant,                  
geomechanics, loading and haulage), commencing 
with the transfer of input data from short term 
planning; this takes the form of a polygon required 
to be blasted. 

Even at this stage it is suggested that the drill 
and blast engineer might have some input to the 
process, if minor changes to the shape of the    
polygon might facilitate a better result for the 
blast. The relatively simple process that begins at 
this stage requires the definition of drilling pattern    
parameters and explosive selection, which together 
will define the distribution of energy available for 
the processing of the in situ rock mass. The       
decisions taken at this stage depend on the type of 
blast event (production, contour, cast, etc.) and the 
characteristics of the rock mass, both geotechnical 

and economical (mineral vs. waste, low grade, 
mixture of each). 

Hydrogeology, (presence of water) together 
with the rock hardness and desired properties in 
the final muck pile, gives insight regarding the    
selection of the most adequate type of explosive 
combination for each case. 

These decisions are guided by what is required 
in the blasted rock, including: 

 

- fragmentation 
- final wall control 
- delivery of specific characteristics in the muck   
 pile 
- dilution control via influencing direction of  
 muck pile displacement 

 
The four elements mentioned above also       

determine the choices in delay timing and          
initiation sequence selection. 

All of these aspects form part of the drill and 
blast engineer design process. The following four 
steps shown in Figure 1 represent the                 
implementation of the design and the quality of 
this process is determinate in the success of the 
outcome. 

5     INTRODUCING THE ELEMENT OF 
PROCESS CONTROL 
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Figure 3. Measurement, data and estimated benefits in the production process – sulphides. 

 

Figure 2 is a simple representation of a generalised 
process control feedback loop, better known in 
processing plant applications. Nonetheless, there 
are a number of similarities or analogous features 
that can be interpreted in the context of drill and 
blast and its optimisation. 

The block, labelled as ‘Process’, corresponds 
to the motor concept depicted in Figure 1 and   
discussed above. This process gives rise to the 
‘process variable’, or variables, which represent 
the blast results to be controlled. This control     
requires the inclusion of the lower block that 
represents the process of quantitative measurement 
of each relevant variable that is in effect a blasting 
result. For example, one such variable is the P80 
measure of fragmentation size distribution. 

The measurement of the process variable, P80 
in this case, is compared with the desired value, 
which may be considered as a ‘set point’, defined 
perhaps by the manager of the crusher plant or 
leaching process infrastructure. According to the 
level of agreement between the measurement and 
set point, the need arises for process modification 
in order to influence the state of the process     
variable. 

This action, represented by the left block, 
‘Controller’ represents process, mathematical in 
nature, that determines what inputs should change 
and by how much. Implicitly, this controller 
should be a predictive mathematical model that   
relates the blast design (input) with the             
fragmentation (in this case); for different         
processes, different models are required. In the 
current case, a model that relates drilling          
characteristics with explosives properties and rock 
mass descriptors with a family of size distribution 
curves will be the best candidate for an              
appropriate process controller. If the process    

variable were vibration in the near field, then    
another type of model would be required. 

Subsequently, in the place of the middle block, 
‘Final Control Element’ one might consider the 
possibility of creating specific and special        
electronic initiation sequences, taking advantage 
of the precision and flexibility of the system and 
technology. 

Figure 2 highlights another concept, consistent 
with the analogy between process control and 
blasting, which is ‘disturbance’. In the case of 
drill and blast this disturbance that introduces          
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Figure 4. Measurement, data and estimated benefits in the production process – oxides. 

 

variability into the process outcomes comes from 
two separate sources; the natural variation in rock 
mass quality, as well as the quality and (lack of) 
precision in the implementation of the design,    
including drilling, quality of explosives and errors 
in the loading of the same. 

In order to minimise the variation in results of 
the process (fragmentation in this case) it is critical 
to develop the ability to anticipate changes in the 
disturbance by staying in constant communication 
with sources of information such as geology. The 
other critical factor is to reduce design execution 
‘noise’ through effective QA/QC practices. 

6 THE IMPORTANCE OF MEASUREMENT 

An optimised drill and blast process produces 
positive impacts on the quality, efficiency and  
productivity of the following processes in the 
value chain. In order to ‘bed down’ and cement 
these benefits, in quantitative terms there is a   
fundamental need to measure as much as possible 
concerning the inputs and outputs of the process. 

Figure 3 is a different image of the productive 
process previously envisaged. The Drill and Blast 
motor continues to occupy the same place of     

importance as a generator of value but the vision 
has been amplified to include those productive 
stages associated with the operation of a sulphide 
mine (including crushing and grinding) with the 
particular inclusion of loading and haulage and the 
cost of secondary breakage of over-size rock   
fragments (a frequently underestimated cost). 

The figure shows that each stage in the process 
is associated with different quantities, rates of 
processing, size distributions, etc. and each     
measurement point offers opportunities to       

demonstrate benefits and savings such as increases 
in equipment efficiency (productivity), decreases 
in electricity/fuel consumption; all contributing to 
the creation of models of value creation. 

Figure 4 shows the same concept, for a slightly 
less complex case, that of a ROM leach operation 
for gold production. 

Run Of Mine (ROM) means that the blasted 
rock is transported directly to and loaded onto the 
leach pad, without any further size reduction  
treatment. This means that the fragmentation 
achieved by blasting is the only preparation phase 
prior to leaching; the importance of the results 
achieved is critical. This process and the        
downstream consequences forms the example case 
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Figure 5. Size distribution, not optimised for the 
plant, but within the drill and blast budget. 

 

 
Figure 6. Size distribution, optimised for the plant, but 
with a cost in excess of the drill and blast budget. 

 

for discussing the importance of the correct        
application of an engineering process. 

The first links in the productive chain (drill and 
blast, load and haul) are the same as for the       
sulphide mining process and offer the same       
opportunities for measurement and optimisation. 
Subsequently the process changes and the focus of 
measurement changes to a point where the blasted 
rock size distribution is dominant. 

In the case of the particular gold operation    
under consideration, the extraction process     
managers at the ROM leach stage have specified a 
quantified criterion of ‘success’ or acceptable  
quality in terms of the feed; the blasted ore        
material. It is stipulated that a P80 size fraction  
below a specified dimension will improve           
recovery and efficiency at the leaching stage; more 
gold will be recovered and more quickly, from the 
same volume of in situ rock mass and processing 
time. 

Against these gains the mining company       
accounts for and balances the costs associated with 
drill and blast (considered as an important KPI as 
will be seen). When drawing these comparisons or 
making these balance exercises it is crucial that the 
operator remember why they are doing the things 
they do. To produce the lowest cost gold would be 
an acceptable answer. To have the lowest drilling 
and blasting costs would not. 

7 SPECIFIC CASE: OPTIMISATION OF 
RECOVERY BASED ON BLASTED P80 

The investigation is simplified by the fact that the 
‘client’ of drill and blast has a clear conceptual 
knowledge and numerically identified definition 
of what it requires in terms of fragmentation size   
distribution. 

It is also clear that drill and blast is the only 

opportunity to deliver this quality of raw material 
to the following part of the gold factory. 

The P80 value communicated to the drill and 
blasting engineering process is equivalent to the 
‘set point’ presented in Figure 2. If this quality   
criterion is not met, process productivity (and  
business profitability) suffers. 

An eternal and much debated question in    
mining operations and also at high managerial  
levels is that of how much is the company willing 
to invest in Drill and Blast in order to achieve the 
necessary level of quality in fragmentation (in this 
example). How much is the Mining Operations 
Superintendent permitted to spend on               
fragmentation? Will the mine be satisfied with the 

result shown in Figure 5 if in this fashion it     
complies with its budget limitations? 

What will be the impact on the processing 
plant budget? (Particularly as regards gold                 
production targets.) 

Subsequently it is necessary to ask whether the 
mine is willing to invest more money in order to 
achieve the result shown in Figure 6. 

The business case must be constructed on a 
solid base of measured data including the blast 
performance and feedback from the plant in order 
to encounter the correct cost – benefit point. 
Clearly, all aspects of the production process   
quality are absolutely quantifiable in this           
particular case. How, then, should the                  
investigation process be conducted in order to    
ensure the result needed by the plant? 

The following section describes a simple       
sequence of steps to resolve the case; steps that 
have been followed in a mine that fits the           
description given previously. 
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Figure 7. Quality control in measurement of size distribution using photographic techniques. 

 

7.1 The explosive 

The process begins with a definition of the       
challenge and a description of the actual state in 
the mine, which is an open pit mine extracting 
gold through ROM leaching. The processing plant 
stipulates that production will be optimised when 
feed-stock (blasted rock) has a value of P80 < 
140mm. The same plant, upon measuring the 
fragmentation at the leach pads reports that feed 
quality is sitting at P80 < 290mm. In effect, this is 
a QA/QC process conducted by the plant on its 
‘supplier’ revealing that the ‘product’ is ‘out of 
specification. Under ‘normal conditions’ if the 
plant were an independent entity it might choose 
to change suppliers and buy from another mine. 

The optimisation process begins with the mine 
questioning the quality of its raw materials,        
observing and measuring explosive performance. 
The mine contains a great deal of water, most blast 
holes are full, and it transpires that the majority of 
observed blasts produce appreciable quantities of 
orange fume; a clear signal of inadequate          
performance and energy delivery. Measurements 
of velocity of detonation (VOD) are carried out 
and it is discovered that the current explosive is 
not detonating at velocities that are within supplier 
specifications of quality. Therefore it is decided to 
change the explosive for a type with higher water 
resistance (possibly at a higher price), with the 
immediate result that VOD is now measured to be 
within specification and the presence of nitrous 
fumes (orange) is virtually nil. 

In parallel the plant now reports that P80 < 
170mm. This result represents a significant        
advance and provides motivation to continue with 
the investigation process. 

7.2 Quality in measurement and modelling of 

fragmentation 

With the obvious doubt regarding explosive      
performance resolved, it is advisable to investigate 
whether or not the existing blast design should   
actually be capable of delivering the necessary 
quality of fragmentation. 

This challenge is studied through a process of 
measurement and modelling of fragmentation,    
adjusting the parameters of the Swebrec model   
using a sample of in excess of 30 high quality   
digital photographs analysed manually and     

scrupulously without the intervention of automatic 

image recognition algorithms for each blast event. 
Close consultation with representatives of the   
Geology and Geotechnical team was used to      
obtain estimations of rock property values where 
needed. An estimate of the variability of these 
properties was also applied to allow the evaluation 
of best and worst-case scenarios as regards     
meeting the P80 target. 

It is clear that measurement of the key output 
parameters of the blasting process is necessary, but 
it is fundamental that the measurements are       
correctly carried out, in every sense. The        
measurements that are compared with the set point 
must reflect reality or any modifications carried 
out to the input blast design variables will not 
have the desired impact. 

In the case of the project here described the key 
measurement and process variable is                
fragmentation and so the QC/QA of the          
measurement process is key. 

Figure 7 shows two techniques for acquiring 
images for fragmentation measurements in blast 
muck piles. The left hand image shows a relatively 
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Figure 8. Quality control applied to drilling and explosive charging. 

 

optimum (somewhat shadowed) photograph that 
will (if analysed manually) provide reasonable 
confidence in results, distinct from the case of the 
image on the right. 

This analysis enables the investigator or design 
engineer to assess whether or not, even under the 
best of conditions, the distribution of energy      
delivered to the rock mass is sufficient to produce 
the fragmentation yield required for the gold      
extraction process. The paper will return to this 
point shortly. 

7.3 Quality of field implementation (drilling, 

charging, stemming) 

Assuming the application of correct practices and 
technology, the accumulation of data in sufficient 
quality and quantity and a rigorous fragmentation 
analysis process, there are yet other aspects of the 
drill and blast process that require vigilant      
checking; for example, the implementation of the 
design in the field. 

Figure 8 reports results of an audit process for 
drilling and powder factor verification at the mine 
in question. 

This type of audit is conducted as a            
complement to the modelling process and reveals 
the degree to which the mine actually does what it 
says it does. This is critical when evaluating the 
convenience of a choice between two or more    
design options. 

Fragmentation produced by blasting is a      
consequence of the distribution of explosive      
energy, amongst other variables, and this           
distribution in turn is a consequence of the        

distribution of the drilling, both in terms of collar 
location and in terms of hole depth. 

Figure 8 reveals two aspects of the process for 
the operation in question. In the first instance, the 
images to the right of the Figure indicate that the 
dispersion or error in the location of hole collars, 
while not zero, is not particularly grave and ought 
not to be of great relevance in variation in        
fragmentation size distributions. 

However, the left hand side images show two 
cases in which the geological rock mass conditions 
have produced unforeseen complications in the    
final result of the blasts. This weak rock mass  
condition, together with the constant presence of 
water, leads to an abundance of hole collapses 
making it impossible to charge explosives in these 
volumes. The case shown for the blast designated 
3360/9 is particularly complex because the         
absence of blast holes and charge has brought 
about a notorious decrease in local powder factor. 
Large variations in this factor result, as testified by 
the Table at the bottom of Figure 8 (0.56 kg/m3 – 
0.36 kg/m3). 

The fragmentation obtained from such a blast 
will show a similar level of variability. It should 
be mentioned that this situation is not strictly           
related to a lack of intent to comply with quality or 
a lack of concern on the part of mine operations 
professionals. 

Given that occasional difficulties will be     
provoked by geological/climactic factors, altering 
the distribution of explosive energy within the 
rock mass, it becomes more important still that this    
energy be well contained within each blast hole, so 
as to maximise breakage of the rock around each 
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Figure 9. Indicative measurement of blast hole stemming quality. 

 

 
Figure 10. Blast-by-blast fitted results for fragmentation modelling. 

 

hole. Nonetheless Figure 9 shows that there is 
room for improvement in the quality of the     
stemming material employed at the mine. The 
four images indicate excessive presence of large 
and fine particles, conditions that will promote     
down-line wire damage and minimise explosion 
energy retention. Any improvement in the qual-
ity of this material will be an investment in the   
quality of outcome for the blast. 

7.4 Applying fragmentation modelling results 

 
With a quality database (including estimations 

of rock mass properties) rigorously measured and 
analysed, it becomes possible to fit fragmentation 
models to an acceptable degree of confidence such 
that they may be used effectively to develop and 
analyse/evaluate a series of design scenarios with a 
view   to   obtaining   the   required   fragmentation      
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Figure 11. Modelled P80 results for different drilling patterns in two rock mass domains. 

 

targets in a cost effective manner. 
Figure 10 is a sample of the results obtained 

from this process of analysis of photographic 
evaluation of various blasts in the same rock mass. 
The relative lack of variability of the measured 
fragmentation curves amongst themselves and 
when compared with the model fit curve (solid 
line) is an indication of confidence in the process. 

With this level of confidence in the model and 
modelling process it becomes possible to evaluate 
different options available to strive for an           
optimised fragmentation result, as mentioned 
above. 

Based on the application of these models      
different variations on the design are studied (on 
the basis of P80), considering alternatives for   
drilling patterns and explosive selection,              
attempting to concentrate more energy within the 
rock mass and obtain the levels of fragmentation 
needed by the plant. 

7.4.1 Drill Pattern Variation 

Normal drill and blast pattern dimensions (burden 
and spacing) were selected long ago, on the basis 
of minimising costs (of drilling) while attempting 
to deliver adequate fragmentation. 

The results obtained, judging from              
fragmentation measurements carried out in the 
mine and at the plant, suggest that actual blast 
drilling design parameters (diameter 171mm,     
excessive for the bench height of 6m) are not     
capable of delivering the required explosive       
energy distribution necessary to create             
fragmentation with a size distribution appropriate 
for the plant. 

Figure 11 shows the results obtained from 
modelling of fragmentation size distributions    
carried out for two different rock mass domains in 
production at the mine, examining the predicted 
results for a number of different drilling patterns 
(always in 171mm diameter). 

With reference to Figure 11, Tendencia 2 is a 
significantly weaker and more fractured rock mass 
than Tendencia 1, nonetheless it requires a closely 
spaced pattern (3.0m x 3.8m) in order to produce a 

P80 result that conforms to the plant specification. 
In Tendencia 1 rock mass, there would appear to 
be no means of achieving this target. 

7.4.2 Explosive Solution 

Together with drilling pattern, explosive selection 
offers the other option for delivering an adequate 
energy distribution to obtain the target P80. 

The analysis conducted for this case considers 
a base case drilling pattern of 3.6m x 4.6m        
(coinciding with an actual field tested/measured 
case, using an explosive with a density of 1.15 
g/cc). 

Subsequently a range of alternatives is       
modelled under the assumption that explosive  
density can be varied (increased) substantially 
from the initial value of 1.15 (the available        
explosive is a pure, gassed emulsion) thereby     
increasing the linear charge density. 

Figure 12 summarises the results obtained     
including cases where the explosive density used 
is perhaps impossible to achieve in the practice. 

The modelling results indicate that while an  
increase in explosive density will reduce the      
expected value of P80, even impractical (difficult 
to manufacture reliably) explosive options will not 
guarantee a value of P80 that is required to        
optimise the leaching process. 

7.5 Money Talks 

In the absence of a simple solution involving     
explosive selection, it is very likely that a           
potentially successful design that will deliver the 
required result will involve both a higher drilling 
density and a more energetic (per lineal metre)    
explosive solution. 

This option, in fact, has been considered by 
mine management however the option was        
discarded on the basis of the increase in drilling 
costs that would occur as a consequence. On the 
basis of firm drilling contractor prices it is          
estimated that this cost increase might reach US$ 
60,000 per month or US$ 720,000 per year. 

Although this is a substantial increase in unit 
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Figure 12. Modelled P80 results for a standard drilling pattern and varied explosive densities. 

 

operational costs, correct engineering discipline 
requires that efforts be made to calculate a realistic 
estimate of the positive economic consequences of 
such an investment. In other words, a focus on the 
productivity and profitability of the entire         
production process is needed. 

If the processing plant can supply an estimation 
of the process efficiency benefits that accrue when 
the specified P80 target is reached then it becomes 
feasible to carry out a confident analysis of the 
economic upside (profitability impact). 

The following analysis is a simple,                
approximate calculation of a hypothetical financial 
impact. A mine of 10,000 tonnes per day mineral 
production delivers a feed of 0.8 g/t ore to a ROM 
leach pad that produces during 365 days of the 
year. The potential production (maximum case) of 
gold is a theoretical 94,484 oz. per year. 

If it is assumed that meeting the P80 can       
deliver as low as a 5% increase in leach recovery, 

simplistically a potential increase of 4,710 oz. of 
gold is available per year. At a conservative price 
of US$ 1,200 per oz. (LME: US$ 1,263.50 Jan. 
30, 2015) this is equivalent to a gross revenue    
increase of ~ US$ 5.5M, considerably more than 
the cost (investment) of achieving the requisite 
fragmentation target. 

This case emphasises the need for clear and 
quantitative guidance from the downstream client 
of drill and blast beyond a simple qualitative      
expression on unconformity. An estimation of 
what optimisation will mean in financial terms is 
necessary in order to justify an increase in unit  
operational costs. The internal customer is          
responsible for supplying this information. 

8 CONCLUSIONS 

Comparing engineering philosophies from         
different production units - the engineering     
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process, cyclical and based on measurement,      
design and control, proposed for drill and blast is 
similar to the process or processes used in the    
design and optimised operation of metals            
extraction (gold in this case) process plants. In 
such case each physical component and element 
related to the optimal functioning of the plant is 
manufactured and installed based on exhaustive 
and detailed engineering studies; measurement is 
always present and utilised to control the process. 

CAPEX spending is adjusted and carried out so 
as to make possible the delivery of a product that 
complies with the expectations and demands of the 
final client. All aspects of costs and performance 
and operational efficiency are balanced to make 
this result process. 

One poses the question; if the management and 
shareholders of a similar operation to the one    
discussed in this paper would accept the           
substitution of installations (tanks, pumps, piping, 
control systems and reagents, etc.) of inferior   
quality but reduced price with end objective of   
reducing costs momentarily, but at the cost of     
reducing the number of ounces produced and 
available to sell? 

Logic and common sense suggests hat the     
answer to the question is a categorical, no. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

- 350 - 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

- 351 - 

 

1    INTRODUCTION 

Image-based fragmentation analysis has become 
an active field of research to estimate rock size       
distributions for decades in mining industry. Mine 
and quarry optimisation requires the control of  
materials with specific sizes (McKee, Chitmobo & 
Morrell 1995) (Sellers & Gumede 2012);       

therefore, rock segmentation can benefit the mines 
significantly in terms of productivity and           
performance by eliminating manual sieve analysis 
and all its associated costs. (Maerz, Franklin & 
Coursen 1987) pioneered using a roving camera 
and operator assisted analysis to measure the size 
distribution of the blasted rock, which others      
introduced automated and manual methods for 

ABSTRACT: Image-based remote sensing techniques have been applied by blast engineers in mines and 
quarries, to estimate rock size distribution. Conventionally, manual or automated methods are utilised to 
extract rock boundaries in a 2D image. The rock delineation results are then converted to actual rock sizes 
by introducing one or more reference objects to the scene as size scaling references. 
 Utilising a compact 3D imaging sensor with stereoscopic capability, we present a novel approach for 
performing rock fragmentation analysis. The 3D imaging sensor is combined with a powerful processing 
unit to form a portable ‘point and shoot’ device for rock size distribution estimation. The system captures 
three dimensional surface of the scene and combines it with the delineated rock boundaries in the 2D 
image to generate accurate rock size estimates and distribution. Consequently, the need for using any 
reference scaling object or marker is eliminated. 
 This article discusses the method of combining 3D point cloud captured from a desired scene with the 
2D image to estimate each rock size individually and without making any assumptions about the scene 
geometry. We also examine the use of reference scaling objects in various scenarios for scene topology 
and camera viewing angles to show how the accuracy of size measurement can be affected. Finally, the 
article explains how using a 3D imaging sensor relaxes the required constraints when using reference 
scaling objects. 
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fragmentation analysis and improved existing    
approaches (Girdner, Kemeny, Srikant & McGill 
1996), (Smith & Kemeny 1993), (Palangio, 
Palangio & Maerz 2005) (Tafazoli & Ziraknejad 
2009) (Raina 2013). 

The rock delineation step of an image-based 
fragmentation analysis technique could be      
automated, manual or a combination of both. This 
step is affected by variation in lighting, shadow, 
poor image contrast and complex rock texture and 
presentation. Rock boundaries are detected by  
analysing the image, and in order to convert the 
pixel values to real world dimensions a scaling  
factor is applied to determine the actual sizes of 
each object in the scene. Using a geometric        
reference with a known size has been a popular 
technique for determining the proper scaling     
factor. These include the use of regularly shaped 
objects such as discs and basketballs (Siddigui, Ali 
Shah & Behan 2009), to using the bucket size of 
an excavator (Zeng, Chow, Baumann & Tafazoli 
2012). 

Recent contributors that incorporate 3D        
imaging and sensing to improve rock delineation 
include (Noy 2013), (Thurley 2013) and (Dislaire, 
Illing, Laurent & Pirard 2013) who used camera-
laser combinations, as well as stereo imaging to 
measure rock fragmentation on conveyor belts and 
other areas of the mine. We recently introduced a 
portable rock fragmentation analysis system which 
utilises 3D imaging sensors (Sameti, Ziraknejad, 
Azmin, Chow, Bell & Tafazoli 2014), in which 
placement of any reference object in the scene or 
independent distance measurement is not required. 

This article discusses the use of reference   
scaling objects when an image is captured for  
fragmentation analysis. It discusses the               
assumptions and errors that are involved with 
measurements which use scaling factors. Since the 
scaling factor is directly proportional to the     
camera to object (i.e. rock) distance, any variations 
in this distance should be accounted for. Then the 
article explains how using 3D imaging sensor can 
improve the accuracy of the measurements         
because it generates real world coordinates from 
the scene. Finally, some field test results are         
illustrated which compare the results generated 
from the 3D sensors to the actual sieve analysis. 

2     SCALING USING REFERENCE OBJECT 
OR MODEL 

In most conventional image-based rock            
fragmentation analysis systems, reference object(s) 

or marker(s) are used to estimate the image      
scaling. The scale of an image is found by      
measuring the distance between two points on the 
image whose separation is known in real world 
coordinates. This value is then used to convert the 
pixel coordinates into real world measurements. 
For instance, if the sieve size of a rock is found to 
be 100 pixels, with a scaling factor of 1.5 
mm/pixel, the actual sieve size is 150 mm. 

For a pinhole modeled camera (i.e. no sensor 
or lens distortions), the scaling factor is dependent 
on the following parameters: 

 

−  camera image size in pixels (also referred to as 
image resolution) 

−  camera viewing angle (dictated by the lens      
optics) 

−  camera to object distance 
 

For a fixed image resolution and viewing      
angle, the scaling factor is directly proportional to 
the camera to object distance. If we assume that 
the scene is a vertical plane then a single reference 
object would provide exact estimation for every 
single object in the image. Figure1 illustrates a 
scenario where the bench face is a perfect planar 
with a slope of α, and the scaling object is placed 
at height H/2 on the surface. It is assumed that the 
camera is placed at distance D from the single   
reference object with a perpendicular line of sight. 
In this case, the single reference object that is used 
at the midpoint of the bench face calculates one 
scaling factor for the entire bench. Therefore, 
rocks that are closer to the camera, at the bottom 
of the bench face, are overestimated and the rocks 
that are at the top are underestimated. 

Many commercially available image-based 
fragmentation analysis systems place two different 
reference objects in different positions of the 
bench face, in order to make a more accurate      
estimation of the bench face slope (α). In this case, 
the angle between the camera’s line of sight and 
the horizontal axis is assumed to be 90º. Using 
multiple reference objects will address the issue 
with over and under estimation of the rocks on  
different positions of the slope, but there are still 
assumptions made about scene geometry and  
camera’s line of sight. 

This is an image captured with a 3D sensor 
camera in the field from a muck pile where the 
portion of the image that lies inside the desired 
Region of Interest (ROI) is analyzed. This image 
also has two soccer balls placed in different       
positions of the ROI as reference objects for    
scaling purposes. (a) illustrates the 3D point cloud 
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Figure1. A bench face side view with camera at distance D from midpoint where the reference 
scaling object is positioned. 

Figure 2. Image captured from a muck pile using    
stereoscopic camera with desired ROI for                
fragmentation analysis. 

 

generated by the 3D data extracted from the    
camera and (b) shows the 3D point plot which 
highlights the position of the two scaling objects 
inside the ROI. (c) displays the superimposed 
plane created by the two soccer balls on the 3D 
point cloud and (d) shows the depth difference   
between the real 3D point data and the generated 
2D plane in percentage. Note that this difference is 
directly proportional to the image scaling error. 
For the  example image of, when two soccer balls 
are used to estimate the scaling factor, despite the 
positive and negative error cancelation, the        
average error calculated is -6.5%. This means that 
overall rock sizes will be overestimated by 6.5%. 

3   SCALING USING 3D POINT CLOUD     
     FROM  SCENE 
 

In order to improve the accuracy of rock size      
estimation and also removing the constraints of  
using reference scaling objects, a 3D imaging   
sensor such as stereoscopic camera is combined 
with a powerful processing unit to create a      
portable rock fragmentation analysis device 
(Sameti, Ziraknejad, Azmin, Chow, Bell & 
Tafazoli 2014). In stereo imaging, two spatially 
separated cameras are used to image a three        
dimensional object, where the optical axis of the 
two cameras are parallel and separated by a known 
distance. When an image is captured two views are 
generated, one from each camera, which are 
slightly shifted horizontally. The slight horizontal 
shift between the two views from the same scene 
enables the extraction of depth information from 
the image. Using the combination of 3D              
information and the correspondence between the 
image pixels, the 3D real world coordinates (x,y,z) 
of each pixel is calculated; therefore, no             
assumptions are previously made about the        
geometry of the scene. In an image of a stock pile 
is displayed with its corresponding 3D point cloud 
to demonstrate the curvatures that exist in real 
bench face surfaces. 

After an image is captured using a 3D sensor, 
the images are filtered to correct for any distortion. 
They are then analyzed by the rock delineation   
algorithm to detect the boundaries of each particle. 
Then the boundary pixels for each rock is matched 
to its corresponding 3D values and consequently 
used to estimate the rock size in real world         
coordinates (see). In other words, the scaling     
factor is applied independently for each individual 
rock based on its position in the point cloud and 
regardless of the overall shape of the scene. 
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Figure 3a-d. 3D point clouds generated from the desired ROI of mock pile image of Figure 2. 

 

 

Figure 4. Image captured using stereo image sensor (left), and corresponding 3D point cloud generated. 
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Figure 5. System algorithm flow chart. 
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Figure 6. Piled up rocks (left) and corresponding delineated results. 
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Figure 7. Size distribution graph generated for different camera angles. 

 

4     DATA ANALYSIS AND EXPERIMENTAL 
RESULTS 

The Mining Engineering Department of University 
of British Columbia has conducted an independent 
study of the system previously described. During 
this study, a series of tests were conducted to 
evaluate the accuracy of measurements by     
changing a specific aspect of measurement and   
recording its influences on the results. The results 
from the 3D image sensor were compared with 
size distributions measured from physical sieving. 

The following test scenario examines the      
impact of camera angles on the final               
measurements. In this case rocks were piled-up 
and photos were taken with different camera      
angles (20°, 40°, 60°, 80°, see). The                   
objective was to evaluate the impact of camera 
viewing angle on final test results. 

As it can be seen in size distribution from the 
3D sensor camera, where each image is captured 
with the camera positioned in different viewing 
angles, is being compared to the actual physical 
sieve analysis. The graphs generated by different 
viewing angles are closely following each other. 
This proves that line of sight of camera does not 
significantly affect the fragmentation analysis     
results when a 3D sensor is used. 

5    CONCLUSION 

In imaged-based rock segmentation analysis, using 
a single reference object for scaling factor           
estimation was discussed. It was shown how      
objects can be overestimated or underestimated 
based on the geometry of the scene. It was also  
explained how using multiple reference scaling  
objects can improve the assumption about the    
geometry of the scene and increase the accuracy of 
the calculations. However, it is still assuming that 
rocks are positioned on a surface which is a      
perfect planar; therefore, factors such as camera 
line of sight and deviation of the scene from a   
perfect plane are still not taken into account. A 
field image was then used to compare the          
calculations from 3D data against using two      
reference objects and how that error can affect the 
size calculations. The use of a 3D point cloud 
which is tightly matched with the 2D image pixels 
ensures proper scaling for each rock without    
posing any constraints on the slope, camera’s 
viewing angle or shape of the desired scene. This 
premise is tested by using a 3D sensor and        
capturing images from the same test sample with 
different viewing angles. According to the test    
results the viewing angle has very little effect on 
calculated size distribution. 
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1    INTRODUCTION 

Despite the strict regulations for the prevention of 
explosions and fires in tunnels and anti-terrorist 
actions, the statistics of accidents and their       
consequences are extremely grave. It would be 
sufficient to mention terrorist blasts in London (52 
people killed and 200 injured), Madrid (52 people 
killed and 1800 injured), Paris (8 people killed 
and 700 injured), Tokio, South Korea, Moscow 
and Baku undergrounds. In the case of the fire in 
the Eurotunnel in 2008, it took 75 minutes for the 

fire services to respond. Furthermore, throughout 
this time, the active ventilation system in the    
tunnel contributed to the strength of the fire 
(<http://en.wikipedia.org/wiki/2008_Channel_Tun
nel_fire>). On April 17, 2013 the devastating     
explosion at a West Texas fertilizer storage facility 
killing 15 people, injuring more than 200 and   
levelling surrounding homes and businesses in a 
four-block radius exposes a chilling trend in the 
way chemical safety is managed 
(www.prweb.com/releases/2013/5/prweb1073788
5.htm). According to statistical data, several    

 

 

 

 

 

 

 

 

 

 

ABSTRACT: A strategy for the physical protection of critical infrastructure implies the creation of a 
detection system enabling quick and accurate identification of the accidental or terrorist explosion/fire 
location and subsequent transmission of a distress signal to the rescue service. A proposed wireless 
system for the identification of unauthorized explosions and activation of protection devices in 
underground facilities consists of a transmitter and receiver modules. The transmitter module contains a 
sensor and a microprocessor equipped with blast/fire identification software. The receiver module 
produces an activation signal for the operation of an absorber. The testing has yielded the following 
results: the time span between the moment of receiving a signal by the sensor and the moment of 
activation of a start signal is 2.4 milliseconds; the distance between a transmitter and a receiver in a direct 
tunnel - at least 150m; in a tunnel with a 90 o bending – 50 m. Key words: Explosion, Detection, Signal 
transmitter, Signal receiver, Wireless system. 
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hundred people die each year due to methane     
explosions in coal mines. A methane explosion in 
one of the mines in Russia, caused by the         
malfunction of the detection system,  took the lives 
of 50 people 
(http://news.rambler.ru/6289910/?page=2). 

Hence, the time of response and the reliability 
of currently deployed detection systems are failing 
to meet their requirements and accordingly their 
functions remain limited. Reliable protection from 
accidental and terrorist explosions requires quick 
and accurate identification of the explosion/fire  
location and transmission of information to ensure 
the immediate operation of protection systems and 
switching to emergency mode. Considering the 
growing threat of terrorist or accidental explosions 
in tunnels and other underground infrastructure, it 
appears urgent to improve the systems for          
detecting the threats in order to protect people 
from explosions in underground facilities     
(Handbook 2004, NFPA/69 2008). 

2     METHODOLICAL ISSUES OF 
DETECTION SYSTEM 

The development of contemporary detection     
systems is oriented to the creation of integrated 
systems ensuring monitoring of all possible threats 
that may endanger facilities to be protected as well 
as respective measures for threat prevention. A 
comprehensive security system will enable      
identification of emergency and pre-emergency 
conditions and have Wi-Fi modes of operation. 
The system will be quick-acting and reliable and 
not impede the normal functioning of the           
underground facility. In order to achieve             
reliability, the system must not depend on the     
external power. It must have the capability of  
functioning in test mode. The detection system 
must meet the requirements of the Directive 
94/9/EC on equipment and protective systems     
intended for use in potentially explosive              
atmospheres (ATEX). 

Together with threat monitoring and           
transmission of information, detection systems   
designed for underground structures and       
manufacturing sites with hazardous conditions 
serve to generate a signal for the activation of    
explosion suppression equipment, switching the 
ventilation system into emergency operation mode 
as well as regulation of explosion protection vents, 
explosion resisting doors, protection panels or 
other automatic protection facilities (Zalosh 2005, 
Podobrazhin 2007, Richard 2007, Mataradze 
2006). 

In general, an integrated detection system    
consists of i) threat identification and emergency 
signal generation module; ii) emergency signal 
transmission module; iii) emergency signal         
reception module. 

The system design process requires the         
following stages: 

 

−  risk analysis of the facility to be protected;    
definition of the function of the system 

−  determination of emergency and pre-emergency 
identification parameters and definition of   
respective limiting values 

−  selection of sensors 

−  development of identification module and     
electric scheme of emergency signal         
generation 

−  selection of wireless technology for data     
transmission and determination of the     
working frequency ensuring signal          
transmission at a required distance 

−  selection of main technical properties of signal 
transmission and reception modules and     
development of their electrical scheme 

−  selection of a power supply source for the      
system 

−  system testing, adjustment and determination of 
its reliability. 

3    WIRELESS SYSTEM FOR THE 
DETECTION OF THREAT AND 
ACTIVATION OF PROTECTIVE DEVICES 

3.1    Structure of system 

G.Tsulukidze Mining Institute, CIPPS, and      
Hinman Consulting Engineers, have designed a 
wireless system for detection of accidental         
explosions and fire in underground structures and 
coal mines, where there is the risk and probability 
of an explosion of methane and carbon dust. 

The system contains the following elements: 
 

−  a module of sensors for the identification of    
explosions, fires, smoke and methane 

−  a module for the identification and generation of 
an emergency signal 

−  an emergency signal transmission module 

−  an emergency signal receiving module 

−  a power supply module. 
 

The system is based on the following principle: 
it must provide constant monitoring of explosion 
and fire identification parameters. When reaching 
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Threat The identification 

criteria 

Limiting value Sensor 

Emergency   

conditions 

Overpressure 12 kPa Pressure 

sensor 
Explosion 

Pre-emergency 

conditions 

Concentration of 

methane in air 

2% CH4    

sensor 

Emergency   

conditions 

Flame The area of the 

site of the fire 

exceeds 0.5 m2 

IR flame 

sensor 

Fire Pre-emergency 

conditions 

Smoke The percent of 

obscuration per 

unit length     

exceeds 5% /m 

Smoke 

sensor 

 

Table 1. The identification criteria and limiting values for generation of an alarm signal. 

 

the ceiling values of these parameters, the module 
will generate a high-frequency electric signal 
which will be transmitted to the receiving module. 

The identification criteria and limiting values 
for generation of the alarm signal is given in      
Table 1. 

On the base of identification criteria the      
software was created for the functioning of     
identification module (signal transmitter). The 
relevant algorithm enables to generate and process 
the identified emergency signals for further        
security actions. 

3.2    Wireless technology of data transmission 

The data transmitting system consists of: fast      
receiver, the data coding and decoding knots and 
amplitude (peak) radio transceiver . For coding 
and decoding, AVR type data microprocessors are 
used, which work at 18 MHz clock frequency. The 
duration of the data signal is 0.8 ms. In order to  
increase the reliability the data signal is           
transmitted 3 times and the emergency signal is 
generated after receiving all 3 data signals. The 
data transfer rate is 30 kB/s. The receiver of the 
system is responsible for the fast processing of the 
information in order to generate relevant             
information for the information board, security 
service or external automated protection device. 
The main parameters of the system are given in 
Table 2. 

Both the transmitter and receiver modules have 
two operation modes: online and test. In the online 

mode of operation, both the transmitter and the   
receiver are prepared to react to the blast. The test 
mode of operation serves to control the working 
ability for the transmitter and receiver blocks. 

4    RESULTS OF THE WIRLESS SYSTEM 
TESTING 

Preliminary tests and tests at real explosions of 
system were conducted. Results of preliminary 
tests have shown working ability of the system. 
Reliable signal transmission and signal receiving 
is observed when the distance between transmitter 
and receiver modules in a direct tunnel was at least 
150m, in a tunnel with a 90o bending - 50m.      
Additionally, no false or ignored signals were    
observed. 

Testing methodology at real explosions         
envisages the inspection of working capacity of all 
the components of the system (detection and     
signal generation module, transmission and        
receiving wireless device, control block of         
absorber) as well as the determining of time       
parameters of the system. Blast experiments were 
organised in a special chamber. The test bench had 
a rectangular cross-section and was made of steel 
sheets. The dimensions of the bench were: length 
3 m, width 0.4 m and height 0.6 m (Figure 1). 
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Parameters Transmitter Receiver 

Independent source voltage, V 9 12.6 

Supply current, mA Min 4; Max 200 10 

Operating frequency, MHz 433.92 433.92 

Data transfer rate, kB/s  30 30 

Data Encoding ASK ASK 

Output power of transmitter, 

dBm 

+ 30 - 

Receiver sensitivity, dBm - -115 dBm 

 

Table 2. Main parameters of the system. 

 

 
 

Figure 1. System testing circuit. 

 

During the experiments the following four time 
characteristics were measured: 

 

−  moment of blast 

−  moment of shock wave arrival to sensor 

−  moment of signal arrival to receiving module, 
which is placed in the absorber control block 

−  moment of absorber activation. 
 

Two pressure sensors were installed in the test 
bench at a distance of 2.5 m from the place of 
blast. One sensor was connected to the detector, 
while another to an oscilloscope, which recorded 
the shock wave arrival at the sensor. A radio signal 
generated in the detector was transmitted to the  
receiving module, which was placed in the         

absorber control block. The distance between the 
detector and the receiving module was 30 m. The 
control block gives the start signal to an electrical 
initiator of the gas generator. A pressure sensor 
was installed in an absorber hydro cylinder and 
connected to an oscilloscope to record peak    
pressures generated in a hydro-system under the 
impact of high pressure after the activation of a 
gas generator. The time histories of signal                
generation, transmission and receiving are         
presented on Figure 2. 

The test results showed that the time from the 
blast moment to the moment when the shock wave 
reaches the blast sensor is 4 ms, which gives a 
shock wave velocity of 625 m/s at 2.5 m distance. 
Besides, 2.4 ms is necessary between the sensor 
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Figure 2. The time histories of signal generation, transmission and receiving. 

 

activation and generation of an emergency signal. 
The total time which is recorded from blast       
moment to the absorber activation, is 11ms. 

 

5    CONCLUSIONS 

Experience shows that devices used to protect 
from unauthorized explosions in underground    
facilities, fail to meet modern requirements.       
The development of effective automated           
protective facilities requires the improvement       
of the reliability and response speed of                 
its base component, i.e. the system for              
blast detection and activation of a protective      
device. 

Following preliminary investigations a wireless 
system has been designed for the detection of     
accidental explosions and fire in manufacturing 
sites and coal mines, where there is the risk and 
probability of methane explosions. The system 
provides the following two features: 

 

−  sending information to the security service,     
including: emergency level (emergency or 
pre-emergency conditions), type of threat 
(explosion or fire), place and time of the 
threat/accident 

−  activation of automatic protective devices. 
 

Results of tests of the system show that         
potentially, it can be used for identification of  
danger in 2.4 ms after excitation of a sensor of the 

detector and activation of protection devices 11 ms 
after the blast moment. 
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1    INTRODUCTION 

The EE-Quarry project emerges from the necessity 
to optimize the EE of the aggregates industry; a 
very demanding sector which is characterised by 
high energy consumption and greenhouse gases 
(GHG) emissions. Its purpose is to apply a new 
analysis technique capable to improve EE and to 
reduce GHG emissions in quarries, through the 
constant monitoring of every process. The      
methodology will focus on assessing the           
production chain to obtain as much information as 

possible, covering the whole process, i.e.  studying 
every stage involved in the aggregates production, 
in order to detect the weak points and the potential 
for energy improvements. Hence, the overall      
objective of the project is to develop a new and  
effective modelling technique able to improve the 
EE and move to low CO2 emission rates in the   
energy intensive non-metallic mineral industry. 
This technique was demonstrated in different    
scenarios around Europe, on determinant locations 
to maximize the impact of the project results.    
Another important goal of the project is to        
contribute significantly to optimise the extraction 
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Figure 1. Screenshot from the drilling & blasting module. 

 

of resources required for the production of         
aggregates by the use of field validated            
computational simulation methods. 

To sum up, the project is focused on the       
following research areas, related to the non-
metallic mineral extraction industry:  

 

−  minimising the extraction of non-sealable       
materials by a better definition of the deposit 

−  improving the practical understanding behind 
the production of fines during blasting 

−  researching the application of the ‘Mine to Mill’ 
concept to optimise the production after 
blasts 

−  identifying the total energy consumption for 
both the extraction and the processing stage 

−  optimising the production of comminution     
circuits by the use of field computational 
simulation methods 

−  proposing and validating a series of              
compensation measures for the GHG      
emissions generated during the quarry life  
cycle. 

 

Within the framework of the project were     
developed two specific software modules for  
modelling the drilling and blasting (DB) and the 
loading and hauling (LH) operations that allow 
quantifying the CO2 equivalent emissions           
associated to them. With both modules, the impact 
of a better fragmentation on LH was studied. The 
purpose of such study is to carry out simulations 
for optimising this essential couple of operations, 

while ensuring that the global energy consumption 
and CO2 emissions are minimised. 

2    CALCULATING THE CARBON 
FOOTPRINT OF A BLAST 

Quantifying the environmental impact could      
appear as an abstract practice. Fortunately, a 
proper methodology can help one to overcome this 
issue. In terms of environment, we agreed on the 
following step-by-step methodology: 
 

−  gathering state-of-the-art on current                 
environmental studies related to the use of 
civil explosives in quarries 

−  carrying a Life Cycle Analysis (LCA) on         
explosives we manufacture 

−  comparing coherence of the results with existing 
literature 

−  proposing a relational data model to get        
theoretical carbon footprint and energy       
assessments 

−  programming a dynamic calculation module for 
such assessments on blasts, according to the 
explosives and machines used to conduct 
them. 

3    THE DRILLING AND BLASTING MODULE 

As we aimed at programming a calculation module 
for carbon footprint and energy assessments, it 
was necessary to quickly organise our work               
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Figure 2. Screenshot from the loading and hauling module. 

according to computer development standards. 
Thus, we drew a relational database model. At this 
moment, we set the boundaries of the model, 
thanks to the LCA. Indeed, we had gathered loads 
of energy consumption and GHG data on things as 
varied as drill rigs, explosive manufacturing plant, 
raw material importation, ammonium nitrate (AN) 
production process, transport, etc… But how    
further back should we go, and how far should we 
stop? 

This is a recurrent question when one works on 
LCA and carbon footprint assessments. It is        
essential to conduct the study from a point of view 
that is large enough to be relevant; but it is also 
important to set some boundaries. 

We decided to consider these operations: AN 
production process (European standards),          
importation of raw materials (including technical 
AN), manufacturing of explosives, transport to  
depots, transport from depots to quarries, drilling, 
and detonation. Since our purpose is mainly to 
compare different blast scenarios (drilling pattern, 
explosives types…), we did NOT consider these 
operations: any production process prior to AN 
fabrication, fabrication of the means of transport 
and of the drill rigs, shipping of drill rigs, drill rigs 
on-field displacement, manufacturing of the   
packaging used for explosive products, recycling 
of the aforesaid packaging. One will note that 
detonation is taken into account only in terms of 

GHG emissions, since the energy released during 
the process is the final product of the whole    
process. 

4    THE LOADING AND HAULING MODULE 

Following the general objective of the EE-Quarry 
project, a specific software module for analysing 
the LH operations in quarry was developed,     
aiming at calculating and assessing their energy 
and economic impact on a given quarry. More  
specifically, the software aims at analysing the LH 
operations in a mine considering production rates, 
bottlenecks, energy consumption rates, CO2    
emissions and costs. Such information allows 
quarry managers to understand the current state of 
the LH operations, to propose optimisation    
measures for the LH operations and to define      
alternatives in terms of energy efficiency, CO2 
emissions and costs. 

Ideally, the user should use data gathered from 
the quarry although default values for almost all 
the variables considered are provided by the    
software module itself. The data is associated with 
general variables that describe the quarry (like  
material, density, percentage of wastes, fines and 
boulders, production capacity, average working 
days and shifts, and distances between the front 
and the primary crusher) and more specific ones 
that describe the processes (like average shovel  
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Quarry Details 

Rock  
Hard    
limestone 

Density T/m3 2.54 

Average distance 
front/crusher 

m 1000 

Type of terrain  firm road 

Planned production T 1000000 

% waste % 5 

Size of fines mm 60 

Size of boulders mm 800 

Explosives Supplying 

Distance factory-
depot 

km 300 

Distance depot-
quarry 

km 100 

Truck capacity Tonnes 7.5 

Drilling 

Average drilling 
speed 

m/h 20 

Hole diameter mm 115 

Subdrilling m/h 0.5 

Loading 

Spoon capacity m3 3.5 

Average shovel time min 0.36 

Hauling 

Max. tonnage T 49.2 

Bucket capacity m3 27.5 

 

Table 1. Main parameters of the theoretical quarry. 

 

cycle time, shovels per cycle and waiting times for 
the loading; average speed, transportation time, 
manoeuvring times during loading and unloading 
and time during unloading at the primary crusher 
for the hauling; % of boulders for the hammering). 
For all of these processes, the fuel consumption 
rate is required. 

Such amount of information has proven to be 
useful for producing a model of the LH operations 
close to reality, not to mention that during the    
development stages, such approach allowed also to 
calibrate the algorithms of the software, reducing 
the gap between the real quarry operations and the 
outputs provided by the software. Nevertheless, 
while almost every variable already mentioned is 
quite easy to measure and/or monitor, it is        
necessary to mention that the fuel consumption is 
probably the most difficult one to obtain from a 
quarry. The reasons are mainly two: first, because 
quarry managers often do not have an extensive 
record of all the fuel consumed by each of the   
machinery used in the operations; second, because 
monitoring and following up operators is not an 
easy task, they often are not keen in providing, or 
allowing to provide, such information. 

Another important feature of the software 
module is an associated database in which the 
specifications of market available loaders, haul 
trucks, hammers and conveyors are stored. In      
addition, different materials and their basic     
properties (dry density, volumetric conversion  
factor, average dry time and hygroscopy) are also 
included in the database. All the information 
stored in the database can be modified or updated 
by the user. 

Outputs are provided at two levels: first,     
considering both LH operation as a whole, second, 
considering each process with its associated      
machinery independently. On the first, main     
outputs are related to gross/net tonnes produced, 
total fuel/energy consumed, total CO2 kgEq    
emitted and overall costs. On the second, the    
output shows a summary of the process (in terms 
of time spent during each part of the cycle and  
material handled within the process), and process 
fuel/energy consumption, CO2 kgEq emitted and 
associated costs. 

5     ASSESSING IMPACT OF D&B ON L&H 
OPERATIONS 

The approach used for integrating the outputs from 
the DB operations as then inputs for the LH    
module was based upon assuming an impact in the 

loader cycle time as a direct consequence of the 
variations in the amount of resulting boulders after 
blasting. But to do so, the following assumptions 
were made: 
 

−  the ‘boulders handling time’ decreases linearly 
proportional to the reduction in % of boulders 

−  the ‘transport average waiting time’ (at loading) 
equals to the boulders handling time if there 
is no additional time to consider in the   
analysis 

−  the boulders handling time equals the sum of 
half the shovel cycle, the time for               
manoeuvring boulders and the preparation 
time - the values will be defined according to 
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Type of explosives  Standard Extraboosted 

toe 
Blendex 
70 

Blendex 
70 

Reference volume m3 7200 7200 7200 5670 

Burden m 4 4 4 3.5 

Spacing m 5 5 5 4.5 

Nbr of holes per row  12 12 12 12 

Rows  2 2 2 2 

Hole inclination ° 0 0 0 0 

Bench height m 15 15 15 15 

Final stemming m 3 3 3 3 

Powder factor g/m3 372 393 515 654 

Required toe energy 
MJ/
m3 

3.8 3.8 3.8 3.8 

Average size of fragments mm 573 521 467 386 

% fines % 1 1 1.5 2 

% boulders % 27% 22% 15% 6% 

Uniformity index*  1.88 1.83 1.88 1.94 

*0: heterogenous;                 

5: ultra-homogenous 
     

 

Table 2. Fragmentation results. 

 

the characteristics of the quarry under    
analysis 

−  the improvements in fragmentation allow a      
reduction of the shovel time (thus of the   
loading productivity rate) - nevertheless, 
variations on the shovel time are assumed 
limited to a 40% and the correlation is        
assumed linear. 

6    THEORETICAL CASE STUDY 

After having done some calibration surveys, and 
using a fragmentation prediction algorithm 
(adapted Kuz-Ram), we set a theoretical standard 
blast pattern in a theoretical quarry. The main     
parameters are summarized in Table 1. 

Several simulations were performed in a      
previous stage of the present study in order to start 
from a scenario in which the loader was the      
bottleneck of the LH operations. In addition, the 
hauling was structured in three equal dumpers. 

6.1    Blast Pattern #1 

The first standard blast pattern was set at 4 m * 5 
m, and was designed like this: 

 

−  in each hole, one (1) 400 g hexogen booster at 
the bottom, then one (1) high energy      
emulsion cartridge, and the hole is filled with 
ANFO up to the 3 meters of final stemming 

−  holes are 15 m high and vertical. 

6.2    Blast Pattern #2 

The second blast pattern was set at 4 m * 5 m, and 
was designed like this: 
 

−  in each hole, one (1) 400 g hexogen booster at 
the bottom, then six (6) high energy emulsion 
cartridge, 25 kg of alumized-ANFO, and the 
hole is filled with ANFO up to the 3 meters of 
final stemming 

−  holes are 15 m high and vertical. 

6.3    Blast Pattern #3 

The third standard blast pattern was set at 4 m * 5 
m, and was designed like this: 
 

−  in each hole, one (1) 400 g hexogen booster at 
the bottom, then six (6) high energy emulsion 
cartridge, and the hole is filled with an   
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Figure 3. Proposed correlation between % of 
boulders and shovel time. 

 

 
 

Figure 5. CO2 emissions results. 

 

 
Figure 4. Proposed correlation between % 
of boulders and boulders handling time. 

 

emulsion explosive with 70% of matrix and 
30% of AN up to the 3 meters of final     
stemming. 

−  holes are 15 m high and vertical. 

6.4    Blast Pattern #4 

The fourth standard blast pattern was set at 3.5 m * 
4.5 m, with the same loading as the #3. 

Thanks to the estimation in the percentage of 
boulders and in the uniformity index, estimations 
were provided for the shovel times, the boulders 
handling time and the spoon filling factor of the 
loader. Estimations were done according to      
proposed correlations, which were defined        
following the assumptions made in Section 5. 

As we can see in Figure 5, an increase of the 
DB emissions is positively offset by the decrease 
of LH ones. This is mainly due to an increase in 
productivity, because some improvements in the 

LH operations is obtained allowing a slight         
increase in the total production cycles. Such       
increase in production cycles leads to an increase 
in the total energy/fuel consumed, but as the total 
gross tonnes increases at a slightly bigger rate the 
weighted GHG emissions decrease, meaning that 
the quarry operations, as a whole, are more energy 
efficient. Nevertheless, at a certain point it is      
observed that putting too much energy on the DB 
operations, cannot be adequately balanced with the 
energy consumption on downstream operations, as 
there is not any significant improvement in       
productivity but certainly an increase in the overall 
energy consumption, making quarry operations 
energy inefficient again. 

 

7    REAL CASE STUDY: A FRENCH QUARRY 

 

The trend highlighted by the theoretical approach 
seemed very interesting and then the comparison 
with real parameters was needed. The authors went 
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Figure 6. Relation between powder factor and the percentage of boulders (fragment size >800mm). 

 

to a French quarry and monitored most of the 
processes, as it was performed before to calibrate 
our modules. The authors compared the           
fragmentation prediction curve for different blast 
patterns to see what the impact on the LH would 
be. 

The patterns analysed were the following: 
 

−  case #1: 5 m * 5 m, standard loading 

−  case #2: 5 m * 5 m, with 25 kg of aluminized-
ANFO at the bottom after the primer 

−  case #3: 4 m * 4 m, standard loading 

−  case #4: 4 m * 4 m, with 25 kg of aluminized-
ANFO at the bottom after the primer 

−  case #5: 3.5 m * 3.5 m, standard loading 

−  case #6: 3.5 m * 3.5 m, with 25 kg of             
aluminized-ANFO at the bottom after the 
primer. 

 

From Case #1 to Case#6, it was estimated a 
26% reduction in the percentage of boulders (see 
Figure 6) that lead to a 130% increase in the DB 
CO2 emissions (see Figure 7). 

It is worth recalling that the average emissions 
rate was approximately 1 kg of CO2-equivalent per 
cubic meter. For the quarry under analysis, it 
means (over a 700,000 Tonnes blasted each year) 
that the DB operations are responsible for 260 
Tonnes of CO2-equivalent. This is equivalent to a 
full Paris/Atlanta return flight. 

By introducing the fragmentation output as   
input for the LH model, and compared to the    
timing we had made on the field, a similar trend 
can be seen as that which appeared in the        
theoretical study. The increase in CO2 emissions 
from the DB is balanced positively by the decrease 
in CO2 emissions from LH (see Figure 6) meaning 
that the operations inside the quarry have become 
energy efficient. Similarly to the theoretical study, 
further proposals for improvement have proven to 
lead to inefficiencies, as the balance between DB 
and LH is not obtained the CO2 emissions rises 
again. Nevertheless, the picture shows an optimum 
value in which the quarry may perform at its      
optimum configuration, consuming energy as     
efficiently as possible and emitting less CO2 per 
cubic metre of material produced. The authors 
consider that the approach is valid: the trends for 
the CO2 emissions are very similar and the        
correlations proposed for the theoretical case have 
been proven well proposed as the data collected 
from the real quarry allowed to define similar 
ones, with little differences between them (Figure 
10 & Figure 11). 

8    CONCLUSIONS 

An efficient drilling and blasting operation has to 
take into account the always changing local     
conditions  and  inaccuracies.  In  order  to provide  



 

- 372 - 

 
 

Figure 7. Relation between powder factor and DB CO2 emissions. 

 

 
 

Figure 8. L&H detailed CO2 emissions for each case. 

 
representative result parameters for downstream 
modelling (fragmentation curve), it is required to 
take into account these local field variations. The 
proposed blast design and modelling unit is thus 
linked to an operational methodology based on 
continuous measurements. The precise blast       

design on a hole-per-hole basis, which considers 
each blasthole as a single unit with its               
geometrical specificity, is the key for better blast 
efficiency. A similar analysis can be proposed 
for the modelling unit for analysing the loading 
and hauling operations: only with real data from 
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Figure 9. Weighted CO2 emissions comparison (D&B vs. L&H). 

 

 
Figure 10. First comparison of correlations between theoretical and French quarry case study. 

 
continuous measurements of the quarry, reliable 
models can be produced for a better understand-
ing of the operations and for an adequate         
assessment for potential improvement measures 
for a better and more efficient use of energy. 

Synergies between both modules have proven 
to be an interesting field of work. By comparing 
carbon footprint assessments with different blast 
design and on-field implementation and by    
feeding a loading and hauling simulation tool for 
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Figure 11. Second comparison of correlations between theoretical and French quarry case study. 

 
carbon footprint assessment, the authors have 
demonstrated that it is possible to reduce the       
environmental impact of both drilling & blasting 
and loading & hauling operations. It is worth         
mentioning that such impact is possible because 
the outputs provided and controlled with the    
drilling and blasting module (fragmentation, 
muckpile shape) are of a great use to feed       
modelling and monitoring of the downstream    
operations. In this respect, the authors considered 
that, in spite of the good results obtained, more 
data from different quarries is required in order   
to further validate the proposed correlations           
between the % of boulders and the different       
parameters from the loading and hauling            
operations. 

By studying the environmental impact of       
extractive industry on a larger scale, the authors 
have been able to ensure that the extra CO2-eq 
emissions engendered by the implementation of 
blast patterns that lead to greater energy are     
positively balanced by the carbon savings        
generated by subsequent operations. This happens 
only if the energy is used in an optimised,        
concentrated way. Nevertheless, as the results 
show, bigger increases in energy consumption in 
upstream operations may lead to inefficiencies in 
downstream ones, which allow to clearly         
identifying a point in which an optimum scenario 

is identified. All this allowed the authors to       
understand that operational performance and a  
reasonable rate of GHG emission, thus an efficient 
use of energy is a reasonable goal, although under 
a case by case basis. 

Even if the positive economic impact could be 
shown, the authors only focused on the              
environmental aspect of the analysis. Actually, a 
more sustainable industry can only arise from 
more optimised and more efficient operations. 
Hence, blast optimisation will then automatically 
lead to downstream operations optimisation and,          
consequently, to a greener quarry industry. Indeed, 
beyond ameliorating just production process       
efficiency one by one, integrating the operations 
into a single methodology analysis leads to         
reducing the global carbon footprint of quarry 
working. 

The authors want to thank the EE Quarry    
Project Consortium as, within the framework of 
the project, the opportunity to test the blasting 
technique, and the loading and hauling simulation 
tool, on quarries in different scenarios around 
Europe was possible. Particularly, one case study 
in France allowed the consortium of companies 
and research institutions to share their methods on 
the ground and to try to quantify the real impact of 
this entire optimising project both on environment 
and energy efficiency. 
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1    GENERALITY 

During the last few years, the evolution of digital 
simulation technology in the mining world has 
gone hand in hand with the appearance of new 
concepts, aided by visual representations in 2 and 
then 3 dimensions, of constantly improving     
quality. 

The initial advantages in terms of                
fragmentation, stability or vibration control that 
this technology provides are becoming the subject 
of reports and documents from mining            
communities of international size, who use      
electronic detonators. The digital simulation    
market has new players, each one offering        
software with different technical or scientific 

 

 

 

 

 

 

 

 

 

 

ABSTRACT: Where does the explosive energy go? This is definitely a critical question when designing a 
blast, especially in a period of economic downturn where every cent counts. Not to mention safety 
aspects. Is this particular charge, of this specific hole, going to produce fragmentation or damage? To 
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progress in blasting numerical simulation revives the concept of energy distribution, bringing a new 
visually oriented analysis tool, said to help blasters answering such critical questions. The paper first 
reviews the relevance and limits of explosive energy distribution concept and details what mathematical 
and physical models might ground the concept so blasting professionals could rely on. 2D and 3D 
approaches of the explosives energy distribution are then respectively questioned, especially as far as 
simulation outputs readability, practicality and are concerned. Consequently, energy distribution 
calculation methods in two and three dimensions (2D / 3D) are particularly emphasised. Shot geometry, 
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Figure 1. Explosive energy distribution. 

 

bases, and specific ergonomics and types of   
simulation. 

Among these types of simulation, the explosive 
energy distribution in the blast is among the first 

simulations proposed by the pioneers of the ‘com-
mercial’ digital simulation sector; I use the word 
‘commercial’ as opposed to the experimental 
products developed beforehand. The simulation of 
explosive energy distribution (Figure 1) has       
imposed itself in the profession as a market     
standard. It has become compulsory to illustrate a 
good ratio of engineering, or the preparation of a 
blast design, independently of the progress in the 
accuracy of new types of simulation integrated in 
the various products that are available today. 
 

2    EVER PRESENT ENERGY AND THE 
ISSUES OF ITS DENSITY 

From the ancient Greek word ἐνέργεια / enérgeia 
which means ‘force in action’, compared with 
δύναµις / dýnamis which means ‘a powerful 
force’, energy is the capability of a system to    
produce work, driving a movement or for example 
producing light, heat or electricity. 

In an international system of units, energy is 
expressed in Joules, i.e. the energy required to 
raise an apple weighing approximately 100 grams 
one metre in the field of the earth’s gravity. 

Talking about energy, means dealing with a 
physical parameter which characterises the state of 
a system and that is generally preserved during 
transformation, in compliance with the first     
principle of thermodynamics (notion of the      
preservation of energy). 

Energy is at the heart of any mechanism and 
Nikola Tesla was thus able to say that “If you  
want to find the secrets of the universe,           
think in terms of energy, frequency and               

vibration” (Tesla 1919). The energy density,     
that is to say the quantity of energy per              
unit of volume, defines both the state of matter    
as well as life. If it is too high, the energy         
density at best causes the expansion, for             
example of the universe, and at worse, destruction 
(H bomb). On the contrary, an energy               
density that is too low produces a static system 
that is cold, devoid of oxygen, and dead.              
Therefore, the question of density is central       
and its dosage sensitive. In the right                
quantity, it provides movement and life (Earth), 
while a higher energy density produces a world of 
fire (Mercury) and a lower proportion creates an 
inert world (Pluton). 

Berthelot says nothing different as early as the 
end of the XIXth century, by noting that “Energy, 
whose role is much more general than the former 
purely chemical notion led us to believe of       
oxidising agents as opposed to fuel” (Berthelot 
1886) is at the centre of the very classification of 
explosives, and above all the dosage of explosive 
power. 

3    MINING AND ENERGY DENSITY 

The calculation of the quantity of explosive  
(quantity of total energy of a unit of              
weight of explosive, for example 1 kg) is           
carried out according to the job to be                 
undertaken (in the case in point kg/m3 of rock      
to blast). 

But what explosive are we talking about? A 
wide variety of explosive products have entered 
the market over the last few decades with varying 
degrees of energy. 

The definition of the energy potential of an   
explosive from then on became a subject for      
debate within the industry, in particular when    
expressed in absolute terms, be it by unit of weight 
(AWS) or by unit of volume (ABS). The       
manufacturer defines the formula of the energy  
potential which is subject to numerous variables. 
Changing just one of these variables, drastically 
changes the energy index allocated to an            
explosive. In particular, this is the case for the 
critical diameter. 

The expression of the energy potential in terms 
of ratio, sometimes enables us to avoid the      
problem by proposing a relative expression with 
regard to a known product (ANFO for BWS) or 
for TNT, since the energy potential of these two 
products was defined by means of the same       
formula. 
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 Figure 2. Impact of the distribution of the explosive shock and gas energy on the effects and results 
of a blast (Bernard 1993, p. 81). 

 

4     ENERGY DENSITY OR SPECIFIC 
ENERGY 

We mentioned above that energy is expressed in 
Joules. Usually, the quantity of energy available in 
a system is quantified by converting it into the unit 
of volume (J/m3) or mass (J/kg) of the latter. 
Hence, it becomes easier to compare systems or 
products. For explosives we talk of specific energy 
measured in a tank for comparison. For example, 
an emulsion is taken as 4.8 MJ/kg whereas an 
ANFO will be taken as 3.8 MJ/kg. Thus, we have 
a measurement of the energy available for the 
product. When this energy is to be used to supply 
a system, the energy available will be compared to 
the volume or the mass of the system to calculate 
its potential performance. When mining, energy 
density is the energy contained in a hole, divided 
by the volume that the hole will blast. It expresses 
the quantity of explosive energy available in a 
given volume. 

This notion is a little too abstract for miners 
who prefer another ‘unit’ of specific energy (the 
powder factor) expressed in kg/m3. This notion is 
much more pragmatic since it is based on the   
kilograms handled, whereas in everyday life no 
one uses Joules. It should be noted that the powder 

factor behaves in the same way as the energy   
density in Joules, when there is only one type of 
explosive used in the blast and the configuration is 
the same (e.g. equivalent diameters). The powder 
factor fails to differentiate between 1 kg of TNT 
and 1 kg of ANFO, so the energy density only   
becomes more accurate when different explosives 
are mixed within the same shot. 

5    THE QUANTITY OF ENERGY DENSITY: 
AN INDICATOR OF WORK 
UNDERTAKEN 

For a long time now, former dynamite specialists 
taught us to reason with the help of the powder 
factor to carry out a given task for a particular 
field: surface or underground blasting, civil       
engineering, ditches, etc. 

In the case of surface blasting in a quarry or a 
mine, their experience and teachings invite us to 
retain these values for material with a density 
around 2.60: 

 

−  0.1 kg/m3 : weakening 

−  0.3 - 0.6 kg/m3 : blasting with normal           
fragmentation and moderate movement 

−  0.6 - 1 kg/m3 : blasting with a fine fragmentation 
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 Figure 3. Distribution of explosive shock (Ec) and gas (Eg) energy according to density (for a 89 mm 
diameter hole loaded with a 50 mm cartridge with a VoD of 5300 m/s) (Bernard 1993, p. 81). 

 

and substantial movement 

−  >= 1 kg/m3 : fine grade blasting and              
considerable movement (flyrock) 

 

Similarly, the graph below (Figure 2), taken 
from theoretical and empirical research (Bernard 
1993), illustrates how the distribution of explosive 
shock and gas energy, that the notion of ‘explosive 
energy’ covers, positively (fragmentation) and 
negatively modifies the effects and results of the 
blast. 

It should immediately be noted that these trade 
rules are provided for a given material, and that a 
quantity of energy only has a pragmatic             
significance when linked to a given environment 
(surface, underground, or underwater) and above 
all a given medium (material to which the energy 
is applied). For the configuration, and an               
explosive with a given diameter and detonation 
speed, the notions of explosive shock and gas    
energy are distributed with proportions that vary 
according to the density of the material to blast 
(Bernard 1993) (Figure 3). 

6     RELEVANCE AND LIMITS OF THE 
NOTION OF ENERGY DISTRIBUTION 

In addition to the issue of defining the theoretical 
energy of the explosive, is the issue that is born of 
its interaction with the material to blast, i.e. the 

rock. So, we can talk about the energy yield or   
energy efficiency of a given product, for a given 
rock (rock density). 

Incidentally, when we talk about the concept of 
the efficiency of an explosive, what are we really 
talking about? 

 

−  The consistency of the fragments, whatever the 
differences in terms of density, geological or 
geo-mechanical structure present around the 
hole, (mid-pattern). The consistency is for a 
defined size objective or size distribution 
(Mora et al. 2014). 

−  Movement (shape of the muck pile, spreading). 
In addition to the sequence, an adequate    
distribution of the explosive energy according 
to the geometry of the blast (drilling pattern, 
thickness of the free face) and the              
surrounding geology as well as that adjacent 
to each bore hole, is at the heart of the        
optimisation of the movement of the blast. 

 

Attempts to measure and provide data about 
the effective yield of the energy of an explosive, in 
a given geology, led to interesting but expensive   
experiments (Ouchterlony et al. 2004), that were 
both local and partial by definition, due to the    
incredible natural diversity of potential geology, as 
well as its reciprocal interaction. For example the 
behaviour of a clay-limestone mix may differ   
considerably from that of sandstone and limestone. 
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7     SIMULATION OF ENERGY 
DISTRIBUTION 

The impossibility of being exhaustive in            
implementing an empirical catalogue of situations, 
must not mean we conclude by requiring an    
oversimplification of this fundamental question. 
On the contrary, mining experts should be able to 
make the most of clear information that has a    
scientific basis, on the interaction between         
explosive energy and the volume of ‘local’ rock, 
all the more so because the question goes beyond 
the field of mining itself. 

Indeed, the energy properties lead us to talk 
about the location of an explosive charge freeing a 
given energy according to the density of the rock 
to blast. Therefore, it is a question of reasoning in 
terms of columns of explosive compared with a 
lithographic layout of the geology. On the scale of 
a blast, we can therefore talk about the               
optimisation of the energy of a blast according to 
the geological constraints. The optimisation goes 
beyond the optimisation of explosive energy as 
soon as the latter, once optimised enables us to 
minimise the energy for transport and crushing. 
Therefore, we have to undertake an overall        
optimisation of the cost of the mining process on 
the scale of a site. 

The range of explosives, initiation systems, 
measurement technology and geological       
knowledge at each hole, opens up possibilities of 
the practical application of work still very much at 
a theoretical or empirical stage, that started at the 
end of the 1970s (Harries 1977). 

The limits of theoretical investigation were 
clearly seen as early as this era. It was considered 
too far from a reality that is naturally complex, but 
also because the limits of the empirical method are 
too close to one single reality, which by definition 
is unusual so it cannot be generalised. In the    
middle of the 1980s, Just already concluded his 
analysis as follows: 
 

“The availability of low cost computer          
facilities to enable the analysis of large       
volumes of data also increases the justification 
for improving the precision of existing          
engineering design methods. Records of the 
incremental explosive energy distribution in 
each blast would improve the evaluation of 
performance since this can also be directly    
related to the degree of fragmentation         
produced in the blast.”(Just 1984). 
 

The simulation of the explosive energy              
distribution has, since then imposed itself in the 

profession as a market standard, and has become 
compulsory to illustrate a good ratio of               
engineering or for the preparation of the blasting 
plan, independently of the progress in the accuracy 
of new types of simulation integrated in the       
different products available today. 

8    THE USE OF A SIMULATION MODEL 
FOR ENERGY DISTRIBUTION 

After having analysed the relevance of the concept 
of explosive energy distribution, we still have to 
define and clarify this usage. What type of          
information and what degree of certitude can we 
obtain from this type of simulation, either to       
design our loading plans and our sequences, or for 
a forecast or a posteriori analysis of the results of a 
blast? 

If we follow Just's reasoning, and note that  
present technology enables simulation models like 
these to be developed, another question touches on 
the accounting of the analysis and/or calculation 
time with the production rate of a mining site. We 
know that the geological data at the hole, if    
available (e.g. LIM system linked to a GPS) by 
definition are not known until after drilling, hence 
at a time that is close to the blasting time. 

Another limit is the applicability of the        
recommendations of a simulation model for       
explosive energy for each type of geology. The 
difficulties of accurately implementing pumpable 
explosives or standard sizes that cannot be       
‘customized’ (most legislation forbids this), are 
two illustrations of this difficulty. The growth of 
the design and implementation time due to the   
recommendations of simulation is also an          
important question. 

Hence, the necessity for a tool providing       
answers for critical blasting areas (back break,     
irregular drilling, etc.) visually, allowing a      
qualitatively accurate analysis of the energy, and a 
qualitative analysis regarding its effects, whilst   
offering an analysis speed, and a relevance of this 
tool to help with decision-making. The           
stratigraphical state of the land (layers, strike and 
dip) naturally governed the work method of the 
sector's professionals and in particular the          
geologists and geo-mechanics. The simulation tool 
must therefore enable a cross-sectional analysis 
both horizontal and vertical, to study the reality of 
the rock to be analyzed and blasted. 

The quantitative aspect assumes tool            
performance, based on the physical and        
mathematical principles that simulate the             
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Figure 5. Blast design. 

 

 
Figure 4. 2D energy distribution addition principle. 

 

interaction between holes, and bring into play the 
maximum number of real blasting parameters   
possible (Bernard 2010), (a minima: geology,    
geometry, loading), as well as the time factor    
(sequence, displacement and/or direction of the 
material), in order be as close as possible to        
reality, but without trying to be exhaustive. This is 
as such impossible and not efficient for an          
industrial context. 

9 ENERGY DISTRIBUTION: SCIENTIFIC 
PRINCIPLES OF SIMULATION AND 
REPRESENTATION TECHNIQUES 

Above, we saw the necessity of having a         
simulation tool that helps with decision-making, 
that is both scientifically relevant and whose       
results could be read quickly and visually. Today, 
the technological progress in the digital field    
provides us with an alternative choice: a two or 
three dimensional approach (2D / 3D). 

9.1 First approach: 2D Simulation of overall 

energy distribution 

This approach consists of analysing how the      
energy of a given hole spreads between the other 
holes. If we consider the energy of a hole          
distributed in a cylinder with a radius r, at a given 
point in space, the energy available at this point 
will be equal to the sum of the energy radiated by 
the various holes. The diagram (Figure 4)            
illustrates this principle. 

 
The 2D representation (Figure 5) is therefore a 

top view, at the hole collar. The screen below 
shows a 2D view of a blast in which each circle 
represents a hole and each shade a distinctive type 
of loading that is detailed in the sectional view. 

The screen (Figure 6) shows a typical 2D      
energy distribution calculation based on the actual 
geometry and different loadings detailed above. 

The calculation of the energy distribution is 
said to be overall in that it indicates the quantity of 
energy resulting from the entire hole and its        
interaction with the other holes also considered as 
a whole. 

The shading enables us to distinguish the   
various energy levels (in kg/m3 or in J/m3 - see   
below for the developments regarding the energy 
density and specific energy). Digital limits enable 
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Figure 6. 2D energy distribution. 

 

 
 

Figure 7. 3D energy distribution addition principle. 

 

the scale of energy to be adapted according to 
what the engineer wishes to analyse or verify. 
From this, we can observe the relevance of a    
simulation tool that enables us to adapt to the     
actual and unique characteristics of the terrain, 
whatever the circumstances. It is more than just a 
tool to assist in decision-making: the quality of   
reflection and the professional knowledge of the 
user are fundamental to the case in point. 

This calculation provides a good idea of the 
distribution of the energy and the associated       
effects. Nevertheless, it has its limits inherent to 
its representation method. Hence, the influence of 
tilted holes or discontinuous charges is not visible 
in the result of this simulation. 

9.2 Second approach: 3D Simulation of the 

local energy distribution 

The principle is the same as for the 2D approach, 
but here we are interested in the contribution of 
individual charges at all points in space. This is 
why the simulation of energy distribution is said to 
be ‘local’, compared with its ‘overall’                
representation above. 

We discretise a hole by a series of spherical 
charges with a radius r. The simulated energy is no 
longer distributed in a cylinder (the hole) but in a 
unit sphere centered on each individual charge 
(Figure 7). 

For explosive cartridges, the radius of the unit 
sphere is that of the charge, and that of the radius 
of the hole for bulk explosives. 

The equation of the energy density in Joules is 
written as follows: 
 

 
 

                                                                           (1) 
With:  
 
                                                                           (2) 

 
 

Dt: diameter of the hole 

ρ: density of the explosive 
VoD: velocity of the detonation of the explosive 
r: radius at the point considered 
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Figure 8. 3D energy distribution 1.5m below the surface. 

 

 
Figure 9. 3D energy distribution 3m below the surface. 
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Figure 10. 3D energy distribution 7.5m below the surface. 

 

 
Figure 11. 3D energy distribution 12 m below the surface. 
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Figure 12. 3D energy distribution 15 m below the surface. 

 

It should be noted that we have chosen to     
express energy in Joules, calculated based on the 
kinetic energy of the detonation gases, which in 
turn is obtained from the detonation velocity 
(VoD) of the explosive. This choice allows us to 
take into account the variation of the release of  
energy from an explosive according to diameter. 

This type of calculation enables us to quantify 
the energy density at any point in space. To be 
clearer and more relevant in the analysis (see      
below), we will use a cross-sectional                 
representation of the rock at different levels. 

9.3 Advantage of a cross-sectional 

representation for 3 simulations 

If we take the previous example, but in 3D and 
with horizontal and vertical cross-sections, it 
should be noted that according to the depths, the 
influence of loading (full charges, decked charges, 
air deck or decoupling), and the geometry (tilted 
holes), become perceptible, and considerably      
influence the results of the simulation. 

The screen (Figure 8) shows the 3D energy  
distribution 1.5 m below the surface, that is to say, 
at the stemming level. The energy at the 6 holes 
shows the influence of top initiation on the upper 
part of the column. 

At 3 meters below the collar (Figure 9), only 
the holes with an air deck are not visible. The    
difference in the levels of energy produced by each 
type of loading is noteworthy. 

At 7.5 m below the collar (Figure 10), the 3D 
energy distribution shows the influence of the 
holes with an air deck (down to -7.4 m). Here, we 
are at the ‘core’ of the energy generated by each 
production hole. The energy influence of the    
presplitting line is not always visible at this depth 
(stemming down to -11.7 m). 

The 3D energy distribution 12 m below the  
collar (Figure 11) shows the levels of energy 1 m 
below the production holes (drilled to -11 m). The 
cross-section shows the presplitting air deck. 

The 3D energy distribution 15 m below the  
collar (Figure 12) shows the levels of energy    
produced by the presplitting line at this depth. 

In this example, a 45° cross-section of 2 holes 
enables us to analyse the 3D energy distribution 
between rows and at the free face (bench profile 
materialised at the hole),(Figure 13). 

9.4 What the 3D representation of 3D simulation 

has to offer 
 

The calculation being 3 dimensional, it       
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Figure 13. 3D energy distribution 15 m below the surface. 

 

 
Figure 14. 3D representation of 3D energy distribution. 
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Figure 15. High value of energy concentration. 

 

 
Figure 16. Low value of energy concentration. 

 

naturally lends itself to a 3D representation      
(Figure 14). 

The more explicit and intuitive character of the 
representation is immediately obvious, all the 
more so because a multitude of horizontal and            
vertical cross-sections can be displayed, if          
required, according to the analysis to be             
undertaken. The rotation around the simulated 
model offers unique angles of vision that are in 
phase with engineers' needs. 

 

9.5 Interpretation and analysis of an energy 

distribution simulation 

We must bear in mind that the concentration value 
depends on the digital values input by the user as 

minimum and maximum limits of the shading     
already presented. 

9.5.1 Interpretation and analysis of a high value 

of energy concentration 

The intuitive characteristic of energy distribution 
simulation enables an immediate interpretation of 
the levels of energy in the blast (2D or 3D), or in a 
part of the blast considered (cross-sections).      
Experience and literature show that these           
concentrations of high levels of energy (Figure 15) 
influence the fragmentation and displacement   
values but are favorable for flyrock and damage 
surrounding the blast. Hence, a high level of    
concentration corresponds to a fine fragmentation 
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and a good level of displacement but high damage 
and potentially substantial fly rock. 

9.5.2 Interpretation and analysis of a low value 

of energy concentration 

In the same way, we can intuitively understand 
that a low concentration value (Figure 16)                
corresponds to a coarser fragmentation, little     
displacement and flyrock, whilst guaranteeing 
minimum damage. 

The visual characteristics of this analytical tool 
mean it is one of the favorite tools on which to 
base technical justifications and illustrate           
engineering choices. The contribution of 3D to the 
case in point reinforces its demonstrative feature 
and facilitates its analysis. 

The energy concentration in the different   
blasting zones gives us a rapid and qualitative  
perception of the relevance of a loading and a 
given sequence. Modern digital simulation tools 
enable us to refine the various phenomena that can 
be born of the energy concentrations, by             
accurately quantifying them, (granulometric      
distribution per hole, or for a complete blast, 
2D/3D shape of the muck pile, and minimum   
casting distance, amongst others). 

10 CONCLUSION 

Explosive energy simulation is a real analytical 
and design tool for loading and blasting                     
sequences, as well as enabling critical blast areas 
to be identified around the blast. 

This high-level quantitative analysis offers a 
qualitative, simple, visual and pragmatic            
understanding of a multitude of complex          
phenomena with major consequences for a mine, 
in terms of the safety of persons and property   
(flyrock), and operational (fragmentation,        
loading), and financial consequences (energy    
savings, mining costs). It truly is an invaluable 
warning tool that helps with decision-making and 
reporting, whose results can be confirmed and 
quantified via calculation techniques or additional 
simulation as necessary. 

As Napoleon said, “A good sketch is better 
than a long speech”. 
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