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4. Health, safety and environment 
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1 EFEE – EUROPEAN FEDERATION OF 

EXPLOSIVES ENGINEERS 

EFEE was founded in 1988 to provide a European 

forum for professionals working in the field of  

explosives techniques in rock. EFEE has 25       

national members, 31 corporate members and 

about 100 individual members. One aim of the  

organisation according to articles of the              

association is promotion of safety, health,          

environment and security in the field of explosives 

technology. 

     EFEE is administrated by its Council and 

Board. Practical work is done mainly by 9     

committees which are: 

 

 constitution and bylaws 

 finance and audit 

 election 

 membership and marketing 

 newsletter 

 conference 

 EU-directives 

Reporting system and database for blasting related incidents –     

another value adding EFEE project 
 
J. Honkanen 
EFEE, Environmental committee 

Finnrock Oy, Forcit Consulting Group, Helsinki, Finland 

 

 

 

 

 

 

 

 

 

 

ABSTRACT: The EFEE environmental committee is aiming to collect and develop a database for     

blasting related incidents. It is believed that this kind of information could be used to efficiently enhance 

safety within our industry. It could be used to develop training, legislation and guidelines with a more 

clear focus on the most important problem areas. The collection of data is planned to be limited to         

incidents which have taken place in conjunction with use of explosives or at the site of end usage or when 

explosives are in possession of the end user. The biggest challenge of the project is undoubtedly the    

collection of reliable and comprehensive data. EFEE feels that such a database would be a remarkable  

asset in enhancing safety in the use of explosives. It would also support the primary objectives of EFEE - 

promotion of safety, health, environment and security in the field of explosives technology. This project 

is still in progress. We hope to be able to present successful and positive outcomes of this project at future 

EFEE conferences. We are also asking all interested parties to support and contribute to this project with 

their advice and help. 
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 shotfirer 

 environmental 

     

     The first 4 committees are solely administrative 

committees supporting the administration of 

EFEE. The last 5 are technical committees          

responsible for producing added value for EFEE 

members and our industry. 

     The Newsletter committee steers, develops and 

publishes the EFEE newsletter which is sent to all 

members containing important and interesting    

articles and information for our industry. 

     The Conference committee steers the             

organisation of bi-annual conferences on blasting 

technique which are visited by hundreds of       

European and international delegates. 

     The EU-directives committee is working to 

support a sound development of EU directives for 

our trade. They support EU legislative bodies with 

professional consultation help and give comments 

on their proposals. 

     The Shotfirer committee is working toward 

harmonisation of shotfirer training and licenses 

within EU countries. Their main focus at the   

moment is the PECCS project (Pan-European 

Competency Certificate for Shotfirers and blast 

designers) aiming to create a course, according to 

the valid European shotfirer requirements, for a 

standardised assessment of technical competencies 

for the shotfirer and blast designer profession in 

the European Union. The project is financed by 

the European Commission. 

     The Environmental committee is working to 

collect value adding information from EFEE 

member nations which in turn will benefit the   

development of safe and environmental friendly 

working methods within our industry. One main 

focus area of the Environmental committee is    

collection of European vibration standards and 

updating a summary of them on the EFEE web  

database – available to all EFEE members. This 

information works in favour of contractors who 

are bidding for international contracts or other 

trade experts developing the standards for their 

own nation, to name a few. 

     Another main focus is a project aiming to    

collect and develop a database for blasting related 

incidents which have taken place in EFEE member 

nations. It is believed that if this kind of              

information was available, in statistically sound 

amounts, it would be possible to use this             

information to steer the training and guide lines 

more precisely towards safer operating practises in 

the most important problem areas. 

     This paper focuses on the latter mentioned  

project, which is still in progress. 

2 THE DATABASE FOR BLASTING 

RELATED INCIDENTS 

EFEE environmental committee is trying to create 

a database for collection of data from significant 

blasting and explosives related incidents which 

have taken place when explosives are in            

possession of the end user (mine, blasting         

contractor, demolition contractor, etc.). This takes 

place usually at the site of use or at the storage    

area or during transportation or moving of         

explosives from one to another. 

     We believe this kind of information would add 

value to our members and improve safety within 

our industry. Users of data would be able to learn 

from previous incidents and accidents and      

hopefully avoid making the same mistake in their 

own operations. Statistical information would also 

help to acknowledge where the danger lies most 

often. Training and other preventive safety        

improvement actions could be targeted more      

accurately to address the problem with the help 

from the database. 

     Why do we limit our interest to the end user? 

SAFEX is another international organisation 

working for enhancing safety in explosives. 

SAFEX members consist mainly of manufacturers 

of explosives. SAFEX has also created an incident 

reporting system and a database, but they         

concentrate on manufacturing, transportation and 

storage related incidents. The focus of EFEE      

reporting should not overlap with SAFEX.    

Therefore EFEE is planning to focus on usage and 

end user related incidents including moving, 

transportation and storage by end user. EFEE’s  

focus is solely on explosives related incidents, not 

any other work safety issues, even if they occur at 

the excavation or blasting site. 

3 THE FOCUS, AIM AND LIMISTS FOR THE 

REQUIRED REPORTING 

The aim is to: 

       enhance safe usage of explosives and safety 

in blasting works 

       collect and share statistical anonymous data 

which can be used for improving safety 

through training, development of legislation, 

etc. 

       not put blame or increase liability for those 

involved 
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The reporting will therefore concentrate on what 

and why instead of when and who. 

     Reporting is planned to include at least         

following type of incidents once blasting works or 

explosives related and severe in nature: 

       explosives related fires 

•       fire in storage facility 

•       fire during transportation 

•       fire in explosives which are held or 

loaded at the site 

•       fire close to explosives at the work site 

(drill rig, excavator, blasting mats etc.) 

•       fire during on-site manufacturing     

(mobile emulsion units etc.) 

•       any other fire incident involving         

explosives 

 

       unintended detonations 

•       by drilling into explosive 

•       by fire 

•       by hydraulic breaker 

•       in loading 

•       in crushing 

•       etc. 

 

       fly rock incidents 

       vibration related damages 

       air shock related damages 

 

     These incidents should be reported if they have 

caused: 

       any personal injury or death 

       significant material damage 

       risk of severe personal injury or death 

4 THE REPORTING TEMPLATE AND TOOL 

It is intended that eventually the reporting will be 

done using a web based interface. EFEE is       

possibly looking to cooperate with SAFEX        

regarding this. SAFEX have developed their own 

tools and methods which could, perhaps, be used 

as a starting point for developing EFEE’s data  

collection and database. 

     However, EFEE is first planning to organise a 

test data collection exercise to understand better 

what kind of data is available and in what 

amounts. This test will be performed by using 

simple tools like email and Excel. It would be  

unwise to use the Associations limited funds for 

the development of tools only to find there is no 

data available or the data is of a different nature 

than estimated. 

5 REPORTING PROCEDURES 

Documentation of incidents should eventually be 

done carefully and as soon after the incident as 

possible. Information to be documented would   

include: 

       date, time 

       place voluntarily 

       type of work/operation 

       types of explosive material involved 

       description of occurrence 

       description of cause or possible causes (as far 

as known) 

       description of results 

       photos, films, drawings etc. if feasible and 

helpful may be given voluntary 

       contact details where more information can 

be asked may be given voluntary 

 

     The biggest challenge of the project is          

undoubtedly the collection of the data. The data 

could originate in principle from a public authority 

(police, work safety official, etc.) or end user him 

or herself. Both alternatives have been evaluated 

to be difficult to motivate for required               

cooperation. End users are not known to use their 

energy in other than their primary work at hand, if 

it is not compulsory to do so. Public officials often 

decline issuing any information of a confidential 

nature, anonymous or not – despite all good       

intentions behind the question. Public officials are 

not likely to be interested in feeding the              

information in any ‘foreign’ system either. It 

would be an extra task without pay for them. More 

data is often available from tabloids than officials. 

However, data from tabloids cannot be fully    

trusted and is not always correct enough, as we all 

know. 

     The process of collecting the data is therefore 

not yet designed. One possibility, which will be 

tested during the trial period, is that the national 

EFEE council members will be used as middle 

men in the collection and input process. The       

information should be input in the English       

language and it should be somehow validated to 

be reliable. The national council member from 

each member nation would be in the best position 

to do that. He or she could perhaps also be seen as 

a person to whom the confidential information can 

be handed over, instead of an unknown party or 

faceless address or system. However, the problem 

of getting the information first somehow to the 

council member still remains. Public officials have 

been seen as the first option for that. 
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     SAFEX on the other hand allows all its    

members to feed in data directly into the database 

by using a web based interface at their web site. 

This requires of course login credentials which all 

members possess. This channel is however a lot 

more motivated, trustworthy and useful for the 

purpose. The problem behind EFEE data          

collection is that it would require parties who are 

mostly not members to participate in the collection 

of the data. 

     In a perfect world, all end users and/or national 

safety authorities would report directly to the     

database or to a national EFEE council member. In 

the latter case, the council member should verify 

the data and file the report. Reports should of 

course be updated if more information is available 

later. 

6 REPORT ARCHIVING SYSTEM 

Data would be eventually stored in a database    

automatically. Data could then be searched,      

classified and analysed with the help of key words 

or by selected information field/class (i.e. Quarry, 

electrical detonator etc.) 

     Certain automatic statistical reporting         

functionalities would be built in. These would be 

followed up and reported to all members annually 

for example in the EFEE Newsletter. 

7 USAGE OF DATA 

The data can be used at least for training purposes 

and improvement of legislation and safety     

guidelines. Training, legislation and safety    

guidelines nowadays are very much nationally  

developed topics. They are mostly based on     

previously nationally occurred incidents and     

experience. One guideline or topic is usually not 

weighed nor emphasised much from another. It is 

assumed that they are seldom built based on       

national or international statistics. It is generally 

known or at least assumed where the biggest risks 

are. For example, flyrock and drilling into an    

undetonated explosive are such risks which are  

often considered incidents of high risk. Still,     

nobody really knows how often these occur       

nationally not to mention internationally. Let us 

assume that we had this data in our database and 

we could see that there are twice as many flyrock 

incidents happening in ‘nation A’ than ‘nation B’. 

Both are still using approximately the same 

amount of explosives and detonators and their 

blasting industry is quite similar and explosives 

are mainly used in the surface construction        

industry. This would send a clear signal to ‘nation 

A’ that there is something wrong in their way of 

working and they should look into their training, 

guidelines and legislation concerning prevention 

of flyrock. Perhaps they could benchmark      

themselves against ‘nation B’ in all applicable   

aspects and would be able to develop their safety 

this way. 

8 LESSONS LEARNED FROM FIRST TEST 

DATA COLLECTION TRIALS 

All EFEE national representatives have been   

challenged to contact all their national authorities 

who might be in a position to supply the required 

information to EFEE’s database. A first trial was 

made in 2016 but did not pay off anything much. 

However, we discussed the approaches used and 

tried to learn from our mistakes and to develop our 

approach. The second trial was made in 2017 and 

results were still poor. However, we managed to 

get quite complete data from one member nation. 

This data is displayed as an example in Table 1. 

The data consists of official records of one EU   

nation from a 20 year period. Incidents are divided 

in three groups depending on the outcome;         

fatalities, serious injuries and near-by incidents. 

     Quick analysis of the data in Table 1 reveals 

the following points: 

       all reported incidents seem to fit within    

specification. However, some accidents 

caused by rock falls are questionable. One 

could argue that use of explosives did not 

contribute to some of these accidents where it 

did not initiate the rock fall and therefore 

they should not be included in the statistics. 

The same thinking could also be applied to 

most cases of fallings. 

       13 reports include 5 cases of rockfall, 4 cases 

of flyrock incidents and 3 cases of unintended 

detonations of misfires. These are all also  

typically assumed as the biggest risks in     

excavation and blasting works. 

       7 of the incidents took place in underground 

operations, 5 in surface operations and 1 in 

demolition. 

       most reports do not include the most          

important information: what was the root 

cause? This is of course often impossible to 

determine accurately. 

       annual amounts of excavated masses or used 

explosives would be required in order to draw 

statistical     conclusions     out    of    national 
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statistics. The latter is easily obtainable from 

each country.  

       Important statistical analysis and conclusion 

could be drawn if this kind of data was   
available from all 25 member nations of EFEE. 

          

       benchmarking the least accident prone       

nations could result in several improved 

guidelines and thus improved safety in the 

use of explosives. 

 

 

Table 1. Report of blasting accidents and incidents in one EU country 1996 – 2016 
 

Year 1. Fatalities - Description 

1998 Miner shotfirer in underground operation (mine). The shotfirer was hit by falling rock 

released from the ceiling of the gallery at the preparation of the blasting works. 

1998 Shotfirer in surface operation (quarry). The shotfirer was drilling oversized boulders 

for secondary blasting. Suddenly, rock fell from the top of the bench which hit him  

directly. 

2011 Shotfirer in surface operation (quarry). The shotfirer was directly hit by flying         

disintegrated rocks into the abdomen and head at the blast. 

2013 Shotfirer in underground operation (tunnel excavation). He was eliminating the      

misfire. As this activity occurred there was an unexpected explosion. Two workers 

were seriously injured. 

 

 2. Serious injuries - Description 

1996 Shotfirer’s helper in underground operation (mine). At the drilling of oversized   

boulders most likely he drilled directly into the misfire that resulted in the explosion. 

He suffered from broken legs, hand and injured body. 

1996 Miner shotfirer in underground operation (coal mine). At the loading of boreholes in 

front pillar of the wall panel there was a release of ceiling coal. It resulted in the      

destruction of reinforcement and coal pieces fell down on the shotfirer who suffered 

from multiple fractures to the legs. 

2001 Shotfirer in underground operation (mine). At the drilling of the gallery it is likely a 

misfire was drilled into resulting in an explosion.  

2015 Shotfirer in underground operation (tunnel excavation). At the transport of explosives 

in the lifting platform before the loading of the gallery there was a sudden release of a 

block of rock which dropped into the platform and pressed his right leg, resulting in 

an open fracture.  

 

 3. Nearby incidents - Description 

2000 Destruction of the chimney. The blast resulted in the demolition of the magazine for 

the goods. Serious damage of the magazine and no injury. 

2004 Blast in the underground (mine). At the blast in the neighbourhood of the small      

underground dining room released secured ceiling and dropped down into the dining 

room. No one injured.  

2004 Blast in the surface operation (quarry). At the blast occurred flyrock. One piece of 

rock with dimensions 18 cm x 8 cm x 12 cm dropped into the garden of house. The 

distance from blast was 408 m. Reason: geotectonic discontinuity of the massif. No 

injuries and no damage. 

2010 Blast in the surface operation (quarry). At the blast several pieces of flyrock were 

blown a distance of 200 m, hitting several houses and a cemetery, with damage to a 

few roofs and the front gate of the cemetery. 

2012 Blast in the surface operation (quarry). At the blast several pieces of flyrock were 

blown a distance of 200 m and hit roofs of three houses. 
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9 CONCLUSIONS 

Final conclusions remain to be made in the future 

since the project has just started and is still in  

progress. However, EFEE council felt that it was 

important to share initial information of this     

project and ask for the opinions, comments and  

also assistance from all interested parties who feel 

they might contribute to the positive advancement 

of it. EFEE environmental committee feels and  

believes that such a database would be a           

remarkable asset in enhancing safety in the use of 

explosives and as such supports the primary      

objectives of EFEE - the promotion of safety, 

health, environment and security in the field of 

explosives technology. 

     We would like to ask for a positive approach 

from all safety officials and other authorities who 

possess applicable data for our purposes. I      

challenge all of you to help by finding a way 

which allows you to supply this important data to 

the EFEE database and let us use this information 

for the common good. 
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1 INTENT AND SCOPE 

These best practices and recommended guidelines 

are provided in good faith to support worker, 

public and stakeholder safety and are not intended 

to supersede any federal, state, provincial, or local 

regulations pertaining to drilling, blasting and/or 

the use of explosive materials or other activities. 

Best practices guide for urban blasting operations 
 
R. Elliott & C. Sherbinin 
Western Canada Chapter of the Int. Soc. of Explosives Engineers 

 

 

 

 

 

 

 

 

 

 

ABSTRACT: For blasters conducting operations in urban settings, managing risks associated with urban 

blasting activities is becoming an ever growing challenge as drilling and blasting operations are 

seemingly undertaken in more congested areas. The public, site owners, regulators and other related 

stakeholders have increasingly restricted urban blasting activities for fear that blasting operations can lead 

to severe consequences, namely: 
 

     flyrock – damage to structures, injury to persons 

     structural damage – vibration, air overpressure 

     slope damage – increased rock fall, overbreak 

     frightened public – startled by blasting noise, flyrock, fear of blasting 

     environmental impacts – dust, noise, animal complaints 

     legal actions – financial damages, project delays 
 

      Although blasting activities can be undertaken virtually anywhere in a safe and productive manner, 

blasting related issues seemingly arise far too often and undermine the public’s confidence in our          

industry. Within many regulatory jurisdictions, there exists significant functional gaps, therefore blasting 

guidelines and other controls are often not adequately addressed in municipal, provincial, state and 

federal regulations. This has led to significant variations in how drilling and blasting operators and ‘urban 

blasters’ perform and manage risk on urban-based blasting operations. 

      With an eye to elevating stakeholder safety and trust in our industry, enhancing the art and science of 

urban blasting and advancing professionalism, the Western Canada Chapter of the International Society 

of Explosives Engineers has published the Best Practices Guide for Urban Blasting Operations. This 

document provides best practices along with tools and recommendations to be used by blasting managers, 

urban blasters, regulators, owners and other stakeholders to promote safe and productive urban blasting 

activities. 
      Based on the distance to urban structures, the guide utilises Urban Blasting Levels from 0 to 4 and 

provides recommendations and industry best practices to develop a control blasting plan. This supports 

urban blasters in identifying associated blasting risks and hazards and provides a platform to develop  

mitigating solutions utilising best practice guidelines, thereby providing a level of comfort to all urban 

blasting stakeholders. 
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     For the purposes of this document, an urban 

blasting operation is defined as any drilling & 

blasting operation for rock excavation undertaken 

within 500 m (1640 ft) of any urban structure 

(building, structure, and/or utility). 

     The purpose of this guide is to assist the urban 

blaster in the development of a control blasting 

plan that will minimise risks from the blasting 

operation. 

2 CONTROL BLASTING PLAN 

The purpose of the Control Blasting Plan is to 

assist stakeholders in identifying the hazards and 

risks associated with an urban blasting project and 

to document project specifics to ensure that risks 

and hazards are mitigated. For each urban blasting 

level, the following best practice items are 

outlined as part of the Control Blasting Plan: 
 

      blast design  

      peak particle velocity & air overpressure 

      blast hole diameter & depth 

      explosives & detonators 

      flyrock control 

      pre-blast surveys & community notification 

      blast monitoring  

      blast documentation 
 

       The Urban Blasting Manager is responsible 

for designing and documenting the control blast 

plan for urban blasting operations. The urban 

blasting manager should be a blasting professional 

having the minimum amount of direct experience 

in the design, implementation, administration and 

oversight of urban blasting activities at each     

particular urban blasting level. The urban blasting 

manager communicates and works with the urban 

blaster to meet all control blast plan objectives. 

2.1 Blast designs 

An adequate blast design works to control the 

negative effects of blasting in addition to 

supporting efficient blast performance through 

proper energy distribution, energy confinement, 

energy level, relief, powder factor and length to 

burden ratio. When the stiffness ratio (bench 

height divided by the burden) is close to a value of 

3 (L/B=3), blasters can expect good horizontal 

rock mass movement with a reduced risk of       

flyrock. 

     The urban blasting manager should have 

thorough knowledge and understanding of the 

project requirements and constraints prior to 

developing the blast design. Blast designs should 

satisfy safety objectives and be appropriate for the 

application taking into account the geology and 

area control requirements when selecting hole 

size, explosive diameter, stemming height, type of 

detonators, timing and other applicable design   

details. When blasting in a new area, it is always 

prudent to start with a small test blast to evaluate 

the blast design. 

     The following guidelines have been developed 

for the blasting of medium strength and stronger 

rocks with compressive strengths typically greater 

than 25 MPa (3725 PSI). 

     Blast vibration limits suggested in this 

document are based on the premise that the 

frequency of the blast waves diminishes with 

distance and therefore, the maximum allowable 

blast vibration limit should also decrease with 

distance from the blast. The suggested blast 

vibration limits offer adequate protection for most 

structures, however, lower limits may be justified 

depending on the physical condition, construction 

material, sensitive contents, and social, financial, 

or historical importance of the structure. 

3 URBAN BLASTING LEVELS 

It is generally accepted that the prevalence of risk 

involved in blasting activities increases 

exponentially with the reduction in distance to 

urban structures. Based on this relationship, the 

establishment of distance related best practices can 

mitigate the negative risks associated with 

vibration, air overpressure, flyrock and other 

related urban blasting issues. For the purpose of 

this Guide, urban blasting activities are classified, 

by distance, into five separate categories called 

Urban Blasting Levels (UBL). Urban blasting 

levels are categorized as follows: 
 

       Urban Blasting Level 0 – 0 m to 3 m (0 to 9.9 

ft) distance from any urban structure 

       Urban Blasting Level 1 - greater than 3 m to 

10 m (>9.9 ft to 32.8 ft) distance from any 

urban structure 

       Urban Blasting Level 2 - greater than 10 m to 

30 m (>32.8 ft to 98.4 ft) distance from any 

urban structure 

       Urban Blasting Level 3 - greater than 30 m to 

100 m (>98.4 ft to 328 ft) distance from any 

urban structure 

       Urban Blasting Level 4 - greater than 100 m 

to 500 m (>328 ft to 1640 ft) distance from 

urban structure 
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Figure 1. Urban blasting level matrix. 

 

3.1 Urban blasting level 0 

UBL 0 is defined as drilling and blasting activities 

occurring from 0 metres (0 ft) to 3 m (9.9 ft) 

distance from any urban structure. 

     Urban blasting operations classified UBL 0 are 

highly specialised and involve a significant risk of 

property damage that may be beyond the control 

of the urban blaster. 

     Blasting operations undertaken at UBL 0 

represent the highest potential for damage to an 

urban structure.  This work must only be 

attempted by highly trained blasters who are 

skilled in close-in blasting work and are capable of 

carrying out the work safely. Other methods of 

rock removal such as hydraulic splitting, the use of 

expanding grouts, or other methods should be 

considered as an alternative. 

     Blasting operations conducted at UBL 0 should 

be conducted in close consultation with civil, 

structural and/or geotechnical engineers. 

     UBL 0 operations may require an assessment of 

building structures and a review of geological 

conditions, as suggested, to ensure that blasting 

operations can be carried out safely in close 

proximity to urban structures.  The risks associated 

 

 

 
  

with blasting at UBL 0 need to be communicated 

to the project owner and/or general contractor and 

a determination made as to who will assume these 

risks. The urban blaster may be well advised to  

obtain a ‘Damage Release’ form signed by the 

owner prior to proceeding. 

3.2 Urban blasting level 1 

UBL 1 is defined as drilling and blasting activities 

occurring from greater than 3 m (9.9 ft) to 10 m 

(32.8 ft) distance from any urban structure. 

3.2.1 UBL 1 Control blasting plan & blast 

design 

The urban blasting manager developing the      

control blasting plan for UBL 1 projects should be 

a blasting professional with a minimum of seven 

years direct experience in all aspects of urban 

blasting activities. It is suggested to have oversight 

from an independent blasting consultant for UBL 

1 operations. 

     Blast designs should satisfy safety objectives 

and be appropriate for the application taking into 

account the geology and area control 
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requirements. Blast sizes should be limited as 

much as possible to shorten the duration of the 

blast vibration pulse. 

3.2.2 Peak particle velocity & air overpressure 

Where a lack of project specific requirements 

exist, it is recommended that blasts at UBL 1 be 

designed to less than 50 mm/sec (2 inches/sec) 

peak particle velocity calculated for the nearest 

urban structure or in accordance with the USBM 

peak particle velocity versus frequency graph. 

     Blasting operations performed at UBL 1 are 

recommended to be designed and undertaken to an 

air overpressure less than 134 dBL. 

3.2.3 Blast hole diameter & depth 

The suggested maximum blast hole diameter for 

UBL 1 operations is 45 mm (1¾ in). Where deeper 

holes are required, blast hole size is recommended 

not to exceed 70 mm (2¾ in). Depth will be 

determined by charge weight per delay to meet 

suggested peak particle velocity limits and respect 

proper length to burden ratio. 

3.2.4 Explosives & detonators 

Packaged explosives to a maximum diameter of 38 

mm (1½ in) are recommended at UBL 1. There is 

a danger of overloading with the use of poured or 

pumped bulk explosives due to the filling of voids 

or cracks in the rock. Any use of ANFO, bulk 

emulsion or other bulk type products must be 

utilised in accordance with manufacturer’s 

recommendations. 

     Use of electronic detonators is suggested for 

operations conducted at UBL 1. 

3.2.5 Flyrock controls  

The control blast plan should document how 

flyrock is to be controlled. 

3.2.6 Pre-blast surveys & community notification 

Conduct pre-blast surveys of all urban structures 

within 30 m (98.4 ft) of the blasting limit. Surveys 

should be undertaken by a qualified blasting 

surveyor prior to the commencement of UBL 1 

operations. 

     Residents and owners of urban structures, 

schools, and hospitals within 30 m (98.4 ft) of the 

area of influence should be notified in person, at 

least 48 hours prior to the commencement of 

drilling and blasting activities at UBL 1. Blasting 

schedules are to be coordinated with schools and 

medical treatment facilities within 150 m (492 ft) 

of UBL 1 drilling and blasting operations. 

3.2.7 Blast monitoring 

The two nearest urban structures within 30 m 

(98.4 ft) should be seismically monitored for blast 

vibration and air overpressure at UBL 1. 

3.2.8 Documentation 

The urban blaster is to document fulfilment of the 

control blasting plan objectives as well as any 

regulatory blast report requirements. Blast 

documentation should be reviewed by the urban 

blasting manager and amendments undertaken to 

ensure the meeting of plan objectives. 

3.3 Urban blasting level 2 

UBL 2 is defined as drilling and blasting activities 

occurring from greater than 10 m (32.8 ft) to 30 m 

(98.4 ft) distance from any urban structure. 

3.3.1 UBL 2 Control blasting plan & blast      

design 

The urban blasting manager developing the 

control blasting plan for UBL 2 projects is 

recommended to be a blasting professional having 

a minimum of five years direct experience in all 

aspects of urban blasting operations. Blast designs 

should satisfy safety objectives and be appropriate 

for the application taking into account the geology 

and area control requirements. 

3.3.2 Peak particle velocity & air overpressure 

Where a lack of project specific requirements 

exist, it is suggested that blasts at UBL 2 be 

designed to less than 35 mm/sec (1.4 in/sec) peak 

particle velocity calculated for the nearest urban 

structure or in accordance with the USBM peak 

particle velocity versus frequency graph. 

     Blasting operations performed at UBL 2 should 

be designed and undertaken to an overpressure 

less than 134 dBL. 

3.3.3 Blast hole diameter & depth 

It is suggested that UBL 2 drilling and blasting 

operations blast hole size not exceed 70 mm (2¾ 
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in). Blast hole depths are to be determined by 

charge weight per delay to meet suggested peak 

particle velocity limits and respect proper length to 

burden ratio. 

3.3.4 Explosives & detonators 

Packaged explosives to a maximum 50 mm (2 in) 

diameter are recommended at UBL 2. Use of 

ANFO, bulk emulsion or other bulk products must 

be utilised in accordance with manufacturer’s  

recommendations. 

     The use of electronic detonators is suggested 

for operations conducted at UBL 2. 

3.3.5 Flyrock controls 

The control blast plan should document how 

flyrock is to be controlled. 

3.3.6 Pre-blast surveys & community notification 

A pre-blast survey of all urban structures within 75 

m (246 ft) of the blasting limit should be 

undertaken by a qualified blasting surveyor prior 

to the commencement of drilling and blasting 

operations designated UBL 2. 

     Residents, schools, and hospitals within 75 m 

(246 ft) of a UBL 2 site should be notified in 

person at least 48 hours prior to the 

commencement of drilling and blasting activities. 

Blasting schedules are to be coordinated with 

schools and medical treatment centers within 150 

m (492 ft) of UBL 2 operations. 

3.3.7 Blast monitoring 

Blast monitoring is suggested to be undertaken in 

accordance with Best Practices - monitoring 

vibration and air overpressure section of this 

document. 

     The two nearest urban structures within 75 m 

(246 ft) should be seismically monitored at     

UBL 2. 

3.3.8 Documentation 

The urban blaster is to document the fulfillment of 

the control blasting plan objectives as well as any 

regulatory blast report requirements. Blast 

documentation should be reviewed by the urban 

blasting manager and amendments undertaken to 

ensure the meeting of planned objectives. 

3.4 Urban blasting level 3 

UBL 3 is defined as drilling and blasting activities 

occurring from greater than 30 m (98.4 ft) to 100 

m (328 ft) distance from any urban structure. 

3.4.1 UBL 3 Control blasting plan & blast      

design 

The urban blasting manager developing the 

control blasting plan for UBL 3 projects is 

recommended to be a jurisdictionally certified 

urban blaster with 3 or more years of urban 

blasting experience. Blast designs should satisfy 

safety objectives and be appropriate for the 

application taking into account the geology and 

area control requirements. 

3.4.2 Peak particle velocity & air overpressure 

Where a lack of project specific requirements 

exist, it is suggested that UBL 3 blasts be designed 

to less than 25 mm/sec (1 in/sec) peak particle 

velocity calculated for the nearest urban structure 

or in accordance with the USBM peak particle 

velocity versus frequency graph. 

     Blasting operations performed at UBL 3 should 

be designed and undertaken to an overpressure 

less than 134 dBL. 

3.4.3 Blast hole diameter & depth 

The control blasting plan should document the 

blast hole diameter. It is suggested that for UBL 3 

drilling and blasting operations, the blast hole size 

should not exceed 75 mm (3 in). 

     Blast hole depth for operations at UBL 3 are to 

be determined by the urban blaster and governed 

by charge weight per delay to meet suggested peak 

particle velocity limits and respect proper length to 

burden ratio. 

3.4.4 Explosives and detonators 

Explosives and detonator selection are at the    

discretion of the urban blaster. 

3.4.5 Flyrock controls 

The control blast plan should document how 

flyrock is to be controlled. See the Best Practices - 

controlling flyrock section of this document. 

3.4.6 Pre-blast surveys & community notification 

A pre-blast survey of all urban structures within 75 

m (246 ft) of the blasting limit should be 

undertaken by a qualified blasting surveyor prior 

to the commencement of drilling and blasting    

operations designated UBL 3. 
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     Residents and owners of urban structures, 

schools, and hospitals within 100 m (328 ft) of the 

area of influence should be notified in person, at 

least 48 hours prior to the commencement of 

drilling and blasting activities at UBL 3. Blasting 

schedules are to be coordinated with schools and 

medical treatment centers within 300 m (984 ft) of 

UBL 3 drilling and blasting operations. 

3.4.7 Blast monitoring 

Blast monitoring is suggested to be undertaken in 

accordance with Best Practices - monitoring 

vibration and air overpressure section of this 

document. 

     The two nearest urban structures within 75 m 

(246 ft) should be seismically monitored at     

UBL 3. 

3.4.8 Documentation 

The urban blaster is to document fulfilment of the 

control blasting plan objectives as well as 

regulatory blast report requirements. Blast 

documentation should be reviewed and 

amendments undertaken to ensure the meeting of 

plan objectives. 

3.5 Urban blasting level 4 

UBL 4 is defined as drilling and blasting activities 

occurring greater than 100 m (328 ft) to 500 m 

(1640 ft) distance from any urban structure. 

3.5.1 UBL 4 Control blasting plan & blast      

design guidelines 

The urban blasting manager developing the 

control blasting plan for UBL 4 projects is 

recommended to be a jurisdictionally certified 

urban blaster with two or more years of urban 

blasting experience. 

     Blast designs should satisfy safety objectives 

and be appropriate for the application taking into 

account the geology and area control requirements 

when selecting hole size, explosive diameter, 

stemming height, type of detonators, timing and 

other applicable design details. 

3.5.2 Peak particle velocity & air overpressure 

Where a lack of project specific requirements 

exist, blasting operations performed at UBL 4    

are suggested to be designed in accordance      

with   the   USBM   peak  particle  velocity  versus 

frequency graph. 

     Blasting operations performed at UBL 4 should 

be designed and undertaken to an overpressure 

less than 134 dBL. 

3.5.3 Blast hole diameter and depth 

In UBL 4 urban blasting operations, blast hole 

diameter and depth is to be governed by charge 

weight per delay to meet suggested peak particle 

velocity limits and respect proper length to burden 

ratio. 

3.5.4 Explosives and detonators 

At the discretion of the urban blaster. 

3.5.5 Flyrock controls 

The control blast plan should document how 

flyrock is to be controlled. 

3.5.6 Pre-blast surveys & community notification 

Pre-blast surveys at UBL 4 are to be conducted at 

the discretion of the urban blaster. Pre-blast 

surveys should be conducted in accordance with 

best practices – see the Best Practices - pre-blast 

survey of urban structures section of this 

document. 

     Schools, Clinics and Hospitals within 500 m 

(1640 ft) of the area of influence should be 

notified in person, at least 48 hours prior to the 

commencement of drilling and blasting activities 

at UBL 4. Blasting schedules are to be coordinated 

with schools and medical treatment facilities 

within 500 m (1640 ft) of UBL 4 drilling and 

blasting operations. 

3.5.7 Blast monitoring 

It is suggested that the nearest urban structure be 

seismically monitored at UBL 4. Blast monitoring 

is suggested to be undertaken in accordance with 

Best Practices - monitoring vibration and air 

overpressure section of this document. 

3.5.8 Documentation 

The urban blaster is to document the fulfillment of 

control blasting plan objectives as well as any 

required regulatory blast reports. Blast 

documentation should be reviewed and 

amendments undertaken to ensure the meeting of 

plan objectives. 



 

 

- 15 - 

4 BEST PRACTICES 

4.1 Best practices - controlling flyrock 

Flyrock is a constant concern to all stakeholders in 

urban blasting operations. Flyrock can be 

controlled through proper blast design, matting 

and/or containment. 

4.1.1 Blast design 

Proper blast design is the primary influence on 

controlling flyrock. An adequate blast design 

works to ensure the control of flyrock and efficient 

blast performance through proper energy 

distribution, energy confinement, energy level, 

relief, powder factor and length to burden ratio. 

The blast designer must have thorough knowledge 

and understanding of the project requirements and 

constraints prior to developing the blast design. 

The geology of the blast site and area control 

requirements must be considered when selecting 

hole size, explosive diameter, stemming height, 

type of detonators, timing and other design details. 

To ensure proper burden relief, the blast designer 

should try to achieve a bench height or cut depth 

to burden ratio of approximately 3. 

4.1.2 Stemming 

Insufficient or inadequate stemming material can 

contribute to flyrock and poor blast performance. 

Stemming lengths should be evaluated by the site 

conditions including quality of stemming material, 

strength of rock at top or decking area, hole 

diameter, powder factor, burden/relief and 

presence of water. 

     It is suggested to utilise clear crushed rock 

chips for blast hole stemming during urban 

blasting operations. A suggested minimum 

stemming length of 20 to 30 borehole diametres 

should be used assuming good quality stemming 

material and adequate blast design. An adjusted 

stemming length may be required based on site 

conditions. 

4.1.3 Use of blasting mats 

It is suggested that blasting mats be utilised for 

flyrock protection when blasting within 300 m 

(984 ft) of any inhabited structure. The number of 

mats and amount of overlap of blasting mats can 

significantly reduce the risk of flyrock during 

urban blasting activities. The urban blaster must 

ensure that blasts are adequately covered to ensure 

that flyrock is confined. Blasting mats should be 

commercially available mats that are manufactured 

specifically for blasting operations. 

4.1.4 Use of earth material 

Earth fill is commonly utilised in urban blasting 

operations to assist in controlling flyrock in 

conjunction with the use of blast mats or when 

blast matting is not practical or feasible. When 

utilising earth fill, the urban blaster is to ensure 

that good clean material is carefully placed on the 

blast in order to prevent damaging the detonation 

system. In addition, enough material should be 

placed on the blast to ensure the containment of 

flyrock. 

4.2 Best practices - pre-blast survey of urban 

structures 

The primary purpose of the pre-blast survey is to 

document the current physical state of an urban 

structure. The survey can be vital in providing 

clarification as to whether or not blasting 

operations are responsible for damage incurred. 

The survey is to be conducted to document the 

existing condition of the urban structure at the 

time of the survey. 

4.2.1 Survey Guidelines 

The pre-blast survey should consist of high-

definition photos or videos of the interior and 

exterior of the urban structure. The purpose of 

these images is to provide visual documentation of 

the current state of the structure. The pre-blast 

survey is intended to document pre-existing 

damage/deficiencies, structural problems, cosmetic 

issues, exterior grading and/or backfilled areas that 

are sloped incorrectly, areas that may be prone to 

possible damage from drilling and blasting 

operations, and other identified concerns of the 

inspector regarding the urban structure. 

4.2.2 Notification and offer to conduct a        

pre-blast survey 

The resident or owner of the urban structure 

should be contacted in person. If the resident or 

owner cannot be contacted, a notification should 

be delivered advising them of the specific contact 

information and an intent to schedule the pre-blast 

survey. Appointments are to be made and the 



 

 

- 16 - 

survey carried out at the time of the 

resident/owner’s choosing. 

4.2.3 Refusal of a pre-blast survey 

Should a resident or owner of an urban structure 

within the blasting limits refuse entry for a        

pre-blast survey, or the resident/owner cannot be 

contacted after a minimum of three daily visits to 

the property, blasting may proceed without a    

pre-blast survey. 

     The lack of a pre-blast survey of an urban 

structure should be addressed and documented in 

the control blasting plan. It is suggested that a 

letter be sent to the owner of the urban structure 

documenting visits and the advantages of allowing 

the pre-blast survey. It is best practices for the   

urban blaster to monitor the location for vibration 

and air overpressure. 

4.3 Best practices - post-blast survey of urban 

structures 

In general, post-blast surveys of urban structures 

are not routinely conducted unless damage to a 

structure is suspected. Should a claim of blasting 

damage be received, a post-blast survey should 

key in on the general area where damage is 

specifically claimed with the intent of determining 

if there has been a change. Buildings or structures 

of historic interest, or whose construction has been 

identified as ‘poor’ or ‘suspect’, are recommended 

to be post-blast surveyed to confirm that no 

damage has taken place. Should other significant 

construction or non-related blasting or rock 

removal operations take place in close proximity 

to the urban structure, the owner should be offered 

the opportunity for a post-blast survey promptly as 

soon as blasting work is completed. In most cases, 

the urban blaster is mandated by their insurance 

company to promptly report any damage claims. 

4.3.1 Refusal of a post-blast survey 

Should a post-blast survey be declined, it should 

be assumed that no damage has occurred. It is 

recommended to document the offer of the      

post-blast survey and keep it on file for a period of 

7 years. 

4.4 Best practices - community notification of 

blasting operations 

Notification of residents or owners should involve 

delivering   a   brochure   or  letter  in  person  that 

 contains the following information: 
 

       project description, location and purpose 

       anticipated start and completion dates 

       anticipated blasting times and number of 

daily blasts 

       how or if they will be notified for each blast 

       blasting contractor’s name and contact 

information 

       name of the person conducting the pre-blast 

survey 

4.4.1 Blast Notification 

Some schools, medical treatment facilities and 

other stakeholders may be sensitive to blasting 

operations and may require specified notification 

of all daily blasting activities. It is best practice for 

the urban blasting manager to coordinate the 

blasting schedule accordingly to accommodate 

these types of facilities to ensure blasting does not 

interfere with sensitive procedures, processes and 

school children. 

4.5 Best practices - monitoring vibration and air 

overpressure 

It is best practice to utilise blasting seismographs 

in urban blasting operations to measure and 

document levels of ground vibration and air 

overpressure produced by urban blasting activities. 

Urban blasting operations should ensure that all 

blast monitoring is to be undertaken by a qualified 

monitor, in accordance with the most recent 

version of the ‘ISEE Field Practice Guidelines for 

Blasting Seismographs’. A monitoring report is 

kept for each blast that documents urban structure 

name, exact location and distance from the 

blasting limit in metres or feet, date and time of 

the blast, peak particle velocity in mm/sec or 

in/sec, air overpressure in decibels (dBL) & 

frequency in Hertz (Hz). Blast documentation 

should be kept on file for a minimum of seven 

years. 

4.5.1 Seismograph Setup 

The accuracy of seismic and air overpressure 

measurements is essential to ensure that urban 

blasting operations have been undertaken in 

accordance with criteria set by the owners, 

regulators, and/or blasting consultant. 

Seismographs used to monitor blasting operations 

should meet the requirements of the International 

Society of Explosives Engineers ‘Field 
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Performance Guidelines for Blasting 

Seismographs’ and have a documented calibration 

report showing that the unit was calibrated within 

one year of its use in urban blasting operations. 

4.5.2 Visual Recording 

It is suggested that video recording of blasting 

operations be undertaken to document urban 

blasting activities and serve as a blast archive. 

5 CONCLUSION 

The Western Canada Chapter of the International 

Society of Explosives Engineers believes that the 

Best Practices Guide for Urban Blasting 

Operations provides urban blasters with a source 

document to promote safe and productive urban 

blasting operations. When utilised, best practices 

can assist in mitigating the perceived negative 

risks associated with vibration, air overpressure, 

flyrock and other related urban blasting concerns. 

     The document provides simple and practical 

guidelines for urban blasters, regulators, owners 

and other related stakeholders to utilise in order to 

enhance the art and science of urban blasting, 

advance professionalism and elevate stakeholder 

safety and trust in our industry. A copy of the 

complete guide can be downloaded from the ISEE 

Western Canada Chapter website at 

www.iseewest.org. 
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1 INTRODUCTION 

The phenomenon of reactive ground has been    

observed and reported upon for over 50 years 

(AEISG 2017). The unpredictability of the         

reaction between ammonium nitrate (NH4NO3) 

based explosives and the numerous ground types 

collectively referred to as reactive ground, is the 

characteristic which makes these ground types so 

dangerous. Over the past 50 years, the authors are 

Effect of sample selection, transport and storage on                      

reactive ground test results 
 
F. Beach, K. Robinson & G. Rigby 
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ABSTRACT: Reactive ground is defined by the Australian Explosives Industry and Safety Group 

(AEISG) as ‘ground that undergoes a spontaneous exothermic reaction after it comes into contact with  

nitrates. The process is unpredictable and can be so violent that it results in premature or unplanned     

initiation of explosives’ (AEISG 2017). Identification of this type of geology is critical for the safe        

selection of explosives for blasting. The AEISG code of practice for blasting in Elevated Temperature and 

Reactive Ground (CoP) prescribes an empirical method for testing the reactivity of ground material to 

ammonium nitrate based explosives. This study has investigated the importance of the sample collection, 

storage, and transportation conditions for samples that are gathered for testing. Ground material may   

present as reactive when metal sulphides within the rock have been partially oxidised. The oxidation can 

be due to oxygen from the air (or water), microbes, or other electrochemically active species present in 

the rock. The level to which the metal sulphides are oxidised plays a large role in whether the ground   

material is likely to undergo a spontaneous, exothermic reaction with ammonium nitrate based explosives. 

The focus of this study was to illustrate the importance of maintaining the level of oxidation exhibited by 

the samples on the mine site and the need to prevent any additional oxidation post sampling. If             

oxidisation continues to alter the structure of the sample during storage or transport, the level of reactivity 

observed during testing can either appear higher than or lower than the as-collected sample. If the sample 

analysed is not representative of the ground material on the mine site, it could compromise optimal      

explosive product selection. Methods for minimising the likelihood of erroneous results due to spurious 

sample oxidation are also discussed, which agree with those proposed in the AEISG CoP. In addition, this 

study has identified that the composition of catalytic ‘weathering solution’ as defined in the AEISG CoP 

is more likely to correctly identify a reactive sample, even if further oxidation has occurred post           

collection, prior to sampling. 
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aware of 43 incidents which have occurred due to 

reactive ground. The incidents have ranged from 

smoking / fuming holes, to melted downlines and 

primers, to premature detonation. During this time 

there have been a number of serious injuries and 

possibly fatalities, predominantly due to limited 

knowledge about this phenomenon. 

     There have been multiple studies to elucidate 

the reaction mechanism of this complicated      

process, (Gunawan 2007), (Zhi-Xiang 2015), 

(Miron 1982), to name a few. Rumball (Rumball 

J.A. 1991) proposed the following 4 stage     

mechanism. 

     Initial Stage: 
 

NO3
-
(aq)  +  3H+

(aq)  +  2e-  →  HNO2(aq)  +  H2O(l)            (1) 
 

     Intermediate Stage: 
 

HNO2(aq)  +  H+
(aq)  +  e-  →  NO(g)  +  H2O(l)                  (2) 

 

Fe2+
(aq)  →  Fe3+

(aq)  +  e-                                                     (3) 
 

FeS2(s)  + 8H2O(l)  →  Fe2+
(aq)  +  2SO4

2-
(aq)  +   

16H+
(aq)  +  14e-                                                              (4) 

 

2NO(g)  +  NO3
-
(aq)  +  H+

(aq)  +  H2O(l)  →   

3HNO2(aq)                                                                 (5) 
 

2Fe2+
(aq)  +  NO3

-
(aq)  +  3H+

(aq)  →  2Fe3+
(aq)  +   

HNO2(aq)  +  H2O(l)                                                    (6) 
 

FeS2(s)  +  7NO3
-
(aq)  +  7H+

(aq)  +  H2O(l)  →   

Fe2+
(aq)  +  2HSO4

-
(aq)  +  7HNO2(aq)                              (7) 

 

     Ignition Stage: 
 

NH4NO3(s)  →  N2O(g)  +  2H2O(g)                                  (8) 

NH4NO3(s)  →  2N2(g)  +  O2(g)  +  4H2O(g)                      (9) 
 

     Combustion Stage: 
 

2FeS2(s)  +  O2(g)  →  Fe2O3(s)  +  4SO2(g)                  (10) 

 

C(s)  +  O2(g)  →  CO2(g)                                                 (11) 
 

     Although additional studies have been         

performed since Rumball’s study, his proposed 

mechanism still appears to be the most widely  

recognised. However, despite this focus, the   

complete understanding of the reactive ground 

mechanism still remains incomplete. 

     The process of identifying reactive ground   

prior to an incident is complicated by the complex 

nature of the reactions involved. As detailed in 

equations 1 to 11 in the above mechanism, the  

partial oxidation of the sulphide mineral is         

essential, and the level and rate of that oxidation 

greatly affects the likelihood of a reactive ground 

incident occurring. Oxidation of the ground      

material occurs naturally, through chemical,    

electrochemical and bacterial processes when  

minerals within the rock are exposed to air and 

moisture. Prior to mining, oxidation of these   

minerals is a function of natural weathering     

processes, and in undisturbed ore bodies, the     

oxidation kinetics are slow. Extraction and      

beneficiation operations associated with mining 

activity increase the rate of these chemical          

reactions by exposing large volumes of sulphide 

rock material with increased surface area to air and 

water. Microbial degradation will catalyse and   

accelerate some of the reactions in the oxidation 

process manyfold. 
 

     Pyrite (Iron Disulphide, FeS2) is the most  

prevalent mineral associated with reactive ground 

in the mining industry (Renton, Haines, Stiller, & 

Rymer 1989). Copper sulphides such as         

Chalcocite and Chalcopyrite can also be associated 

with reactive ground, mostly in copper mines. Iron 

sulphides promote the oxidation of copper, lead 

and zinc sulphides as a result of electrolytic action 

through contact with the iron sulphide. In this 

case, a multitude of reactions take place, thereby 

increasing the complexity of the oxidation process. 

The ferric (Fe3+) and acid species generated during 

the oxidation process are what drives pyrites      

reactivity towards NH4NO3 contained in            

explosives, as shown in Equation (6) of Rumball’s 

mechanism. Both pyrite oxidation and subsequent 

reactions with NH4NO3 are exothermic processes 

and have the potential to generate a large amount 

of heat. 
 

     In this study, an experimental investigation was 

conducted to investigate the effect of the level of 

oxidation of mineral samples on reactivity with 

NH4NO3. In an attempt to reduce the large number 

of influencing species on the oxidation of the  

metal sulphides (and simplifying the chemistry), 

actual reactive ground samples were not used in 

this study. Instead, a novel approach, using        

analytical grade FeS2 was used for all                

experimental work, to allow for more accurate 

analysis of results. Through this approach, the   

accuracy of the mechanism proposed by Rumball 

can be more thoroughly determined. 
 

     A problem facing mines which have pyrite 

and/or other sulphide minerals present is the      

inability to easily, and directly assess the reactivity 

of the ground material. There is no simple and fast 

method to identify reactive and non-reactive      

pyrites and their proportions in a mine. The    

method most widely accepted as world’s best  

practice for identifying reactive ground prior to an 
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incident, is that described in the Australian       

Explosives Industry and Safety Group Inc 

(AEISG) Code of Practice for blasting in Elevated 

Temperature and Reactive Ground (CoP) (AEISG 

2017). This method details the method by which 

samples should be selected for analysis and the 

process by which the analysis should be            

performed. 
 

     In the AEISG method, test sample selection on 

mine sites is based on identifying those samples 

which are likely to be the most reactive. For      

example black sulphide bearing sediments;       

mineralised rock containing sulphides; rocks with 

white or yellow salts on the surface; rocks within 

an area with acidic conditions. Targeting the rocks 

most likely to be reactive is recommended due to 

the very small proportion of the mine site which 

can be practically tested. 
 

     Once samples have arrived at the laboratory, 

the AEISG code of practice details the methods by 

which the samples should be prepared, stored, and 

tested, together with the methods by which the   

results should be interpreted. Very briefly, this 

process involves crushing and milling the rock 

samples, storing frozen in vacuum sealed         

bags   until needed, and testing the chemical   

compatibility of the rock material with NH4NO3 in 

the presence of a ferric (Fe3+)/ferrous (Fe2+) iron 

sulphate ‘weathering solution’(AEISG 2017). The 

purpose of the weathering solution is to reduce the 

induction time detailed in Rumball’s mechanism 

above, such that samples can be classified as either 

reactive or non-reactive as rapidly as possible. 

This allows for the safe operation of the mine 

through appropriate explosive product selection as 

quickly as possible. 
 

     The chemical compatibility test is performed on 

a small scale (18 g rock sample:18 g NH4NO3) and 

the mixture is maintained at a constant temperature 

of 55°C for a period of 7 days. This temperature 

corresponds to the delineation between ambient 

temperature ground and hot ground in AS 2187.2-

2006 – Section 12.7. If a mine site experiences 

ground temperatures higher than 55°C then this 

higher temperature is adopted for screening    

samples from that site. Over the test period the 

mixture is monitored for any visual signs of a 

chemical reaction such as gas liberation (bubbling 

of the mixture) and reactivity is identified by an 

exothermic event detected using thermocouples 

with continuous temperature logging. Exothermic 

events are signified by an increase in temperature 

above that of the background temperature. Upon 

interpretation of the results the samples are      

recorded as ‘reactive’, ‘marginal’ or ‘non-

reactive’. A sample is considered to be reactive if 

the increase in temperature is 2ºC or greater     

than the baseline temperature; if an increase in 

temperature is observed, but is below 2ºC, the 

sample is classified as “marginal” and further     

investigation is required. 

     Once a sample has been classified as reactive, it 

is considered inappropriate for the use of simple 

NH4NO3 – based explosives, and a chemically-

modified explosive (inhibited) is generally         

required. This product must then undergo sleep 

time testing to determine if the inhibited explosive 

product is suitable and how long it can safely be 

slept in a shot prior to firing. 

     Based on all of the above information, it is 

clear that the results obtained are dependent on the 

representative nature of the samples collected at 

the mine site. The purpose of the current study was 

to determine: 

       the level of impact of sample oxidation     

during sample collection and transport, on the 

final reactive ground test results, what are the 

factors which influence whether a sample is 

accurately representative of the mine site, and 

how can we optimise these factors to ensure 

we are getting the most accurate results    

possible? 

       the effectiveness of various catalytic reagents 

       the effect of temperature on kinetics of the 

reaction of a fully oxidised sample – a       

preliminary investigation 

2 EXPERIMENTAL 

The FeS2 used in this study was of technical grade 

and purchased from Fischer Scientific. It was a 

powder, with a broad particle size distribution (sub 

53 µm to 250 µm). Prior to reactivity testing with 

NH4NO3 the FeS2 was milled using a puck mill 

(45 sec) to reduce the particle size distribution to 

below 100 µm. Samples were stored in a          

vacuumed sealed air-tight sample bag in the   

freezer until use. Analytical grade NH4NO3 in the 

form of powder was used in the experimentation. 

     An isothermal multi-reactor system was used to 

test the reactivity of the FeS2 with NH4NO3 in the 

presence of a variety of solutions designed to     

reduce the induction time to increase the rate of 

testing. These solutions included the AEISG    

prescribed weathering reagent (an acidic ferrous 

(Fe2+)/ferric (Fe3+) sulphate solution), as well as 

nitric acid (0.3 mol/L), sulphuric acid (0.3 mol/L) 

and water. The ratio of FeS2 : NH4NO3 : catalytic 

reagents was 18 g:18 g:4 g. All solution pH     
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were measured using an Oakton all-in-one pH 

combination electrode and Oakton pH 6+ 

handheld meter. All solutions were kept at a    

constant pH. 

     The isothermal reactors were glass centrifuge 

tubes of approximately 50 mL capacity, with an 

internal diameter of 26 mm and wall thickness of 2 

mm. The reactors were positioned in custom built 

aluminium heating blocks, with purpose designed 

holes drilled to accommodate the glass tubes and 

distribute heat evenly. The aluminium blocks   

were arranged in an electrically heated tray that 

could maintain the temperature to ± 1°C. Test 

temperatures ranged from 55-80ºC. Temperature 

inside the reactors was monitored with a K-type 

thermocouple inserted into the test mixture. The 

thermocouple was connected to a data logger  

(Testo 176T4). All tests were performed in        

duplicate to ascertain repeatability and assure  

confidence in test results. 

     DSC measurements for sample characterisation 

were performed using a Mettler Toledo DSC 1, 

from 30°C to 560°C at a heating rate of 2°C min-1. 

Approximately 5 mg of the sample was weighed 

into a pierced aluminium crucible (40µL) and 

placed in the DSC apparatus. A gas flow of 80 mL 

min-1 was established. After the calorimetry       

investigations the crucibles were opened and the 

contents examined. The thermographs obtained 

were evaluated using the Stare software. 

3 RESULTS AND DISCUSSION 

3.1 Sample characterisation 

Two different samples of FeS2 were tested for    

reactivity with AN: 
 

       partially oxidized FeS2 – (The FeS2 was acid 

washed in hot concentrated HCl (37 wt%) 

and dried under nitrogen prior to milling.   

After milling the sample was oxidized in air 

for a set period of time to generate a partially 

oxidized FeS2 sample.) 

       fully oxidized FeS2 –(The FeS2 as received 

by the supplier was already partially oxidized, 

subsequently an unwashed FeS2 sample was 

milled and further oxidized in air.) 
 

     To establish the effectiveness of acid washing 

in cleaning the surface of the FeS2, prior to milling 

and oxidation, a washed and unwashed sample 

were sent for external analysis to determine      

sulphur speciation (total sulphur, Elemental     

Sulphur, Sulphate & Sulphide). The species of 

most interest was sulphate, as it is one of the main 

by-products of FeS2 oxidation, as detailed in Eq. 

(4) of Rumball’s mechanism. The speciation      

results are presented below in Table 1. 

From Table 1 it can be seen that the sulphate 

present on the surface of the acid washed FeS2 

sample was well below the limits of detection, 

compared to the unwashed sample that had a    

significantly higher percentage of sulphate         

detected. These results show that the FeS2 as      

received from the supplier was partially oxidized 

and that acid washing was effective in cleaning the 

surface of the FeS2 particles, providing a fresh  

surface for oxidation in a controlled environment.  

     After milling and oxidation, a sample of the 

prepared partially oxidized and fully oxidized  

FeS2 were again sent for Sulphur speciation to   

determine the sulphate present on the FeS2        

surface. Unexpectedly, the sulphate levels were 

reported to be equivalent at 2 - 2.25% (Bureau 

Veritas Minerals Pty Ltd, Analysis of Mineral 

Sample for ORICA Australia. Internal Technical 

Report: aa024681 2014). The fully oxidized FeS2 

sample was expected to have a higher sulphate 

level than the partially oxidized FeS2. Whilst    

sulphate is the major surface oxidation product, 

other surface species such as Fe3+ hydroxide 

 

Table 1. Sulphur speciation of a sample of FeS2 as received by the supplier and acid-washed FeS2, prior to     

milling (Bureau Veritas Minerals Pty Ltd, Analysis of Mineral Sample for ORICA Australia. Internal Technical 

Report: aa022325, 2014). 

 

 

Total Sulphur 

(%) 

Sulphate (SO4) 

(%) 

Sulphide (S=) 

(%) 
Elemental S (%) 

Detection limit 0.01 0.05 0.05 0.05 

Unwashed FeS2 51.9 2.45 51.1 <0.05 

Acid Washed FeS2 54.4 <0.05 54.4 <0.05 
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(Fe(OH)3) and oxy-hydroxide (FeOOH) also form 

during the oxidation process. 

     These later species form via hydrolysis of Fe3+ 

and their abundance greatly depends on the      

prevailing conditions such as acidity and Fe3+  

concentration (Papangelakis & Demopoulos 1991, 

Bylina, Mojumadar & Papangelakis 2012,    

Evangelou 1995). Surface characterisation using 

techniques such as X-ray Powder Diffraction 

(XRD), X-ray Photoelectron Spectroscopy (XPS) 

and Scanning Probe Microscopy (SPM) would be 

able to further confirm the surface speciation.   

Unfortunately, at the time the work detailed in this 

paper was completed access to such resources was 

not attainable. 

     One technique that was available at the time 

was Differential Scanning Calorimetry (DSC). 

DSC was used to evaluate the high temperature 

oxidation reaction (400-500oC) of any unreacted 

FeS2, in an attempt to further differentiate the     

oxidation state of the FeS2 test samples. Figure 1 

shows the DSC curves for the partially oxidised 

(full black line) and fully oxidised (broken line) 

FeS2 samples, measured under the flow of air. To 

confirm that the thermal response being measured 

was due to the oxidation reaction, DSC analysis 

was also performed on the partially oxidised   

sample under the flow of nitrogen. The resultant 

DSC curve is also presented in Figure 1 (dotted 

line). 

     In  the  presence  of air the oxidation reaction at  

 

high temperatures is observed as an exothermic 

peak (Figure 1). Under the flow of nitrogen this 

exothermic peak disappears. The onset of the     

reaction for both the partially oxidised and fully 

oxidised sample were around 400-420°C.      

However, the two samples can be differentiated by 

the shape of the exotherm and the heat of the     

reaction (normalised peak area). In the region of 

400-550°C, multiple peaks can be observed for the 

partially oxidised sample. For the fully oxidised 

samples these peaks are much less defined or    

disappear completely. A higher heat of reaction 

was also measured for the partially oxidised    

sample (6317.11 Jg-1) compared to the fully       

oxidised sample (5654.61 Jg-1). These observed 

differences in the thermographs reflect the reduced 

availability of fresh FeS2 in the fully oxidised 

sample during the high temperature oxidation   

experiment.  

3.2 Reactivity with ammonium nitrate 

The partially oxidized and fully oxidized FeS2 

samples were tested for reactivity with AN at 55°C 

(standard test temperature specified by the AEISG 

CoP) in the presence of the three acidic solutions 

designed to reduce the induction time: the AEISG 

prescribed weathering solution (acidic iron       

sulphate solution (pH 0.7)), 0.30 mol/L nitric acid 

(pH 0.7) and 0.30 mol/L sulphuric acid (pH 0.7). 

A reaction between nitrate (from the AN) and FeS2 

 

 

 
 

Figure 1. DSC curve obtained for the partially oxidised (full black line) and fully oxidised (broken line) FeS2 

samples, measured under the flow of air. The partially oxidised sample under the flow of nitrogen is also shown 

(dotted line). 
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was identified by the presence of an exothermic 

peak greater than or equal to 2oC above the     

baseline, as specified by the AEISG CoP        

(Australian Explosives Industry and Safety 

(AEISG) June 2012). Temperature monitoring of a 

blank sample (milled quartz material) was          

performed alongside each test to ensure any      

exotherms observed correlate to reactivity.        

The  results are summarised below in Table 2. 

Figure 2 provides an example of a temperature / 

time trace obtained for the partially oxidized   

FeS2 sample. 

 

3.2.1 Partially oxidised FeS2 

From Table 2 it is clear that the partially            

oxidised FeS2 would be deemed reactive in        

the presence of all three weathering reagents,    

exhibiting exotherms > 2oC. The increased         

reactivity of the sample is indicated by the short 

induction times (<2.5 hours from start of test). 

From Figure 2 it can be seen that it takes 1-1.3 

hours for the sample to reach the set point       

temperature and a reaction is occurring very    

soon after. 

 

Table 2. Summary of the results for the isothermal NH4NO3 reactivity test with partially oxidised and fully       

oxidised FeS2. Both samples were tested in the presence of the AEISG weathering solution (an acidic iron       

sulphate solution), nitric acid and sulphuric acid at 55°C. 

 

Sample 
Induction Time 

(hours) 
Exotherm (°C) 

Iron Sulphate Solution 

Partially Oxidized FeS2   

Run 1 1.3 16.3 

Run 2 1.6 11.5 

Fully Oxidized FeS2 
  

Run 1 70.8 0.6 (VSR^) 

Run 2 - NR* – Test run for 15 days (VSR^) 

Nitric Acid 

Partially Oxidized FeS2   

Run 1 1.9 5.4 

Run 2 2.3 5.3 

Fully Oxidized FeS2   

Run 1 - NR – Test run for 17 days 

Run 2 - NR – Test run for 15 days 

Sulphuric Acid 

Partially Oxidized FeS2   

Run 1 2.1 6.9 

Run 2 2.0 2.7 

Fully Oxidized FeS2 
  

Run 1 - NR – Test run for 17 days 

Run 2 - NR – Test run for 15 days 

^ VSR – Visual sign of a reaction, examples of which are provided in Figure 2. 

* NR – No reaction 

 



 

 

- 25 - 

 

     To establish reactivity in the absence of any 

weathering solution AN reactivity testing was 

conducted in the presence of water. At 55oC    

exothermic reactivity was observed at 12 and 19.1 

hours in duplicate tests, with exotherms of 166.8 

and 10.8°C respectively. This result confirms the 

effect of the AEISG prescribed weathering         

solution and the acid solutions as being catalytic, 

reducing the induction time. These solutions are 

not inducing a reaction, but simply increasing the 

rate at which the reaction occurs. 

3.2.2 Fully oxidised FeS2 

The fully oxidised sample exhibited significantly 

different reactivity towards AN compared to the 

partially oxidized FeS2. According to the AEISG 

test method, the sample would be deemed non-

reactive in the presence of all three catalysing    

reagents. No exothermic reactivity was detected 

for a period of 15 days when tested with nitric and 

sulphuric acid. 

     When tested with the AEISG prescribed  

weathering solution, one test repeat exhibited        

a small  exotherm  (<1°C)  at a significantly longer   

 

induction time compared to the partially oxidised 

FeS2. The exotherm was barely distinguishable 

from the baseline and the second repeat showed no 

exothermic reactivity for 15 days. To confirm the 

results a third test was run, which again showed no 

exothermic reactivity for 15 days. 

     Despite the lack of heat evolution, all three 

tests showed definite visual indicators that the 

samples were reacting slowly over time. There was 

a distinct colour change over time as the reaction 

slowly progressed and brown-yellow to brown-red 

by-products were being generated. These           

by-products are most likely iron and sulphur    

species. Figure 3 provides photographs of the    

reaction mixture prior to testing; and of the two 

test mixtures at different stages during the          

reactivity testing. Visual signs of a reaction such 

as these may be an indicator that a sample being 

tested had been oxidised during transport and  

storage, and the sample tested may not be         

representative of the oxidation level of the sample 

as it was collected. 

     Because of the lack of exothermic reactivity    

or any visual indicators of reactivity in the nitric 

and  sulphuric  acid  systems,   the  tests  were  not          

 

 
 

Figure 2. Temperature (°C) versus time (hours) trace obtained for the partially oxidised FeS2 sample in the    

presence of the AEISG prescribed weathering solution. The sample exhibited exothermic reactivity with AN  

within 1.33 hours. 
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terminated after the 15 days. Rather, the test    

temperature was ramped by 5-10oC every few days 

to determine if increasing the test temperature    

affected the observed reactivity of a fully oxidised 

sample. Table 3 summarises the results. 

     Table 3 shows there to be no exothermic       

reactivity with fully oxidised FeS2 until 80°C. 

Once the sample had reached this set-point      

temperature a reaction was observed within 1-5 

days. Table 3 also shows a much higher heat    

evolution (consistently >250°C), compared to the 

more reactive partially oxidised FeS2/acid systems 

(Table 1). 

     To further elucidate the effect of temperature 

on the reactivity of the fully oxidised FeS2 and 

confirm the 80°C threshold, the reactivity tests 

with AN in the presence of the catalytic solutions 

were repeated under isothermal conditions at  

temperatures of 60-80°C. The results are        

summarised below in Table 4. 

     The isothermal test results presented in Table 4 

for the fully oxidised FeS2/acid systems confirm 

an   onset   temperature    of  80oC  for  exothermic       

 

reactivity with AN. Both the nitric and sulphuric 

acid systems exhibited reactivity within roughly    

4 days from the start of the test, again with       

consistently higher heat evolution (>300°C).  

Temperatures below 70°C were not tested          

because of the lack of reactivity observed at      

this temperature. 

     The AEISG prescribed weathering solution  

systems showed a substantial increase in reactivity 

at a much lower test temperature of 60°C. At 60°C 

clear exothermic peaks were observed within 1-5 

days, compared to no exothermic reactivity at 

55°C. Reactivity in terms of induction time      

continued to increase with increasing temperature, 

as expected. Table 4 shows consistently lower heat 

evolution for the AEISG prescribed weathering  

solution system compared to nitric and sulphuric 

acid, with a single exotherm just exceeding 200°C. 

     In order to assess whether any exothermic    

behaviour would occur within a reasonable time 

frame in the absence of any catalytic reagents the 

samples were also tested with water at 80°C. The 

test  temperature  was selected based on the results  

 
 

Figure 3. Photographs of reaction during AN reactivity testing of the fully oxidised FeS2 in the presence of iron 

sulphate solution: (a) reaction mixture before commencement of the test; and (b-c) reaction mixture during the 

two tests reported in Table 2. The first test (a) showed an exotherm less than 1°C within 3 days and the second 

repeat (c) showed no exothermic reactivity for a period of 15 days. 
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obtained for the acid systems. From Table 4 it is 

clear that exothermic reactivity was still exhibited 

in the absence of a catalytic reagent, albeit with a 

longer induction time (11-32 days). The test re-

sults also show greater variability in induction 

times compared to addition of a catalytic reagent. 

High heat evolution (> 290°C) was also exhibited, 

similar to the acid systems. 

     The results presented in Tables 3 and 4 for the 

fully oxidised sample indicate that there is a higher 

minimum energy (thermal energy) which must be 

available to initiate an exothermic reaction     

compared to that for the partially oxidised sample. 

The results also demonstrate that the heat         

generated from the fully oxidised sample was    

significantly higher than that for the partially     

oxidised sample. 

 

    The significantly higher heat evolution observed 

for the fully oxidised FeS2 tests compared to the 

tests performed with the partially oxidised FeS2 

may be attributed to a number of factors,            

including: 

       the accumulation of surface species. (In the 

field of hydrometallurgy it is established in 

the literature that ground pyrite stored over a 

prolonged period of time results in greater 

heat evolution during oxidative leaching   

processes compared to freshly ground pyrite. 

This effect has been attributed to the            

accumulation of surface species, such as     

ferrous sulphate or iron hydroxides and     

oxyhydroxides, influencing greater heat     

evolution at the outset of the reaction (Bylina, 

Mojumadar & Papangelakis 2012). 

Table 3. Summary of the results for the NH4NO3 reactivity test with fully oxidised FeS2 and the nitric and        

sulphuric acid reagents. For each test, the temperature was gradually ramped from 55 to 80oC to determine if     

Increasing the temperature increased the likelihood for an exothermic reaction to occur when the sample was 

completely oxidised. 

 

Experiment 
Test Temperature 

(°C) 

Time at  

Temperature 

(days) 

Exotherm (oC) 
Time to reaction 

(hours) 

Nitric Acid 

Run 1 55 17 NR - 

60 3 NR - 

65 2 NR - 

70 2 NR - 

75 3 NR - 

80 <1 397.5 5.8 

Run 2 55 15 NR - 

70 6 NR - 

80 5 280.2 110.3 

Sulphuric Acid 

Run 1 55 17 NR - 

60 3 NR - 

65 2 NR - 

70 2 NR - 

75 3 NR - 

80 2.5 400 51.7 

Run 2 55 15 NR - 

70 6 NR - 

80 4 289.4 87.1 
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       the extent of the reaction in terms of the   

portion of sample that has reacted. (It was  

observed during experimentation that for tests 

exhibiting high heat evolution (>200°C) all of 

the sample had been consumed in the          

reaction. For the partially oxidised FeS2 tests, 

which exhibited much lower heat evolution, it 

was common for the top section of the sample 

to react leaving unreacted material at the   

bottom of the reaction vessel.) 

3.3 Oxidation and its influence on the reactive 

ground screening test 

The results presented in Tables 1-4 clearly show 

that the oxidation state of the material received can 

have a profound effect on the reactivity with 

NH4NO3 and the outcomes of the isothermal 

NH4NO3 screening test. 

 

Despite the catalytic effect of the acidic reagents 

the fully oxidised FeS2 sample would have      

been deemed non-reactive at the standard test 

temperature of 55°C. The same FeS2 sample, less 

oxidised (partially oxidised FeS2), was clearly    

reactive in the presence of all three catalytic       

reagents. 
 

     Aerial oxidation of a potentially reactive 

ground sample can continue during the collection, 

transport and sample preparation process.         

Currently we have no way of determining the level 

of oxidation that a sample has undergone           

following collection, transport, storage, and    

sample preparation prior to reactive ground      

testing. If the sample has undergone aerial         

oxidation during any of these stages, it may not be 

representative of the mine’s ground material from 

which it was sampled. 

Table 4. Summary of the results for the isothermal NH4NO3 reactivity test with fully oxidised FeS2, all three  

catalytic reagents and water. All tests were isothermal at set-point temperatures of 55-80oC. 

 

Experiment 
Test Temperature 

(°C) 

Induction Time 

(hours) 
Exotherm (oC) 

Nitric Acid 

Run 1 70 - NR - Test run for 20 days 

Run 2 - NR - Test run for 20 days 

Run 1 80 95.9 310.60 

Run 2 100.8 574.60 

Sulphuric Acid 

Run 1 70 - NR -  Test run for 16 days 

Run 2 - NR -  Test run for 16 days 

Run 1 80 70.6 530.5 

Run 2 91.4 454.5 

Weathering Solution 

Run 1 55 70.8 0.6 (VSR^) 

Run 2 - NR – Test run for 15 days 

(VSR) 

Run 1 60 25.3 28.4 

Run 2 122.2 9.2 

Run 1 65 16.8 19.1 

Run 2 7.2 13.5 

Run 1 70 4.95 208.6 

Run 2 4.32 12.4 

Water 

Run 1 80 285.4 342.2 

Run 2 767.6 299.9 

^ VSR – Visual sign of a reaction, examples of which are provided in Figure 2. 
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     Clearly, any additional oxidation of the sample 

after collection and before testing must be guarded 

against as best as possible to ensure the effects do 

not mask potentially reactive samples. To        

minimise the influence of additional oxidation on 

the isothermal reactivity test, the AEISG CoP 

(Australian Explosives Industry and Safety 

(AEISG) June 2012) does specify restrictions    

and instructions for the sampling, storage and 

preparation of rock material collected from mine 

sites for reactive ground testing. The CoP instructs 

that (Australian Explosives Industry and Safety 

(AEISG) June 2012): 
 

       the whole rock samples collected must be at 

least 0.5 kg in mass and no less than 50 mm 

in diameter, this restriction is designed to 

prevent rapid oxidation by reducing the     

surface area available 

       during sample preparation (crushing and 

milling) the sample must be milled within 15 

minutes of crushing and the sample should 

not be milled for more than one minute 

      for storage, samples must be stored in vacuum 

sealed plastic bags to minimise exposure to 

oxygen, the sample should be vacuum sealed 

immediately after milling 
 

     All of the above steps are designed to reduce 

additional oxidation, such that the oxidation level 

of the sample finally tested, is as close as possible 

to the sample initially collected. 

4 CONCLUSION 

The results obtained in this study indicate that the 

level of oxidation of a potentially reactive ground 

sample has a very significant impact on the        

assessed sample reactivity with NH4NO3-based 

explosives. During this study it was observed that 

whilst a partially oxidised sample tested positively 

for reactivity, the same sample, once fully          

oxidised, tested negatively for reactivity. This   

observation implies that if a sample oxidises     

during transport and storage, it may give an         

incorrect (potentially falsely negative) result in the 

reactive ground test. In order to accurately         

determine whether a mine site has reactive ground 

or not, it is imperative that the oxidation state of 

the samples selected for testing is maintained at 

the ‘as sampled’ state, and that further oxidation 

be minimised during transport to the laboratory. 

Consequently, the recommendations of the current 

CoP (AEISG, 2012) are validated. These include: 

selection of dry larger whole rock samples, rather 

than drill cuttings or wet samples to reduce the 

outer surface area available for further oxidation; 

storing the samples in sealed plastic bag in an inert 

atmosphere, or at least preventing water ingress; 

limiting the amount of air entrapped in the bag as 

much as possible; and ensuring that the samples 

are transported as quickly as possible to the        

laboratory after collection. 
 

     The findings of this study highlight the        

importance of reducing oxidation of the samples 

post sampling. Furthermore, ensuring that the 

samples arrive at the laboratory in a state as close 

to that of collection will assist the accurate         

assessment of whether the mine site has reactive 

ground or not. 
 

     During the course of the above study, a       

concurrent investigation into the suitability of a 

number of catalytic reagents added to the test    

matrix, was also performed. The catalytic reagents 

were all tested with the same sample material in 

the same test proportions (AN:sample:catalytic  

solution). During this study partially oxidised and 

fully oxidised samples were tested under three  

catalytic regimes; a ‘weathering solution’ as     

prescribed by the AEISG CoP; a sulphuric acid  

solution; and a nitric acid solution, all at the same 

pH. Testing of the samples was also undertaken 

with water replacing the catalytic solution,      

highlighting that the sample was reactive even 

without the addition of the catalytic solutions. 

Thus the catalytic solutions were seen to act to   

increase the rate of the reaction, and thereby     

improve the determination of the reactive nature of 

the sample as rapidly as possible. From this study, 

it was observed that at the standard test           

temperature of 55ºC, all of the reagents identified 

the partially oxidised sample as reactive, but the 

AEISG prescribed ‘weathering solution’ was the 

only one of the catalytic solutions which correctly 

identified the fully oxidised sample as reactive. 

From this observation, it was concluded that the 

most appropriate catalytic solution was that      

prescribed by the AEISG, as it provides the     

highest chance of identifying reactive ground, 

even if the sample had undergone further           

oxidation prior to testing. 

     Finally, a preliminary investigation into the   

effect of increasing the test temperature of fully 

oxidised samples was also undertaken during this 

study. The observation made was that there       

appeared to be a change in the mechanism of the 

reaction between the fully oxidised FeS2 and 

NH4NO3 at 80ºC. This observation needs further 

investigation to completely understand the effect, 
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however with mines moving into ever increasing 

ground temperatures, it should serve as a warning 

that the kinetically dominant reactions appear to 

be changing at 80ºC, and that the exotherms    

produced by this alternative reaction are            

significantly higher than those at 55ºC. 
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1 INTRODUCTION 

Swebrec at Luleå University of Technology have, 

during 2015 and 2016, measured toxic fumes from 

detonation of pure and blended emulsion           

explosives in a detonation test chamber. The    

studies have been made possible through founding 

by the stakeholders LKAB and Kimit AB, Boliden 

AB and Forcit AB and by Vinnova - SIP STRIM 

(a Swedish innovation agency). It is a continuation 

of a pilot study that was carried out in 2014 which 

was partly financed by LKAB fund for promoting 

research and education at LTU. The project aims 

to: improve the knowledge of production of toxic 

fumes from detonation of emulsion explosives in 

rock blasting both for surface mining and         

underground mining and to minimise the staff   

exposure to toxic fumes. 

     In a study by Bakke et al. (2004), the           

cumulative exposure to nitrogen dioxide appeared 

to be a major risk factor for lung function           

decreases based on Spiro-metric measurements of 

651 male construction workers during 1989-2002 

for an average of 6 years. Bakke et al. (2004) also 

concludes that “Contact with blasting fumes 

should be avoided, diesel exhaust emission should 

be reduced and respiratory devices should be used 

to protect the workers against dust and nitrogen 

dioxide exposure”. 

     This paper is based on a work by Nyberg et al. 

(2017), on toxic fumes generated by detonation of 

i) pure emulsion ii) pure emulsion with 5 % Al 

additives, iii) pure emulsion with 30 % dry      

AN-prills additives, iv) oxygen un-balanced pure 

emulsion and v) pure emulsion in dry and wet 

holes with decoupled charges. 

Toxic fumes from detonation of emulsion explosives 
 
U. Nyberg, D. Johansson, N. Petropoulos 
Luleå University of Technology, Sweden 

 

 

 

 

 

 

 

 

 

 

ABSTRACT: This article deals with toxic fume measurements of CO, NOx and Velocity of Detonation 

VoD in a 35 m3 detonation test chamber. Pure and blended emulsions were tested in this study. Formation 

of toxic fumes from detonation of emulsion explosives in thick walled mortar confiners was compared 

with data from thin walled glass confinements with otherwise similar dimensions. Furthermore,             

intentional deviation in oxygen balance of ± 5 % for pure emulsion explosives and decoupled pure   

emulsion explosives in dry respectively wet blast holes were tested. Production of toxic fumes is          

dependent on the type of explosives, charge diameter and oxygen balance. In general, pure emulsion  

generates lower toxicity than blend emulsion, concentration of toxic fumes relative charge weight         

decreases with charge diameter and the tested deviation from oxygen balance have significant effect on 

generation of CO and NOx. 

 

 

 

 

 

 

 

 

 

 

Stockholm Conference Proceedings 2017, R. Holmberg et al 
© 2017 European Federation of Explosives Engineers, ISBN 978-0-9550290-5-9  



 

 

- 32 - 

     The field work was done in Swebrec’s 35 m3 

detonation test chamber for maximum 5 kg TNT 

placed at FOI Grindsjön in cooperation with 

stakeholders, experts and researchers from Luleå 

University of Technology. 

2 METHODOLOGY 

2.1 Test setup 

The tests were divided in 4 rounds, see Table 1. 

The difference between the rounds can be seen, 

from wall thicknesses, hole inner diameters and 

length of confinements. The explosives were      

initiated with shock tubes and standard              

pyrotechnic caps, 8-12 grams of plastic explosive 

with energy = 4.7 MJ/kg, density = 1500 kg/m3 

and VoD = 7680 m/s, (Helte et al. 2006). The first 

round comprises tests with pure and blended 

emulsion in 8 glass and 2 PVC (thin walled     

confiners) and was a validation of the results from 

a pilot study (Nyberg et al. 2015). In the second 

round, 8 charges in thick walled mortar confiners 

(Johansson 2011), were tested with pure emulsion 

and emulsion with additives (aluminium). This 

round also included a supplement to the            

detonation test chamber with an additional 150 L 

stainless steel vessel installed outside the blast 

chamber in order to evaluate the effect of the 

chamber material properties. The third round dealt 

with intentional deviations of ± 5 % in explosive’s 

oxygen balance and tests with ANFO- explosives 

in Ø50 mm mortar confiners which served as a 

reference. The fourth round dealt with oxygen  

balanced and decoupled string emulsion Ø22 mm 

in Ø50 holes. Here both Dry String (DS) and   

Water coupled String (WS) were tested with    

mortar cylinders as confiners. The decoupling 

(Øhole/Øexpl.) reduces the shock waves substantially, 

which could be seen as a fairly practical case for 

cautious blasting, see Figure 1. 

 

 

Figure 1. Decoupled string emulsion Ø22 mm in Ø50 

hole and a VoD probe in a mortar confinement. 
 

     In Table 2 the composition for pure emulsion 

explosives E682 and with additives of 5 % Al and 

30 % dry AN-prills are presented. The AN-prills 

additives are porous with sizes between 1 to 2 mm. 

The droplet size is 2-10 μm and Al particles are 

recycled 0.1-0.3 mm. The composition of the    

explosives for Glass- (G) and Mortar (M) can be 

found in Table 3. The emulsion explosives are 

sensitized with approximately 3% glass micro 

spheres with density 0.20 g/cc (3M K20). The 

density of ANFO was 816 kg/m3. 

2.2 Measurements 

The measurements were done from a hole in a lid 

from one of the modified camera windows (see 

Figure 2) and a separate 150 L stainless steel    

vessel connected to the chamber for comparison 

(not shown in the Figure). Before each test, the 

chamber had normal fresh air and atmospheric 

pressure at P1. The explosives were placed in the 

centre of the test chamber and the two upper 

valves were closed as well as the lower one and 

the door. After detonation, the peak pressure in the 

chamber increased to P2 and the detonation    

products were blowing out from the measurement 

holes until the pressure was reduced to P1≈ P2. In 

that moment the recording starts at time T0 ≈ 1-3 

minute after detonation. The recording instrument 

was a flu gas analyser ecom EN2 with a flow rate 

of 2 L per minute. The explosive products were 

pumped via the standard instrument pipe or a 

PTFE inert tube connected to the instrument.    

The electrochemical sensors had following     

specification in terms of range, accuracy and   

(resolution); O2: 0-21 ± 0.3 vol. % (0.1%), CO:   

0-4000 ± 20 ppm  (1 ppm),  NO:  0- 5000 ± 5 ppm  

Table 1. Confinement data. Decoupling ration is 1 

except for round 4 with ratio 2.27. 

 

Round 
Conf. 

 

Wall 

mm 

Hole 

Øi 

mm 

Length 

mm 

No. 

tests 

1 
Glass, 

PVC 

1.8-

4.2 

27.0-

80.0 
≥8.1Øi  10 

2 Mortar 
35-

63 

19.6-

75.0 
≥8.5Øi    8 

3 Mortar 
35-

59 

32.1-

75.0 
≥9.8Øi  14 

4 Mortar 50 50.0 ≥9.8Øi    6 
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Figure 2. Test chamber for toxic fume measurements. Data sampling from modified camera windows 

and a 150 L stainless steel vessel (not shown). 

 

 

 

 

 

(1 ppm), NO2: 0-1000 ± 5 ppm (1 ppm) and the 

IR sensor for CO2: 0-20 % with resolution 0.1 vol. 

%. The data-sampling rate was set to 1 sample per 

second for a period of 50-60 minutes. This is in 

general oversampling, but suitable for the first 

peak and the drops at the beginning of the          

recording. 

3 RESULTS 

3.1 Velocity of detonation 

In general, Velocity of Detonation, VoD vary due 

to the type of explosives, type of confinements and 

charge diameters. VoD becomes unstable close to 

critical charge diameters and for large diameters it 

is close to ideal detonation conditions. 

     The VoD as a function of 1/charge diameter is 

shown  in  Figure  3.  The upper line represents the 

 

 

 

 

 

Table 2. Explosive composition for round 1 and 2 

with tests in Glass (G) and Mortar (M) confiners. 

 

Content E682 E682+     

5% Al 

E682+ 

30%AN 

Oxidant % 94.00 95.30 91.50 

Oil % 4.00 2.70 6.50 

Emulsifier % 2.00 2.00 2.00 

Density 

kg/m3 (G) 1170 1170 1150 

Density 

kg/m3 (M) 
1155 1130 1165 

Oxygen  

balance % 0.09 -0.01 -0.02 
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pure emulsion E682 and the lower emulsion E682 

with 5% aluminium additives. 

     Vixen-I version 5.1 was used for the infinity 

charge diameter with slightly different pure   

emulsion (density of 1169 kg/m3) and with 6 % 

aluminium additives (density of 1180 kg/m3) 

(Hansson 2009:1). Copper pipes were used for 

Ø100 mm (Esen et al. 2005). Fitting to similar 

pure emulsion VoD data in PVC pipes by Nie et 

al. (2000) shows no significant difference to the 

one in the figure below. Further measurements for 

charge diameters over Ø100 mm could confirm or 

exclude the linear fit of the VoD models. 

 

 

Figure 3. VoD data for pure and blend emulsion      

explosives. 

 

 

 

Figure 4. VoD for fully coupled negative- and        

positive oxygen balanced emulsion and ANFO in  

mortar confiners (N=2). 

 

 

     Figure 4 shows VoD for negative (-5%) and 

positive (+5%) oxygen balance for pure emulsion 

E682 and an oxygen balanced reference ANFO 

explosives in thick walled mortar confinements. 

The oxygen balance is not a critical factor for VoD 

according to these data and the blasting            

performance is not significantly affected by the 

unbalanced emulsion explosives. The VoD for 

ANFO is, as expected, significant lower than for 

the emulsion explosives. 

     There is no significant effect on VoD of short 

time exposure of water in decoupled blast holes 

for the tested string emulsion, Figure 5. For       

example Rowland et al. (2001) was testing the   

effect of emulsion loaded in pipes with water for 

up to 2 months and there was no visible effect on 

the emulsion and VoD. 

 
 

Figure 5. VoD for dry and wet holes for decoupled  

and oxygen balanced string emulsion in mortar      

confiners. For wet holes (N= 2) and for the dry     

holes (N= 3). 

 

3.2 Toxic fumes 

The produced volumes of toxic fumes V (l/kg   

explosives) are estimated based on recordings of 

peak ppm for NOx and CO, Figure 6 from a flue 

gas analyser and the 35 m3 test chamber and some 

missing produced volume δ based on explosive 

mass roughly 900 l/kg, Equation 1: 
 

V (l/kg) = 103· (ppm/106) · (35+δ)/m.                 (1) 
 

     Dips in the recordings are related to change in 

the measuring point i.e. sampling in the small 150 

L vessel which was connected to the blasting 

chamber. Dilution did sometimes cause lower 

ppm-values in the vessel. Data, by for example 

Maranda et al. (2011), shows that concentration of 

CO remains constant and concentration of NO and 

NO2 vary linearly with time due to secondary     

reaction of detonation products. 
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Figure 6. Time recordings of ppm for CO and NOx. 

The upper figure shows pure emulsion with 5% Al  

additives (≈ 1.19 kg) and the lower shows ANFO 

Ø50mm (≈ 0.78 kg). 

 
 

     Figures 7 – 10 show trends for pure and blend 

(Al- or AN- additives) emulsion explosives of   

decreasing CO- and NOx values with increasing 

charge diameters in glass and mortar                

confinements. Comparison of toxic fumes from 

glass confiners with mortar confiners is difficult 

due to missing repetitions though there are some 

values indicating lower toxicity for the mortar  

confiners. According to Roberts (1992) heavier 

confinements reduces NO2. 

 

 

Figure 7. Measured CO for pure and blend emulsion 

(N=2 for one diameter). 

 
 

     The effects of oxygen balance on toxic fumes 

are shown in Figures 11 and 12 for tests in mortar 

confiners for fully coupled charges. The            

explosives were manufactured with -5 % and + 5% 

oxygen in order to encourage possible conditions 

which could be similar to the ones in mining   

conditions. 

 

 

Figure 8. Measured NOx from pure and blend      

emulsion (N=2 for one diameter). 

 

 

 

Figure 9. CO for pure and blend emulsion in fully 

coupled mortar confiners (N=2 for 2 diameters). 

 
 

     The CO values are higher for the negative   

balanced explosives and lower for NOx i.e. for 

oxygen balance OB < 0 CO are produced and for 

OB > 0 NOx is produced. There is decreasing  

values for CO with increasing charge diameters for 

positive oxygen balance which is not the case for 

negative oxygen balance. For NOx both positive 

and negative oxygen balance shows decreasing 

values with increasing diameters. 
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Figure 10. NOx for pure and blend emulsion for      

fully coupled charges (N=2 for 2 diameters). 

 

 
 

Figure 11. Carbon oxide for pure emulsion E682   

with negative and positive oxygen balance for fully 

coupled charges in mortar confiners (N=2). 

 
 

     As earlier mentioned, two cases with string 

emulsions were tested in wet- and dry holes. The 

results can be seen in Figures 13 and 14. For the 

shots in wet holes, water was filled just before 

blasting into the volume between the charges and 

the mortar hole walls in order to simulate typical 

blasting conditions, see Figure 1. The long-time 

effect of water filled blast holes is not studied in 

this work. 

     For fully coupled charges in glass and mortar 

confinements all the quantities measured for  

emulsion are lower than the ones for ANFO. See 

the relative data for diameters approximately Øi50 

mm in Figure 15. 

 

 

Figure 12. NOx for pure emulsion E682 with          

negative and positive oxygen balance for fully       

coupled charges in mortar confiners (N=2). 

 

 

 

Figure 13. CO for pure string emulsion in decoupled 

dry- and wet holes in mortar confiners (N=3). 

 
 

     A comparison with a pilot study, (Nyberg et al. 

2015) can be seen in Figure and 17. All            

confiners are made of glass with one exception 

which is PVC which generates extra CO due to 

burning of the PVC pipes. As pointed out earlier 

in this paper larger charge diameters generate  

lower values (l/kgexpl.) of CO and NOx which in 

general has larger data scatter. Minor deviations in 

mixing, densities and charging procedure is        

assumed to have no strong effect on the results. 

Emulsion explosives with ANprills additives   

generate the highest values of CO and additives 
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with both Al and ANprills higher NOx              

concentrations. 
 

 

 

Figure 14. NOx for pure string emulsion in  

decoupled dry- and wet holes in mortar confiners 

(N=3). 

 

 

 

Figure 15. CO and NOx relative relative ANFO for 

fully coupled charges of emulsion with 5% Al          

additives and in mortar (M) and glass (G) confiners. 

The charge diameters are approximately Ø50 mm. 

 
 
 

4 DISCUSSIONS AND CONCLUSIONS 

The  main  interest  in  this  paper  is  to  show  the 

potential for reduction of toxic fumes from        

detonation of typical Swedish emulsion explosives 

especially CO and the cumulative staff exposure to 

NOx which appear to be a major risk factor for 

lung function decreases. Sources such as        

emissions from diesel vehicles are not considered 

here, but are sometimes the dominating source for 

emission of CO and NOx. 

     The results of the tested fresh (manufactured 

less than a week before tests - no recrystallization) 

non-commercial emulsion explosives E682, 

E682+5% Al and E682+ 30% ANprills and a    

reference ANFO indicates that the type of          

explosives is one of the major factors for         

formation of toxic fumes (l/kgexpl.) from detonation 

which confirms the conclusions by Katsabanis & 

Taylor (2013). The formation of CO is similar for 

pure emulsion and with 5% Al-additives but with 

increased toxicity for additives of 30 % ANprills. 

Formation of NOx is higher for both Al- and 

ANprills additives compared to pure emulsion 

which can be used as guidance for improvements 

of air quality in mining and tunnelling. 
 

     The uncertainty in data is the production of 

NOx; for the time dependent measurements      

(approximately 45-60 minutes) in general CO   

remains constant, NO are consumed with an early 

high reaction rate and NO2 are produced by     

secondary reactions and with losses. Some of our 

results are in accordance with earlier tests by for 

example Persson & Persson (1980) and Harris et 

al. (2003). The reduction of NO2 with time could 

be explained by solution with water, effect of dust 

and adsorption to surfaces. 
 

     As expected there is a clear effect on toxicity of 

± 5 % oxygen balance and a diameter effect even 

if the number of repetitions is limited. For + 5 % 

oxygen balance CO decreases with increasing    

diameters but not for - 5 % oxygen balance. CO is 

also in general higher for negative balance. For 

NOx we measure the opposite. The values are in 

general lower for negative oxygen balance but 

with the same dependence on diameters; the values 

are lower for larger charge diameters. These       

results again enable adjustments in the explosive 

formulation in order to reduce some of the toxic 

fume components. 
 

     In tunnelling and mining the blast holes are 

sometimes filled or partly filled with water. A  

special case is the so called decoupled charges and 

our data shows no significant effect of water on 

detonation velocity VoD or toxic fumes for Ø22 

mm string emulsion in Ø50 mm holes. The     

long-term effect of these emulsion explosives in 

contact with water is not studied here. 
 

     When, as in this case, some of the contents of 

blasting fumes is known, models for prediction of 

toxic fumes and ventilation requirements can be 

used for dimensioning of the mine ventilation   

system, Euler and Katsabanis (1991) and the      

re-entry time can be minimised, Gillies et al. 

(2004). 



 

 

- 38 - 

Figure 16. Data from the pilot study in glass confiners (P G) together with actual data. 
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1 INTRODUCTION 

Greenland is the World’s largest island,          

comparable in size to western Europe. It is an    

autonomous self-governing part of the Kingdom of 

Denmark. Greenland is sparsely populated, with 

most of the inhabitants living in small settlements 

spread out along the west coast. Due to the large 

distances and rugged terrain, there is no road   

network connecting the towns and settlements and 

all goods have to be transported by ship, boat or 

by air. 

Repackaging of explosives:  

A task not anticipated in the Danish regulations 
 
C.A. Andersen & K.C. Jørgensen 
NIRAS A/S. 

 

B.S. Mortensen 
Royal Arctic Line Danmark A/S 

 

 

 

 

 

 

 

 

 

 

ABSTRACT: Royal Arctic Line (RAL) is a shipping company owned by the Government of Greenland 

that has an exclusive concession for the transportation of all sea cargo to and from Greenland, including 

explosives. Cargo is shipped in standard containers from the Danish port of Aalborg. Due to the           

geography of Greenland, with many small, widely dispersed settlements, the explosives must be repacked 

into separate containers for each settlement. Due to the Danish regulations on explosives, this               

repackaging must take place under the same conditions as long-term storage of explosives, which entails 

that the warehouse used must be turned into a bunker, at great expense to RAL. NIRAS suggested the 

Danish Emergency Management Agency (DEMA) to allow the use of a quantitative risk based approach 

instead; a first in Denmark. A number of scenarios that could lead to an accidental explosion were        

defined, and the probability and consequence spectrum of each scenario was determined using           

bowtie-analyses. The consequences, in terms of fatalities, were assessed based on typical amounts of    

explosives, the number of persons in the terminal and neighbouring buildings, and empirical blast and 

fragment lethality criteria. The risk was shown to be below the risk acceptance criteria for the three       

required personnel groups, directly involved employees, other employees and uninvolved third parties. 

Furthermore the risk was also shown to be below the acceptance criteria for risk to the society by means 

of an F-N diagram. DEMA has accepted the quantitative risk analysis method and final approval should 

be forthcoming. 
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     Apart from the inland ice sheet, Greenland 

mainly consists of exposed bedrock, where there is 

a need for explosives for construction, quarrying 

and mining. Goods transportation by sea,           

including explosives, is carried out by the shipping 

line Royal Arctic Line (RAL), which is owned by 

the government of Greenland. RAL is operating by 

royal concession, meaning that it is generally the 

only carrier to provide goods transport to      

Greenland. RAL operates out of the Danish port of 

Aalborg. Due to the lack of port facilities in most 

of the Greenlandic settlements, goods are      

transported in standard ISO shipping containers 

with the RAL ships being equipped with cranes to 

unload containers directly onto the quay. 

     Due to the large distances and relatively small 

amounts of goods, each ship will do a tour,    

stopping at several settlements and setting off a 

number of containers at each stop. This means that 

all cargo, including explosives, must be divided 

into containers based on their destination, at the 

latest at the port of departure. 

     At the other end of the supply chain, transport 

of explosives from the supplier to the port in   

Aalborg also present a set of challenges. Due to 

transport restrictions, e.g. at the ferry between 

Helsingborg and Elsinore, and ADR requirements, 

it is not economically feasible to pack the         

containers for each settlement at the factory and 

transport them to the port for direct embarkation. 

     Therefore, any explosives destined for     

Greenland must be repacked into containers       

according to their destination at the RAL       

warehouse in Aalborg. 

2 LEGAL REQUIREMENTS AND 

INFLUENCE ON RAL 

The Danish code for handling explosives specifies 

that explosives can be stored for up to 48 hours 

under constant observation as part of a transport 

process, or up to 60 hours in a freight terminal 

without further measures required. However, the 

Danish Emergency Management Agency 

(DEMA), who oversee the code, have specified 

that repackaging does not fall under these         

provisions and any repackaging requires the same 

conditions as long-term storage of explosives. The 

rules are based on NATO storage requirements 

(AASTP-1). 

     The facilities for repackaging therefore have to 

comply with the regulations for long-term storage 

of explosives, which means that RAL has the     

option of finding a new location for repackaging 

or turning their warehouse into a veritable bunker, 

as the required safety distances are not available. 

     The first option, finding a new site, has been 

examined, but as Denmark is a quite developed 

country, there are no areas of the required size 

without towns, villages or major roads nearby. The 

second option, turning the warehouse into a    

bunker stems from the DEMA practice of allowing 

shorter safety distances, if an engineering           

assessment show that the facility is constructed so 

that the consequences to neighbours will be      

similar or less than if the safety distances had been 

upheld. 

3 RISK BASED APPROACH 

DEMA has previously indicated, that a risk based 

approach, taking the probability of an explosion 

into account, could be used. Such an approach 

would generally require the estimation of the 

probability and consequences of a number of    

explosion scenarios, calculating the associated 

risks and comparing these to a set of acceptance 

criteria. 

Table 1. Risk based acceptance criteria proposed  

by DEMA. 

 

Individual risk Acceptance criteria 

Persons directly 

involved in work 

with explosives 

Rules for general  

labour safety (Rules set 

forth by the Danish 

Working Environment 

Authority) 

Other persons 

employed in the 

same business 
10-5 fatalities per year 

Third person 10-6 fatalities per year 

Risk to society A curve of accumulated 

frequencies where the 

frequency for 1 fatality 

is 10-4 per year and 

which decreases in  

relation to the square of 

the number of deaths. 

The frequency for 1,000 

fatalities must be 0. 
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Figure 1. Example of a bowtie diagram. 

 

3.1 Acceptance criteria 

As a risk based approach has not previously been 

used for approval of explosives storage facilities, 

there is no precedence for which criteria to use. 

The authority to determine the criteria lies with the 

Ministry of Justice. DEMA has suggested the    

criteria shown in Table 1 based on similar criteria 

for sites containing dangerous substances in       

accordance with Directive 2012/18/EU (the      

Seveso III Directive). 

3.2 Probability assessment using bowtie analysis 

The probability assessment is carried out using a 

bowtie analysis, which is a general risk analysis 

method described in ISO 31010. 

     A bowtie diagram should generally be            

interpreted from left to right. The unwanted      

condition, i.e. explosion, is displayed in the centre 

of the bowtie. The left hand side of the bowtie 

consists of a fault tree, where the preconditions for 

an explosion are examined and the right side    

consists of an event tree, where the possible     

outcomes are examined. 

     Barriers can be introduced into the bowtie. On 

the left hand side of the bowtie, barriers can be 

any measure that will reduce the probability of an 

incident and on the right hand side, barriers are 

any measure that reduces the consequences.      

Furthermore, different conditions can be             

introduced in the event tree on the right side of the 

bowtie. 

 

      

 

     A bowtie analysis is performed for each      

scenario. An example bowtie diagram is presented 

in Figure 1. 

     Further information about the bowtie         

methodology can be found in risk analysis         

literature. 

     Each of the initial conditions, barriers and 

event tree branches in the bowtie diagram must be 

supplied with either a frequency or probability of 

occurrence. These input parameters must be        

individually assessed based on the actual         

conditions on the site, historical data, engineering 

assessments or expert judgement. The estimated 

frequencies and probabilities are combined using 

Boolean logic to give an estimate of the          

probability of each outcome. 

     In order to limit the total number of possible 

outcomes, a few representative consequence    

magnitudes can be chosen. 

     Generally, frequencies based on factual data of 

the input parameters are sought but in areas with 

little or no data to support the estimation,         

conservative assumptions have been made. 

3.3 Consequence assessment 

The consequences are investigated in terms of the 

number of fatalities. These fatalities come from  

either direct exposure to blast pressure, exposure 

to primary or secondary fragments (e.g. glass from 

window panes) or exposure to falling structural  

elements from being inside a building that        

collapses. 
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Figure 2. Bowtie diagram for the example scenario. Presented values are examples. 

 

     The number of people at various locations in 

the warehouse, adjoining administration building, 

and at neighbouring facilities has been estimated. 

     Fatalities from direct blast exposure is taken as 

anyone exposed to a blast pressure of 193 kPa or 

more. 193 kPa corresponds to a survival rate of at 

least 99 % according to UFC 3-340-02. 

     Fatalities from fragments are estimated based 

on the expected number of persons outdoors    

within fragment range and the number of persons 

estimated to be near windows in buildings        

subjected to a pressure of more than 2 kPa. 

     Fatalities from exposure to falling structural  

elements is estimated based on the expected    

number of persons in buildings subjected to a blast 

pressure of 35 kPa or more. 35 kPa corresponds to 

‘severe damage’ according to Guidelines for    

Evaluating the Characteristics of Vapour Cloud 

Explosions, Flash Fires, and BLEVEs. Severe 

damage is defined as ‘partial collapse and/or    

failure of some bearing members’. 

     Furthermore, fatalities are divided into those 

directly involved, other employees at RAL and 

third party persons, as specified by the acceptance 

criteria. 

     In general, the number of fatalities is estimated 

as a worst case figure. 

3.4 Scenarios 

The scenarios for investigation were found in a 

workshop with participation from RAL staff  

members, including the Head of Security and   

specialists from NIRAS. The workshop resulted in 

ten scenarios, for which a risk contribution was 

thought possible. 

 

 

     The investigation comprised scenarios within 

handling and transporting explosives, from their 

arrival by truck to the loading onto the ship, as 

well as any imaginable external influence during 

their stay at the terminal.  

4 EXAMPLE CALCULATION 

An example could consist of an incident where 

goods containing detonators is dropped inside the 

warehouse, either due to eccentric lifting, poorly 

stacked goods on the pallet or sudden forklift 

breakdown. 

     The bowtie diagram for the example can be 

seen in Figure. 

     The conditions and probabilities from the right 

hand side of the bowtie make up 6 outcomes 

which combined with fatality consequence         

assessments result in the risk presented in Table 2. 

     The sums calculated in Table 2 can be         

considered as the risk contribution for the         

personnel group in question from the specific   

scenario. Similar risks are calculated for all      

scenarios. 

5 RESULTS 

The risks from each scenario are summed up to 

obtain the total risk. 

     A risk of e.g. 2.1·10-9 corresponds to an         

estimated 2.1 fatalities every 1,000,000,000    

years. 

     By comparison with the acceptance criteria in 

Table 1, it can be seen that the calculated risk    

levels fall within the acceptable levels. 
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Table 2. Calculation of risk for the example scenario. Presented values are examples. 

 

Outcome 

Probability In-

cidents per 

year 

Fatalities, 

Directly 

involved 

Risk, 

Directly 

involved 

Fatalities, 

Other 

employees 

Risk, 

Other 

employees 

Fatalities, 

3rd  

person 

Risk, 

3rd 

person 

Minor  

explosion 
5·10-8 1 5·10-8 0 0 0 0 

Minor  

explosion 
8·10-9 1 8·10-9 0 0 0 0 

Minor  

explosion 
2·10-11 1 2·10-11 0 0 0 0 

Big  

explosion 
3·10-12 1 3·10-12 10 3·10-11 3 9·10-12 

Bigger  

explosion 
7·10-13 1 7·10-13 15 1·10-11 10 7·10-12 

Biggest 

possible 

explosion  

1·10-15 1 1·10-15 60 6·10-14 40 4·10-14 

Sum   5.8·10-8  4·10-11  1.6·10-11 

 

 

 Table 3. Total risk summed up over all scenarios. 

 

Scenario 
Risk, 

Directly involved 

Risk, 

Other  

employees 

Risk, 

3rd  

persons 

Scenario 1 1.1·10-6 1.1·10-8 5.2·10-9 

Scenario 2 8.8·10-9 1.7·10-7 8.1·10-8 

Scenario 3 3.8·10-8 3.6·10-10 1.7·10-10 

Scenario 4 3.0·10-9 5.6·10-8 2.8·10-8 

Scenario 5 2.1·10-9 2.6·10-8 1.2·10-8 

Scenario 6 3.0·10-9 2.8·10-11 1.4·10-11 

Scenario 7 1.7·10-9 6.2·10-8 4.3·10-8 

Scenario 8 1.8·10-10 2.9·10-9 4.4·10-9 

Scenario 9 8.0·10-9 1.3·10-7 2.0·10-7 

Scenario 10 2.0·10-9 3.4·10-8 5.1·10-8 

Total risk 1.2·10-6 4.9·10-7 4.2·10-7 
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Figure 3. Risk to society from all scenarios. The acceptance criteria corresponds to the one  

mentioned in Table 1. 

 

 

 

 
 

5.1 Risk to society 

Risk to society is presented in the form of a F-N 

diagram, where the abscissa denotes the number of 

fatalities and the ordinate the accumulated        

frequency. The F-N diagram is presented in     

Figure 3. 

     From Figure 3 it can be seen that the risk to  

society also falls within the acceptable levels. 

6 CONCLUSIONS 

Due to authority demands and logistical reasons, 

RAL had to find a new location for repacking   

explosives or turn their warehouse into a veritable 

bunker. Instead, RAL chose to have a risk analysis 

of the repacking of explosives made. 

     Ten possible scenarios that might lead to an   

unintended  explosion  at  the  RAL  warehouse  in 

 

 

 

 

 
 

Aalborg have been investigated with respect to the 

risk they impose to individuals at or near the 

warehouse and to society in general. 

     The risk levels were shown to be below         

the acceptance criteria and the results has        

been forwarded to DEMA for approval. DEMA 

has approved the method but final approval has 

not yet been awarded, as the acceptance criteria 

has to be approved by the Ministry of Justice       

as well. 

     This is the first time the probability of an       

incident is incorporated in a risk analysis with    

respect to explosives storage and handling in 

Denmark. 

     The incorporation of probabilities into risk    

assessments regarding storage of explosives in 

Denmark, might make it possible to obtain        

approval for more storage facilities in locations 

better suited for the end users in the future. 
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1 GEOLOGICAL DISPOSAL OF SPENT 

NUCLER FUEL IN FINLAND 

1.1 Background 

In Finland, Posiva Oy (Posiva) is implementing 

the geological disposal of spent nuclear fuel of    

its owners, Teollisuuden Voima Oyj and Fortum 

Power & Heat Oy. Underground rock             

characterisation facility ONKALO, later to be part 

of the final disposal site, is located in Olkiluoto  

island, west coast of Finland. Most of the disposal 

site related investigations has been carried out in 

ONKALO since its construction started 2004. 

Characterisation facility includes access tunnel, 

three shafts, both investigation and demonstration 

tunnels and technical areas, and it reaches the 

depth of approximately 450 meters. Site rock is 

Evaluation of excavation damaged zone characterisation methods 
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ABSTRACT: In Finland, Posiva Oy is implementing geological disposal of spent nuclear fuel. The       

reference method for excavation is Drill and Blast. This method generates an Excavation Damaged Zone 

(EDZ) in the tunnel vicinity. Formed zone might have role in radionuclide transportation. EDZ is to be 

characterised and its significance is to be assessed on the basis of long term safety of disposal. In the  

coming production phase of the disposal facility, the extent of EDZ is considered as quality measure of 

the excavation, and therefore a non-destructive EDZ extent measurement is required. The comprehensive 

EDZ investigation in Posiva consists of:1) fundamental characterisation of the EDZ with multiple    

methods; 2) assessment and verification of the EDZ extent measuring method for the production phase 

excavation quality control; and 3) introduction and use of the chosen method in the excavation quality 

control. This study summarises fundamental EDZ characterisation efforts in Posiva Oy’s underground  

facility ONKALO between 2008 and 2016, and evaluates tested methods applicability in the EDZ      

characterisation in a future production phase. 
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Figure 1. Illustration of the repository and multiple release barrier concept (Figure by Posiva Oy). 

 

mainly migmatised crystalline gneiss.              

Construction licence for the repository was     

submitted in 2012 and gained in 2015. Next step 

will be submitting the operation license around 

2020, and the final disposal activity is planned to 

be started during the same decade. Disposal is    

estimated to last a period of approximately 100 

years with present reactors in Finland and will 

therefore be finished approximately by 2120. 

     During the excavation of the ONKALO it has 

served both as a space to characterise the         

Olkiluoto bedrock from surface to disposal depth 

(lithology, structural geology, etc.) and as a        

research facility for developing methods needed 

for producing the underground spaces (excavation, 

monitoring, etc.) and methods to do final disposal 

(machinery, quality control methods, etc.). Among 

other investigations, ONKALO has been used for 

excavation method assessment and development, 

as well as for the Excavation Damaged Zone 

(EDZ) characterisation. 

     The comprehensive long-term safety derived 

EDZ investigation in Posiva consists of: 1)      

fundamental characterisation of the EDZ with 

multiple methods; 2) assessment and verification 

of the EDZ extent measuring method for the     

production phase excavation quality control; and 

3) introduction and use of the chosen method in 

the excavation quality control. This paper        

concentrates on presenting the used and assessed 

EDZ     characterisation     methods,     and     their 

 

 connection to the EDZ phenomena. 

2 LONG TERM SAFETY AND ITS 

RELATION TO THE EXCAVATIONS 

As the spent nuclear fuel remains radioactive      

for a long time, the material must be isolated from 

the living nature. In spent nuclear fuel final      

disposal the long-term safety is one of the main 

concerns. In Posiva, long term safety critical      

aspects are  stated as limitation of use of            

foreign materials, limitation of water inflow to    

an open repository, avoidance of drill holes       

and limitation of formation of EDZ (Posiva Oy 

2012). 

     Planned geological disposal concept is based 

on SKB’s (Swedish Nuclear Fuel and Waste  

Management Co) KBS-3 concept (Posiva and 

SKB 2017). In the concept, engineered barriers 

isolate the radioactive fuel assemblies from         

interaction with the biosphere. Engineered barriers 

are: 1) a ceramic state of fuel material; 2) a copper 

final disposal canister; 3) a bentonite clay buffer 

and back fill of the tunnels; and 4) a disposal     

facility surrounding bedrock. Illustration of the  

repository and multiple release barrier concept is 

presented in Figure 1. 

     The reference excavation method in the         

final repository is the Drill and Blast method 

(D&B) in tunnelling and down reaming in making 

shafts.  

 

 

 

http://www.posiva.fi/en/final_disposal/nuclear_waste_management/what_is_nuclear_waste
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Figure 2. Excavation Damage Zones around the underground tunnel, modified from Siren et al. (2014). 

 

     All the excavation methods generate inevitable 

but variable and a possibly progressing EDZ in the 

tunnel vicinity. The EDZ, possibly with hydraulic 

transmissivity, might have a role in radionuclide 

transportation as the EDZ fractures could be   

connected to the natural fracture network in the 

bedrock. The EDZ is seen as a risk to long term 

safety in a scenario, where there is a failure in the 

Engineered Barrier System (EBS), and therefore 

the EDZ is to be characterised and its significance 

is to be assessed. In the production phase, the    

extent of the EDZ will be considered as a quality 

measure of the excavation, and non-destructive 

measuring method is required for the task. 

2.1 Excavation damaged zone 

The Excavation Damaged Zone (EDZ) is an       

inevitable consequence of underground facility 

construction. Even in hypothetical case of        

non-destructive rock mass removal method, the  

re-distribution of prevailing in situ stress field may 

cause irreversible deformation in the vicinity of 

the tunnel perimeter. The abbreviation EDZ is 

used to refer to all, non-natural defects seen in the 

rock mass at time of the observation after the     

excavation. The EDZ can be categorised based on 

the formation mechanism. The phenomenon can 

be divided in to at the time of detonation directly 

construction induced EDZCI and rock stress        

re-distribution induced and possibly time evolving 

EDZSI   (Siren et al. 2014).   Especially   in    deep 

 

 

 

mines with high stresses, the EDZSI is seen as  

fracture growth and weakening of the mechanical 

properties of the rock mass in the tunnel vicinity. 

These changes can emerge in minutes or in years 

after the excavation. Siren et al. (2014) have     

clarified the EDZ phenomena and nomenclature 

(Figure 2). 

     Conceptually the EDZ is considered to consist 

of four distinguishable zones around the blasting 

hole, in the tunnel vicinity: 1) zone of crushing; 2) 

zone of radial cracking; 3) zone of extension and 

expansion of fractures; and 4) elastic zone, where 

no cracks are formed (Figure 3). (Dinis da Gama 

& Torres 2002). 

2.2 Chosen excavation method and requirements 

The reference excavation method for tunnelling in 

underground repository is Drill and Blast (D&B). 

This method has been used and developed to meet 

Posiva’s requirements during the ONKALO tunnel 

excavations. The objective for excavation          

development is to optimise the method for the 

ONKALO bedrock environment and to preserve 

the rock mass conditions as natural as possible. 

D&B as well as all the other excavation methods 

causes inevitable and variable EDZ in the tunnel 

vicinity. In addition to the selected excavation 

method, the site specific rock properties, general 

geology and prevailing rock stress field have their 

effect on extent and intensity of the formed EDZ. 

The   requirement   for  preserving  the  rock  mass 
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natural integrity originates from the final disposal 

long term safety considerations, and it is written in 

the legislation concerning the final disposal  

(Posiva Oy 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Conceptual damage zones around the  

blasting hole according Dinis da Gama and Torres 

(2002): 1) zone of crushing; 2) zone of radial  

cracking; 3) zone of extension and expansion of  

fractures; and 4) elastic zone, where no cracks are 

formed (Kantia et al. 2016a). 

 
     The excavation methods used in ONKALO are 

the same as in normal civil projects apart from the 

more strict requirements which are set by Posiva. 

Different requirement levels have been set for  

tunnels of different purposes, and the requirements 

include guide lines for example to blasting hole 

drilling, charging, detonation, excavation          

tolerances and EDZ. When comparing different 

tunnels (access tunnels, central tunnels etc.) the 

requirements are the strictest for the deposition 

tunnels. To meet the set requirements, dense and 

high accurate drilling profiles as well as low   

nominal charging rates have been adopted. For the 

same reason the detonation is initiated using    

electronic (digital delay) detonators, to diminish 

delay scattering. When charging, the charge     

centraliser and stemming can be used, if needed. 

Erroneous practices as overcharging, overlapping 

of charges and discontinuity of charges are to be 

avoided (Kantia et al. 2016a). 

3 EXCAVATION DAMAGED ZONE 

CHARACTERISATION 

The     following     descriptions    summarise    the 

investigations in ONKALO between 2008 and 

2016. In this chapter the tested methods are        

introduced and their applicability in the EDZ 

characterisation evaluated. Most of the               

investigations were carried out in the ONKALO 

ONK-TKU-3620 EDZ study area, at the depth of 

360 m. Evaluated EDZ characterisation methods 

are visual surveying and mapping of the EDZ, drill 

core related investigations, saw cutting, wire saw 

cutting, sample testing, geophysical in situ testing 

and hydrological in situ EDZ characterisation. 

3.1 Visual surveying and mapping of the EDZ 

Visual surveying and mapping of the EDZ is the 

most reliable way to get information of the damage 

level, damage extent as well as damage types in 

the rock mass. Generally, visual EDZ inspection 

requires specimen extraction from the rock mass. 

Larger aperture excavation induced fractures can 

be mapped from excavated tunnel surfaces and 

blast hole half barrels. When EDZ inspection     

focuses closer to the micro level fracturing, a 

smooth rock surface is required. Accurate damage 

extent analysis requires specimen or block         

extraction from tunnel surface. Specimens can be 

extracted using diamond core drilling, diamond 

cutting or wire sawing. Sometimes the extraction 

work itself damages further the specimen and in 

these cases, the EDZ can possibly be analysed 

from the remaining part of the tunnel surface or 

drill hole surface. Dye penetrant colouring can be 

used to make the defects visible on the rock      

surface. It is useful to photograph and use possibly 

3-D photogrametry for the surface imaging for  

later use. Optical and acoustic drill hole imaging 

can be used for inspecting the fractures deeper in 

the hole. 

3.1.1 Drill core related investigations 

Diamond core drilling of 30 holes (each with 

length of approximately 1.3 m) at one metre   

spacing on three lines, was carried out in the 

ONKALO EDZ study area. Geological mapping of 

the core samples as well as drill hole imaging with 

both optical and acoustic tele-viewer was done. 

Point wise data on fracture depth, type, intensity, 

orientation, and opening was obtained from the 

investigations. Classified (natural fracture, natural 

fracture opened by the excavations, EDZ fracture 

or possible EDZ fracture) and oriented fracture 

planes were created for comparison with            

observations from geophysical testing on the EDZ 

study area (Figure 4). 
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Figure 5. Fracture mapping on the slot sawed in tunnel floor, approximate slot measures: depth 0.4 m, 

length 1.5 m and width 0.3 m (modified from Kantia et al. 2016b). 

 

Figure 4. Classified and oriented fracture planes from core visual inspections (Riihiluoma et al. 2017). 

 

 

 

 

 

3.1.2 Saw cutting 

Saw cutting of the EDZ investigation slots is an 

accurate and affordable practice to map the defects 

as well as natural features in the tunnel perimeter 

vicinity. A circular saw and diamond coring is 

used to extract the block from the wall or floor of 

the tunnel. The extent of the slot is limited by the 

saw blade radius, where the normal reach is from 

0.3 to 0.4 m. An extracted slab breaks easily when 

wedged and therefore the EDZ investigation is 

carried out on the remaining tunnel surface. Dye 

penetrants as well as surface photographing are 

used. It’s essential to distinguish the EDZ         

features from the natural ones. Figure 5 presents a 

slot extraction site with the dye penetrant         

coloured  surface. 

    

 

 

 

 

 

 

 
 

3.1.3 Wire saw cutting 

Wire saw cutting of four approximately 1 x 1 x 1 

m rock blocks was performed in the ONKALO 

EDZ study area. Up lifted blocks were sliced      

into 10 cm slabs, slab surfaces were                  

lithologically mapped, then dye penetrant coloured 

(Figure 6), fractures were characterised and a  

fracture network model was created. Results were 

compared to geophysical observation on the EDZ 

study area. The combined study is the most    

comprehensive EDZ characterisation work done in 

ONKALO. The created EDZ network model can 

be used in the site scale radionuclide              

transportation modelling along a Discrete Fracture 

Network (DFN). 
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Figure 6. Fracture mapping on the floor extracted block surfaces, saw cut surface (left), same surface 

dye penetrant coloured (right), (modified from Olsson et al. 2017). 

 

 

 

3.2 Sample testing 

Petrophysical and rock mechanical testing of the 

drill core samples have been carried out for the 

ONKALO rock types to study if there is a physical 

parameter which responds to the EDZ and if yes, 

how? The rock mechanical analyses were carried 

out to study how the EDZ affects to the elastic 

properties of non-broken rock. Samples were   

taken from the EDZ study area bedrock and some 

of the samples were affected by the EDZ as well as 

others that were not. The petrophysical indicators 

for the EDZ were increased porosity, lowered     

resistivity and lowered S-wave velocity The UCS 

based rock elastic indicators for the EDZ were 

lowered shear impedance (sample density        

multiplied by S-velocity) and modulus as well as 

lowered Young’s modulus. Additionally, the     

following combinations were used to bring out the 

anomalous samples: high porosity/shallow depth, 

low resistivity/shallow depth, high porosity/low 

resistivity, low induced polarisation (IP)/shallow 

depth, low IP/high porosity, S-velocity/depth, P/S 

-ratio/depth, Poisson’s ratio/depth and              

impedances/depth. Based on the results electrical, 

electromagnetic and seismic methods are         

suggested for the further EDZ investigations 

(Kiuru 2016). 

 

 

 

 

 

3.3 Geophysical in situ testing 

Geophysical in situ testing can be divided           

into non-destructive (ND) methods and into  

methods that require surface penetration or         

attachment. In general, the ND testing is           

easier and faster to implement, but unfortunately 

of a number of such testing methods there       

were only a few available for the EDZ                

investigation and characterisation. Geophysical 

testing can be divided also based on                   

the physical background of an individual        

analysis into electrical testing, mechanical         

testing (seismic) and electromagnetic testing.  

Most of the geophysical investigation            

methods require data processing and                   

interpretation, and this requires highly                

experienced crews for the work. One                 

benefit of geophysical testing is that it is           

reasonably affordable to conduct and that              

it can cover larger areas compared to sample or 

visual investigations. The down side of the        

geophysical investigations is the fact that some  

data is ambiguous, and professional opinion has to 

be   relied on. Generally geophysical in situ testing 

is advised when a larger area is to be covered with 

reasonable accuracy according to ONKALO       

experience. 
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Figure 7. Surface elevation corrected resistivity profile along the tunnel axis, example from the ONKALO 

EDZ study areas central line, grid size 0.5 x 0.5 m. 

 

 

 
 

3.3.1 Electrical methods 

In the EDZ characterisation tested electrical  

methods are modified from traditional geophysical 

investigations applications. As the EDZ occurs on 

a scale from microns to tens of centimetres, these 

investigations are a kind of miniatures of the  

normal investigation scale of the methods. 

     Electrical resistivity tomography (ERT) was 

tested on the ONKALO EDZ study area       

(Heikkinen et al. 2017). Eleven 8 m long lines, at 

0.1 m electrode interval were measured, the line 

interval was 0.2 m. Tomographic resistivity       

images were produced from the measured lines 

parallel to the tunnel axis. A lowered resistivity 

layer on the tunnel floor (darker areas) due to the 

EDZ can be seen in the tomographic images   

(Figure 7). Also, the natural fractures and more 

conductive rock features are present in the data. 

Work was relatively slow to implement as anchor 

bolts were used as electrodes. The measurement of 

each line takes 2-3 hours. The method provides  

information that can be used to support for        

example ground coupled radar method results. For 

the disposal production phase the method is too 

slow and laborious to implement. 

     Electrical Mise-à-la-Masse (MAM) method 

was tested between the drill holes on the 

ONKALO 3 m by 9 m EDZ study area (Heikkinen 

et al. 2017). Drill holes accommodated the area in 

1 m by 1 m network. Known fractures (detected 

from core samples as well as optical and acoustic 

drill hole tele-viewers) were used as grounding 

stations as electrical potential were measured in 

neighbouring drill holes. Electrical connections 

along  water  filled  fractures  or  other  electrically 

 

 

 

 

 
 

conductive structures between the holes were    

analysed. The method provided electrical        

connection network over the study area (Figure 8). 

Only few of the connection were noted to be EDZ 

fractures, as the natural fractures dominated the 

electrical connections. The method’s advantage is 

that it can be used to analyse the individual      

fractures connection to the fractures in the    

neighbouring holes. The fracture planes area        

of influence can be estimated, and used in         

hydrological long-term safety considerations. The 

method is impractical and too slow to be used in 

disposal production phase as it requires drill holes 

covering the investigation area, and takes several 

days to complete. Using multiple electrode    

measurements at one-time work can be speeded 

up, but most likely not enough to gain feasibility 

judgement. 

3.3.2 Ground penetrating radar method 

The available selection of electromagnetic (EM) 

testing methods for the EDZ characterisation was 

limited. Available methods are designed for      

metre-scale analysis, generally for ore prospecting, 

whereas EDZ phenomena are observed in a      

decimetre scale. The EM method based Ground 

Penetrating Radar (GPR) was tested in ONKALO. 

Various investigation and development projects 

related to the GPR method have been carried out 

in ONKALO since 2008 (Heikkinen et al. 2010, 

Heikkinen & Kantia 2010, Kantia et al. 2013a, 

Kantia et al. 2013b, Siren et al. 2014, Heikkinen 

et al. 2017). An additional purpose of conducting 

various EDZ investigations, implemented in the 

ONKALO EDZ  study  area (visual investigations,  
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Figure 8. Shallow drill holes (length approx. 1.3 m) on the ONKALO EDZ study area (left), point to point 

electrical connections detected between EDZ study area holes using Mise-á-la-Masse measurements (right). 

(Riihiluoma et al. 2017). 

 

Figure 9. Surface elevation corrected high frequency GPR image profile example from the ONKALO EDZ 

study area, depth scale is 1 m and length is 9 m. 

 

 

 

 

 

 

 

 

electrical resistivity tomography, seismic), was the 

GPR method result verification. At the moment, 

the GPR method is the only known available     

fully non-destructive method for the EDZ       

characterisation and investigations. Data collection 

is fast to implement and large areas can be covered 

efficiently. Commonly used, high frequency GPR 

image analysis can be used down to depth of one 

metre for both the fracture and geological structure 

analysis (Figure 9). Also, the deeper and larger 

geological structures can be analysed and mapped 

if using lower frequency GPR antennas, but the 

resolution of the data suffers. The ONKALO      

resistive gneissic rock environment is optimal for 

the GPR method but in conductive rock, e.g.    

sulphide and graphite rich rocks, the method    

cannot be applied. The down side of the GPR 

method is that it does not separate the reflective 

structures. All electrical boundaries, such as     

lithological contact, natural fractures and EDZ 

fractures cause responses. Use of the GPR method 

requires an experienced operator and interpreter. 

 

 

 

 

 

 

 

 

 

3.3.3 Seismic methods 

Mechanical EDZ in situ tests have been            

implemented by using high resolution seismic    

investigation methods. Two seismic campaigns   

related to the EDZ have been carried out in 

ONKALO since 2008. The goal of these projects 

has been the EDZ layer characterisation using  

single hole (side-scan) and cross hole tomographic 

measurements (Enescu et al. 2010, Reyes-Montes 

et al. 2017). A background for these investigations 

is the assumption that seismic wave velocities 

have decreased in the EDZ. After these site        

investigations, the petrophysical sample             

investigations have proven the assumption (Kiuru 

2016). The objective in the Enescu et al. (2010) 

and Reyes-Montes et al. (2017) investigations has 

been EDZ confirmation and physical (mechanical) 

property characterisation. The measurements by 

Enescu et al. (2010) have proved the existence of 

the EDZ around the tunnel. In that project two 

parallel  drill  holes (length approx. 40 m, distance 
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Figure 10. P and S-wave velocity difference (baseline vs. repeat) between the cross hole and the hole-wall 

velocity definitions, modified from Enescu et al. (2010) Figure 122. 

 

 

 

 

 

 

approximately two metre between the holes) were 

drilled crossing the incoming tunnel profile so that 

one of the holes lies outside the tunnel contour 

and the other one inside to tunnel contour, later to 

be excavated. Cross hole seismic investigation was 

carried out prior to the tunnel excavation to define 

the baseline for the seismic velocity comparison. 

After the excavation, a seismic tomographic       

investigation was carried out again, but this time 

between the tunnel wall and the remaining drill 

hole. When pre- and after seismic velocities were 

compared, it was seen that the seismic velocities 

were decreased in the tunnel vicinity, which   

clearly establish the effect of the EDZ on the    

mechanical properties of the rock. P-wave velocity 

drop is significant all the way. S-wave drop is 

seen, but it is not as significant as in case of        

P-wave (Figure 10). 

     Ultrasonic seismic cross hole tomography was 

taken further in the ONKALO EDZ study area by 

Reyes-Montes et al. (2017). The goal of this      

investigation was to analyse the variation of the 

seismic P wave velocity due to the EDZ. P wave 

tomographic imaging between 15 drill holes and 

surface points was implemented. Low P wave    

velocities indicating the EDZ effect on the rock 

are seen mostly within first 0.4 m  (Reyes-Montes 

et al. 2017). 

     Tested seismic methods require great deal of 

time and money consuming preparations. None of 

the proposed seismic methods has been a fully ND 

method. Seismic methods give valuable              

information of the seismic wave velocity variation 

connected to the EDZ in the tunnel vicinity. Based 

on the Kiuru (2016) petrophysical and rock      

mechanical, as well as Enescu et al. (2010)     

seismic investigations, the variation (decrease) in 

the seismic velocity can be linked to the EDZ and 

the weakening of the rock strength. 

 

 

 

 

 

3.4 Hydrological in situ EDZ characterisation 

A significant part of the EDZ long term safety 

considerations is related to the hydrological   

properties of the EDZ. Recent hydrological EDZ 

related measurements were carried out in the 

ONKALO EDZ study area. Single drill hole and 

cross hole hydrological measurements were used 

to characterise the effect of the EDZ in the rock 

mass. The transmissivity of the located (core   

samples as well as optical and acoustic drill hole 

tele-viewer) fractures was defined, and pressure 

responses of the fractures were measured in  

neighbouring drill holes (Stephan et al. 2017a, 

Stephan et al. 2017b). 

     A generalised EDZ fracture network,          

supplemented with the defined hydrological    

properties of the EDZ, is used in the site scale 

flow and radionuclide transportation modelling. In 

the modelling the mechanical character of the EDZ 

is connected to the hydrological transmissivity, 

which is directly related to the geological spent 

nuclear fuel long term safety. 

3.5 Non-destructive EDZ extent analysis and 

EDZ quality control 

Non-destructive measurement of the EDZ extent is 

required in the disposal phase, as the extent is a set 

quality measure of the tunnel. Although the    

thickness of the EDZ is not the critical issue,     

indirectly it is seen as the deeper the EDZ the 

higher the possible water conductivity in the layer. 

As it is practically, temporally and scientifically 

impossible to measure with sufficient accuracy the 

transmissivity of all the fractures under the tunnel 

floor, the thickness of the EDZ has been chosen to 

represent the EDZ criteria. Exceeding the set    

limits  might  indicate  that  the EDZ, and its effect  
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Figure 11. Surface elevation corrected high frequency GPR image profile (above) and generated GPR EDZ 

response profile (below), where the light and dark colour boundary is the boundary between the EDZ and 

the non-broken bedrock. 

  

 
on the long-term safety does not meet the           

requirements. Therefore, the quality control of the 

excavations is required in terms of the EDZ extent, 

and a fully ND method GPR was advised for the 

task by Posiva. The GPR method utilising EDZ 

extent measurement practice is named as a GPR 

EDZ method, and it has been developed since 

2008. The method is based on the numerical     

frequency response analysis of the GPR data. The 

method is used to define the boundary between the 

EDZ and unbroken bedrock. At the moment   

Posiva is implementing and assessing the GPR 

EDZ method to be taken in to the productional use 

in the final disposal tunnel excavations quality 

control work. A surface elevation corrected high 

frequency GPR image profile and generated GPR 

EDZ response profile examples are presented in 

the Figure 11, where the light and dark colour 

boundary is the boundary between the EDZ and 

the non-broken bedrock. 

4 SUMMARY AND CONCLUSIONS 

Skilled workmanship and working attitude is the 

way to the high-quality excavation as well as into 

controlling of the EDZ. Supervision of the         

excavation and comprehensive reporting of all   

excavation phases is essential in developing the 

excavation method and design. When excavation 

work is carried out as designed, the designer is 

able to modify the excavation parameters to fulfil 

the end product requirements in variable            

geological conditions and get reliable feedback 

from the realized tunnelling results. It is        

commonly known that excavation operators tend 

to modify the design based on the personal        

experience  to   achieve the  set  production  goals. 

 

 

 

 

 
 

‘Plan your work and work your plan!’                   

is the way to high quality and                            

predictable excavation outcome (Kantia et al. 

2016a). 

     In the geological spent nuclear fuel disposal, a 

comprehensive EDZ characterisation is required as 

the EDZ needs to be controlled. The significance 

of the EDZ is to be assessed based on the long- 

term safety, where the significance originates from 

the effect of the EDZ on the hydrological      

transmissivity property changes in the bedrock. 

These changes need to be considered in the site 

scale flow and radionuclide transportation       

modelling. During the process the repository     

design, excavation design, excavation practice and 

implementation receives background data from the 

EDZ characterisation and significance assessment 

studies.  

     The evaluated EDZ characterisation methods 

respond to the various physical character             

of the EDZ. Different methods are sensitive         

to different properties of the EDZ.                     

Table 1 summarises the tested and evaluated    

EDZ characterisation methods, the method       

specific EDZ feature, the EDZ indicative         

character as well as how the feature is present in 

the data. 
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Table 1. Tested and evaluated EDZ characterisation methods, method specific EDZ feature, EDZ indicative  

character as well as how the feature is present in the data. 

 

 

EDZ  

characterisation 

method 

EDZ character Effect in the EDZ 

Visual  

methods 

Tunnel mapping 
Large and fresh fractures  

on the tunnel surface 

Increased large aperture  

fracturing 

Core sampling  

Micro and macro fractures 

intensity, type and  

orientation 

Increased number of fractures 

Extracting slots 

and blocks 

Micro and macro features, 

overall character 
Increased number of defects 

Optical bore  

hole imaging  

Fracture intensity,  

orientation and site geology 
Increased number of fractures 

Acoustic bore 

hole imaging  

Fracture intensity,  

orientation and opening 
Increased number of fractures 

Sample  

analysis 

Petrophysical 

sample analysis 

P and S wave velocity,  

resistivity, porosity  

Lowered velocities and  

resistivity due to defects 

Rock mechanical 

sample analysis  

Shear impedance, shear 

modulus, Young’s modulus 

Lowered values due to  

lowered mechanical integrity 

and defects  

Geophysical 

methods 

Electrical  

resistivity  

tomography 

Electrical resistivity  

anomaly 

Lowered resistivity due to  

water filled defects 

Mise-à-la-Masse Electrical connections 
Electrical connection via  

fractures 

Seismic and 

acoustic method 
P and S wave velocity 

Lowered velocities due  

lowered mechanical integrity 

and defects 

GPR method 
Electrical scatters and 

boundaries as EM reflectors  

Increased number and  

amplitude of reflectors and 

scatters   

GPR EDZ  

method 

Electrical scatters and 

boundaries as EM reflectors  

Increased number and  

amplitude of reflectors and 

scatters   

Hydrological 

methods 

Hydrological  

injection tests 

Hydraulic transmissivity 

depth profiles in drill hole 

Increased transmissivity closer 

to the surface 

Hydrological 

cross hole  

method 

Fracture transmissivities and 

formation transmissivities 

Increased fracture and  

formation transmissivities 
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