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1 INTRODUCTION 

1.1 Terrorist actions 

All violent actions taken against a civilised society 
in order to promote ideological-political, religious 
or other manifestos are characterised as terrorist 
actions. In the last century society was affected by 
a number of groups expressing themselves through 
violent actions. A hundred years ago the anarchis-
tic groups were very active in Russia. In the     
middle of the 20th century anti-colonial terrorism 
occurred in many countries, especially in the   
Middle East. Violent actions perpetrated by the 
German Rote Arme Fraction (RAF) and the Italian 
Brigate Rosse in the 1970s were followed by      
religious terrorism, which had a significant impact 
on society. 

Besides ideological-political and religious ter-
rorism, there have been more and more occur-
rences of terrorism from extreme groups and indi-
viduals expressing their frustration with society. 

The terrorist actions perpetrated during the past 
decade, especially 11th September 2001 in New 
York, 11th March 2004 in Madrid, along with 
those in Iraq and many other countries, have 
clearly demonstrated that terrorism is the greatest 
challenge of security to modern society since the 
end of the Cold War.    

1.2 Terrorist bombs 

Today the objectives of terrorists are to kill as 
many people as possible and to cause as much 
damage as possible in front of the world press.  
Attacks on public infrastructure and buildings 
have therefore been typical targets. Different 
means have been used, including conventional 
weapons and chemical and biological agents. 

However, to-date, the most preferred terrorist 
weapon has been the explosive. The U.S. Depart-
ment of State’s Patterns of Global Terrorism 2002 
recorded 137 terrorist bombing attacks out of a  
total of 199 international terrorist attacks in 2002. 

Explosives are found all over the world, both 
for commercial use and for military actions.      
Explosives are generally cheap, and techniques for 
using explosives for terrorist purposes are very 
easy to learn. 

All professionals and societies of explosive  
engineers therefore have a special obligation to 
understand the issue of the illegal use of explo-
sives and the protection of society from the effects 
of terrorist bombs.  

This paper gives a short introduction to the 
management of the threat of terrorist bombs and 
the protection of buildings against the effects of 
explosions. 

Terrorist actions and blast protection of buildings 
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2 THE THREAT OF TERRORIST BOMBS 

2.1 Exposed targets 

The general threat of terrorist bombs is well 
known. In order to design protective measures the 
threat must be defined on the basis of an assess-
ment of the exposed society and possible terrorist 
actions. Exposed points comprise of: 

− Public transport (airports, ships, trains). 

− Shopping centres. 

− Cultural centres (theatres, museums, exposi-
tions). 

− Public buildings (ministries, embassies,       
police). 

− Communications (radio, TV, newspapers). 

− Public utilities (energy, IT installations). 

− Military buildings (headquarters, barracks). 

2.2 Categories of terrorist bombs 

A small explosive charge in a vital place or a car 
filled with several tonnes of explosives can cause 
enormous damage, which cannot not be foreseen. 
The threat has to be defined within a certain frame 
of probability of possible options. According to 
the different logistic opportunities for transporting, 
placing and detonating an explosive charge 
DEMEX proposes four categories of terrorist 
bombs: 

− Parcel bomb. Explosive charge in letter or 
parcel, weight from 20 g to 1000 g, to be  
detonated inside buildings.  

− Handbag bomb. Explosive charge transported 
in a plastic bag or similar, weight from 1 kg to 
10 kg, to be detonated inside or outside   
buildings. 

− Rucksack bomb. Explosive charge in rucksack 
or suitcase, weight from 10 kg to 25 kg, to be 
detonated inside or outside structures. 

− Car bomb. Explosive charge transported by a 
vehicle, weight from 25 kg to several tonnes, 
to be detonated outside buildings.  

 

Besides the above-mentioned bombs, many 
others are used, e.g. road bombs, booby traps and 
other explosive charges, which are placed on a 
road or at a roadside and detonated when the     
target arrives.  

The weight of explosives refers to the weight of 
high explosives of the strength of TNT, known as 
TNT equivalent.  

The designated place for the detonation of the 
bomb depends on access and opportunities for 
placing the bomb without alerting members of the 
public or guards. Parcel bombs are normally deliv-
ered to the exposed site by public mail or trans-
port. The bomb is designed to detonate when 
someone opens the parcel. 

Handbag bombs and rucksack bombs are usu-
ally transported by people involved in the terrorist 
action. The bomb is often left in an unobtrusive 
place, as though it was a piece of left luggage, 
close to people and sensitive structures, typically 
in entrance halls, shopping centres, and similar.  
The bomb is detonated by a timer fuse or a trans-
mitted signal. Also suicide bombs carried by per-
sons should be considered.   

Car bombs can be parked close to the target 
building and detonated by a timer fuse or a trans-
mitted signal. Car bombs can also be driven at 
high speed into the target and detonated by the 
driver or directly by the crash impact.   

3 EFFECTS OF EXPLOSIONS  

Explosions have primary effects such as: 

− Crater impact. 

− Blast pressure. 

− Heat. 

− Displacement of fragments. 
 
The primary effects will cause a number of 

secondary effects such as: 

− Collapse of structures. 

− Fire. 

− Displacement of window glass. 

− Other damage to surroundings.  

3.1 Crater effect 

In the area close to the bomb the surrounding ma-
terials and structures will be destroyed and a crater 
will be formed at the surface. A rule of thumb de-
termines that the radius of the crater of a surface 
explosion will be approximately 

 
R = (L)1/3 
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where R is the radius of the crater in m, and L is 
the explosive charge in kg. For instance, a car 
bomb of 1000 kg will create a crater with a radius 
of approximately 10 m, and a bomb of 125 kg will 
create a crater with a radius of approximately 5 m.    

3.2 Blast pressure 

The blast pressure will destroy surrounding struc-
tures lying within a short distance and damage 
buildings and windows situated at a greater       
distance, depending on local conditions. The blast 
pressure is assessed according to Baker, as shown 
in Figure 1. 
 

Pressure - Distance

0

500

1000

1500

2000

2500

0 10 20 30 40 50 60 70

Distance [m]

Pr
es

su
re

[k
Pa

]

10kg TNT
100kg TNT
500kg TNT

Figure 1. Diagram presenting air peak pressure from 
detonation of an explosive charge, 10 kg, 100 kg, and 
500 kg at a given distance based on W. Baker et al. Ex-
plosion Hazards and evaluation, 1983. 

 
The blast pressure declines exponentially in re-

lation to the distance between the explosion site 
and the target. 

In urban areas the blast pressure depends very 
much on the surrounding structures. An explosion 
in a closed street has a far greater effect on the 
buildings than an explosion in an open area.  

3.3 Heat 

An explosion creates a fireball in a very short 
time. The fireball itself and the heat from the ex-
plosion can ignite flammable materials and cause 
secondary fire effects. 

3.4 Displacement of fragments 

Fragments from the ground and structures within 
the crater zone will be displaced in all directions. 
The distance of displacement depends on the ex-
plosive charge wind direction and positioning of 
the bomb. Steel fragments and concrete debris 
might be found more than 1000 m from a 10 kg 
blast. 

In the case of a bomb confined in a steel case, 
e.g. an artillery shell placed as a roadside bomb, 

the steel fragments will constititute the most    
dangerous effect. 

4 PRINCIPLES OF BLAST PROTECTION 

Protection against terrorist bomb effects on a 
given exposed object should involve the following 
steps: 
 

1. Reduce the risk of terrorist bombs at the 
exposed site. 

 
2. Set a stand-off distance from the exposed 

site of a possible terrorist bomb. 
 

3. Protect buildings and people at the        
exposed site against the effects of a terror-
ist bomb. 

4.1 Reducing the risk of terrorist bombs 

The risk of terrorist bombs is related to the         
intensity of terrorism and the terrorists’ specific 
intention regarding the exposed object. The nature 
of the risk is usually political or religious. The risk 
of terrorist actions against US state representa-
tives, military, public and private organisations is 
generally much higher than that against represen-
tatives of other countries. However, Denmark now 
perceives a greater risk to its government organisa-
tions than other Nordic countries because of its  
involvement in the Iraqi coalition.  

The risk management of terrorist attacks is 
more or less an intelligence operation and official 
police business. 

4.2 Stand-off distance 

In principle, the largest possible stand-off distance 
should be provided. However, in many cases,     
especially in urban areas, it is not possible to    
provide any stand-off distance at all. 

With reference to Figure 1, the peak pressure 
resulting from a 500 kg bomb will not exceed 50 
kPa at a distance of more than 30 m from the     
explosion site. Protection of people and structures 
against this pressure level can be handled. There-
fore, a stand-off distance of 30–40 m is seen as a 
general requirement among western societies. 

In many situations where it is not possible to 
provide a stand-off distance of 30–40 m, it is   
necessary to review the threat assessment and     
reduce the protection requirements or to compen-
sate the missing distance with adequate protection 
measures. 



4.3 Protection of buildings and people 

In order to protect buildings and people against 
terrorist bomb effects a set of measures must be 
taken: 

− Strengthening of building structures and     
protection against collapse. 

− Making windows blast safe and preventing  
flying glass. 

− Moving worksites to less exposed places. 

− Contingency and emergency planning. 

5 DESIGN OF BLAST PROTECTION OF 
BUILDINGS 

The design of blast protection must be based on 
the assessment of the threat and the estimated blast 
pressures. The design should focus on the stability 
of the structure and window facades. Modern     
architecture favours light, open structures and    
facades, which are a far cry from traditional      
protective building designs.  It is necessary to    
assess the effects of damage to buildings. The US 
Technical Manual TM 5-1300, Structures to Resist 
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5.2 HEXDAM modelling 

HEXDAM, High Explosive Damage Assessment 
Model, is a software programme designed to 
evaluate the damage caused to structures within a 
facility as a result of a primary explosion and any 
accompanying secondary explosions. HEXDAM 
produces output in the form of damage tables, 
blast displays, and pressure curves and damages 
graphs. 
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Figure 2. HEXDAM pressure and damage simulation of 
500 kg TNT detonated 20 metres from building. Pressure 
curves in kPa and damage on buildings are shown in 
colour codes. 

5.3 LS DYNA simulation 

The dynamic response of the blast pressure on 
structures can be assessed by the use of computer 
simulation. The Software code LS-DYNA3D is 
used for the simulation.    

Figure 3 shows a Finite Element Model of a 
window subjected to a blast load. The window is 
modelled with two layers of laminated glass (red 
and blue) and frame and panels (green). The 
brown part is an aluminium panel, which         
contributes to the total applied load on the panels. 
The pressure is applied in the z-direction.          
The window fails as it is pushed out of the frame. 
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The glass is kept in place by the laminate layer, 
and there are no glass fragments. 
 

Figure 3. Example of the use of LS DYNA simulation of 
blast pressure on a window. The upper part of the     
window is shown moving out of the window frame.  

Table 1 – Danish/European classification 

Figure 3.  GSA (General Service Administration) classificat
 

6 WINDOWS 

Flying glass from windows causes some of the 
most damaging effects from terrorist bomb 
explosions. In the bombing of the Murrah 
Federal Building in Oklahoma City, 1995, for 
instance, 40 % of the survivors cited glass as 
contributing to their injuries. Therefore the 
general design of protective measures of build-
ings against terrorist bombs should as a first 
action focus on securing the windows.  

Many types of safety glass are given, includ-
ing bullet proof glass, impact resistant and blast 
resistant glass in different combinations  of  
laminates   and   composites.   It  is  important  to 
 -

of explosion-pressure-resistant glazing 

ion of explosive-pressure-resistant glazing. 
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know that blast-resistant glass must be mounted in 
a frame that can withstand the blast pressure load, 
and that bullet-proof glass is not designed to resist 
blast loads. 

Many different standards are used, which   
complicate the choice of glass. There are European 
standards as well as a number of national         
standards, e.g. the German DIN-standard and the 
British BS-standard. Table 1 shows the Dan-
ish/European standard with four classes of load 
capacity. In Figure 4 the US General Service    
Administration (GSA) standard is presented. 

Besides blast resistant glass there is fragment 
retention film, which inhibits the disintegration of 
window panes. This transparent film is mounted 
on the inner side of the window. A common type 
is the 3 M ULTRA 400 or 600. 

Obviously, the design of the blast protection 
measures of windows must be balanced against the 
blast design of other structures, e.g. doors, walls 
and roofs.    

7 RISK MANAGEMENT 

The design of protection measures against terrorist 
actions forms part of a general risk management 
based on a chain of processes: identification of the 
problem, definition of the threat, evaluation of the 
vulnerability, assessment of the opportunities of 
encountering the threat and the protection pro-
ject’s budget.  

However, the major issues of the risk manage-
ment process are the political gap between: 

− acceptable risk,  

− willing ness to pay, and  

− value for money. 
 

The challenge of the technical risk manager 
and the explosive engineer is to provide the tech-
nical documentation and to form the background 
for the decisions on setting the level of the         
acceptable risk and the budget.  
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1 INTRODUCTION 

There is a need for an entrenched Safety Culture 
where all accidents irrespective of how small or 
insignificant are reported without fear or hesita-
tion, and all incidents are thoroughly investigated, 
controlled and analysed. Control measures have to 
be implemented and monitored to ensure that they 
are successful and are not creating additional   
hazards. 

The thrust of this paper is to highlight the     
importance of discussing the total circumstances 
that have caused some problems. The following 
case studies, pertinent to the points mentioned 
above, will be cited and discussed in this paper. 
However, the authors stress that they are not   
challenging the investigations or findings, nor 
criticising the companies concerned, but are      
emphasising the importance of sound Occupa-
tional Health and Safety Programmes (Integrated 
Management Systems, incorporating Safety,      

Occupational Health, Environment, Security, 
Quality and Production) in preventing accidental 
loss of production. 
− The Porgera Mine Explosion, PNG. 2nd.    

August 1994. 

− The Royal Canberra Hospital Implosion, ACT. 
13th. July 1997. 

− Shotfirer’s Utility Vehicle Explosion; Hunter 
Valley, NSW, 6th. February 2003 

− Major Fly-Rock Incident, S.E Qld. 
3rd.September 2004. 

2 PORGERA MINE EXPLOSION 

2.1  Incident description 

On 2nd. August 1994, Dyno Wesfarmers Limited 
(DWL), Papua New Guinea (PNG), explosive 
manufacturing facility at the Porgera Gold Mine 

An analysis of some explosive related accidents 

G.C. Sen 
Faculty of Engineering, University of Wollongong, NSW, Australia 

D.H. Abrahams 
Explosives Inspectorate, Department of Natural Resources and mines, Queensland, Australia 

ABSTRACT: It is imperative that handling and use of commercial explosives achieves the highest 
possible standard and performance in occupational health and safety. This is essentially for the benefit of 
those working in the industry dealing with explosives, but also to ensure its sustained viability, as the 
community at large enjoys significant economic support from employment scopes. Safe and healthy 
working environments and correspondingly low occurrence of accidents can be accomplished in any 
operational unit. The success of this depends on all persons involved being committed to achieving this 
target through consultation, cooperation, recognition of accountability, and integrating safety with 
production. It is imperative that there is a clear, demonstrable and unambiguous commitment and 
instruction from the chief of the operational unit, which is grasped by every employee. The mechanisms 
by which that commitment is communicated, and by which feedback is given, are vital components in 
achieving high levels of performance and satisfaction. A few case studies, pertinent to the points 
mentioned above, is cited and discussed in this paper. 
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was totally destroyed by two explosions, with the 
loss of eleven lives. Extensive damage was done to 
nearby mine facilities and numerous mine employ-
ees suffered other injuries. Two out of thirteen 
DWL employees survived the first explosion     
because they were working inside storage contain-
ers at the time (Anon. 1996a; Anon. 2004). 

The mine is situated at an altitude 7700ft. in a 
remote and rugged part of the Enga Province of 
PNG, which produced 35,977 kg of gold from 
both open-cut and underground mining operations 
in 1993. The explosive facility consisted of the 
following plant and equipment: cap–sensitive 
manufacturing and packaging; non-electric detona-
tors (Nonel) assembly and testing; ANFO and 
ANFOPs manufacturing; Bulk Emulsion manufac-
turing with delivery by a Triple T (TTT) bulk 
truck. Main storage facilities were suitable for: 40 
Containers of Ammonium Nitrate/ Sodium Nitrate; 
20,000 l oxidising solution; 25,000 l fuel phase; 
85,000 l of un-sensitised bulk emulsion in two 
tanks (some government agencies now class this 
substance as an explosive product of other than 
Class 1); and up to 10,000 l of fuel oil stored     
approximately 18 m from the fore-mentioned 
product storage tanks. All finished explosive 
products, including Nonel detonators and          
elemented caps, were stored in underground  
magazines.  

The first explosion occurred at about 09:45hrs 
on  2nd August 1994, at which time the following 
operations were taking place: manufacturing of 
ANFO, packaging of S.D. Emulite 100 (cap-
sensitive) explosives, loading Ammonium Nitrate 
into the Bulk Explosives truck, and assembling of 
non-electric detonators.  

Approximately 4,300 kg of explosives consist-
ing of 120 x 25 kg bags of ANFO on the 4x4   
canter truck, 25-30 kg ANFO in the Coxon Mixer, 
1250 kg of cap-sensitive explosives in the Emulite 
100 explosives production line and hopper, plus a 
small quantity of Emulite 100 explosives chubs 
30x400mm in the cooling tray (Anon 1996a; Anon 
2004). 

All fatalities are believed to have occurred in 
this first explosion, which destroyed the manufac-
turing plant, office and main plant shed. Fires on 
the bulk truck, around and underneath the bulk 
emulsion and process oil tanks subsequently led to 
the second explosion, just after 11:00 hrs. This  
explosion involved approximately 70-75t of  
emulsion matrix and between 10-15 t of emulsion 
and ammonium nitrate in the bulk truck. This ex-
plosion may have started a very intense fire in the 

Nonel detonator assembly plant, which had been 
partially knocked over by the first explosion. Mine 
rescue personnel had reported hearing popping 
sounds when they entered the site after the first 
explosion, which might have come from the Nonel 
detonator assembly containers, indicating that the 
fire was started by the first explosion (Anon 
1996a; Anon 2004). 

Members of the Porgera Mine Rescue team  
entered the plant shortly after the first explosion, 
but found no survivors. Because of the intensity of 
the fires on the explosives truck and in the bulk 
emulsion bunds, and the popping noises it was  
decided to evacuate nearby mine personnel and set 
up a security/exclusion zone. Mine Management 
implemented a controlled shutdown of all mining 
and process operations (Anon 1996a; Anon. 
2004). 

Figure 1. Fires burning shortly before the 2nd.explosion. 

2.2  Investigation 

The Deputy Chief Inspector of Mines (DCIM) 
headed the official investigation, with assistance 
from Mine Management and DWL. PNG Police 
assisted with the recovery and identification of 
bodies as well as initial security control. The     
Department of Mines Investigation and DWL     
investigation was primarily tasked with finding the 
cause and origin of the first explosion occurred.   

The DWL investigation team initially consisted 
of Australian-based staff, but was soon joined by 
experts from Scandinavia and North America. 
Two months into the Investigation a forensic    
specialist from the Australian Government      
Analytical Laboratory, to confirm or dispute the 
team’s findings, joined the team. In turn for verifi-
cation purposes assistance was also sought from 
the UK’s Health & Safety Executives’ Analytical 
Lab (Anon 1996a; Anon 2004). 

Although the incident occurred on 2nd August 
the formal onsite investigation did not commence 
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until 4th August when the DCIM arrived at the 
mine and all bar one small fire had burnt out. Until 
then reconnaissance had been carried out from the 
air and from the haul truck tray lay-down yard, 
which was situated on higher ground to the South. 
From both vantage points the Investigation team 
was able to determine where the fires were and 
what most probably was burning. The last fire 
burning was in the Nonel detonator tube store. The 
investigation team’s initial task was to clear a safe 
track for the fire engine, to enable the fire crew to 
extinguish the Nonel detonator tube store fire and 
recover unexploded detonators and human          
remains.  

With all fires extinguished, the Investigation 
team, assisted by Porgera Joint Venture Mine  
Rescue personnel, was able to recover unexploded 
detonators as well as unexploded Emulite 100    
explosives and emulsion matrix, which were    
scattered far and wide across the whole site.      
Unexploded and suspect detonators were placed in 
buckets containing light hydraulic oil. Simultane-
ously the PNG Police and other team members 
searched and recovered deceased employees.   
During this period the DCIM interviewed mining 
staff and DWL employees. 

Once all visible detonators and explosives had 
been recovered and the site declared safe, identifi-
cation and recovery of plant and equipment     
commenced under the supervision of DCIM. The 
approximate boundary of the production slab was 
pegged out. Before being moved, each item was 
photographed, numbered, tagged and pegged to 
enable it to be plotted onto a site plan by the PJV 
Surveyors. This was very important and painstak-
ing work, as it was used to determine Trajectory 
evidence. However, it had to be viewed in the  
context of two separate explosions, the second   
being considerably larger, with smaller/ lighter 
pieces of equipment being moved in the second 
explosion (Anon 1996a; Anon 2004). 

The area searched covered a radius of 500 m 
around the site. All key pieces of equipment       
recovered (< 300 items) were taken down to the 
lay-down area (an old tennis court), where they 
were examined closely for telltale signs of explo-
sive shock wave and shrapnel marks, after which 
they were placed in their original position.  A front 
end loader was used to speed up the search and  
recovery process and clear the site, using 250-450 
cm slices. Although members of the investigation 
team closely monitored this operation, it is highly 
probable that some key components were not     
recovered. A spare-parts container was totally    

destroyed and its contents scattered across the site, 
which made the process of identification very    
difficult and taxing. 

The large crater caused by the second explo-
sion was divided into segments and carefully 
searched before being filled in. The mine returned 
to normal operations after a memorial service on 
the 13/08. Gold production was suspended for 
four days. 

The first explosion left a crater 7 × 5 × 2 m, in 
the vicinity where the Canter truck had been 
parked. The second crater was considerably larger, 
approximately 40 m in diameter and 15 m deep in 
the area where the bulk emulsion tanks had been 
located (Anon 1996a; Anon 2004). 

Figure 2. The ‘Large Hole’, left by the second explosion. 

2.3  Key findings 

The first explosion occurred in the Emulite 100 
explosives packaging line, specifically within the 
Mono pump. This was determined after extensive 
analysis of internal pump components, which was 
found in the subsequent search and recovery      
operation. It is believed from extensive analytical 
studies that the initiation point for the first explo-
sion took place inside the rotor boss-head cavity, 
where the Emulite 100 explosives compound had 
managed to leach pass O-rings and a possibly 
missing packing gland over a period of time. 

The exact mechanism of the initiation point is 
not known, but it is thought that microscopic 
cracks, flexing of components, heat, and perhaps 
back pressure were sufficient to create the right 
conditions to initiate the explosive compound in 
the cavity. Emulite 100 explosives exhibit strong 
exothermic reaction above 230oC (Anon 1996a; 
Anon 2004). 

Note: Since this major incident the pump 
manufacturer and industry has conducted exhaus-
tive studies to replicate exactly the damage caused 
to the progressive cavity pump during the first   
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explosion and verify/challenge the scientific    
findings. Subsequently there are differing schools 
of thought as to the initiation point for the first  
explosion. 

2.4  Recommendations 

These suggestions for improvement are taken in 
part from the Investigation reports of Dyno     
Wesfarmers Limited and the PNG Department of 
Mining and Petroleum, and are also based on the 
experience of the authors.  

2.4.1  Engineering design and management skill 

Companies involved in High Risk Industries 
should without hesitation ensure that adequate   
engineering controls are implemented from the  
initial concept through to the post commissioning/ 
final inspection stage before signing the plant/    
facility over to operations. Legislation, National 
and Industry Standards should be consulted and 
included from the preliminary design stage by   
Engineers so that crucial items such as ‘Table of 
Distances’ for manufacturing and storage can be 
taken into consideration and addressed by man-
agement, if required. 

Engineering reviews, Hazard And Operability 
Study (HAZOPS), What If Analysis, etc., should 
be part of this process, including the provision of 
safe operating procedures, spare parts list as well 
as acceptable maintenance schedules. Standard 
Operating Procedures (SOP) should be simple/ 
easy to follow, should cover all steps of the task in 
a logical sequence, and use photographs employed 
to identify key levers or parts.  

Note: the use of photographs in SOPs, particu-
larly in third world countries, is strongly recom-
mended. 

Critical controls for temperature, flow, pres-
sure, etc., should be tamper-proof, with keys held 
by senior maintenance or operations supervisor. 
An enforced, documented and well understood 
Change Management program is essential to     
prevent deviations creeping into operating proce-
dures or maintenance programmes. 

2.4.2  Employee training 

Establishing an in-depth training programme   
covering all levels of an organization pays divi-
dends not only in safety but also in quality,      
production and maintenance. An analysis of train-
ing needs is essential to ensure that all tasks and 
positions, including management, are adequately 

covered. Competency-based training and assess-
ment should start immediately for those employees 
who are operating or servicing critical equipment. 

2.4.3  Leadership and administration 

Sound leadership and well-established administra-
tive support is essential today for any business to 
survive. Not just for head office, it should be 
available for sites, projects and factories. The plant 
manager requires a good understanding of Safety, 
Quality, Human Resources and Environment, and 
also requires production, managerial and account-
ing skills. 

2.4.4  Risk management, Critical Task Analysis 
and task observation 

Companies involved in high risk industries such as 
Mining, Quarrying and Explosive Manufacturing 
should have sound risk management programmes 
in place covering both manual work site as well as 
corporate (major) risks to the organization and/or 
site. A well-documented risk register should be 
developed shortly after the establishment of a site. 
Adequate controls should then be developed and 
regular reviews implemented. 

Should the explosives facility be on a Mining 
Lease or Government Reserve, these organizations 
have a responsibility to ensure that the explosives 
company and/or supplier has identified all poten-
tial hazards and risks, and conducts their opera-
tions in a safe manner. 

Task Analysis should be conducted on all     
operations to identify those tasks that are 
‘CRITICAL’. Developed SOPs should be re-
viewed as part of this process and for those tasks, 
which are found to be critical, but do not have 
SOPs, priority should be given to develop them. 
Companies with High Risk Operations should 
practice Critical Task Observation to ensure      
operators are not deviating from the SOP (Anon 
1994). 

2.4.5  Planned inspections and maintenance 

A rigorous, well-documented maintenance pro-
gramme should be in place from day one of the 
contract, project or manufacturing plant. All items 
of plant and equipment should be included, with 
particular attention given to critical pieces of 
equipment such as pumps. This work should be 
done by competent personnel, using genuine parts 
in a well maintained and equipped workshop. 
Maintenance personnel should also be trained to 
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recognize components where the wear and tare of 
components has been caused by operator abuse. 

A planned inspection program covering critical 
plant and equipment, parts and items, and general 
and housekeeping inspections, with a documented 
reporting and follow-up system, are also crucial in 
controlling and minimizing accidental loss.      
Personnel conducting these inspections should   
receive appropriate training. 

Incident investigations should be conducted 
when maintenance personnel report any abnormal 
wear and tear or abuse of critical pieces of plant 
and equipment. Examples are pumps, brakes, 
clutches, and lock-out devices. 

2.4.6  Emergency preparedness 

Reviews of Emergency Response plans should be 
conducted after the completion of ‘on-site’ Risk 
Register and Assessment to ensure that the site has 
the correct type of automated emergency equip-
ment and that it is located correctly. Personnel 
must know how to respond in an emergency, and 
drills need to be conducted with Emergency     
Services personnel who are familiar with the site 
and what hazards are faced in the event of fire. 

2.4.7  Incident investigation 

A culture of understanding without blame has to 
be established to help ensure that all unsafe acts 
and conditions, including all incidents no matter 
how small or trivial, are reported and thoroughly 
investigated. The degree or level of investigation 
should depend on the possible outcome of a    
similar event if not controlled or there is an        
increase in energy. 

Supervisors should feel comfortable in calling 
on more experienced colleagues to assist with     
investigations, but most importantly, all investiga-
tions should be done systematically to enable all 
basic causes to be established, as should failures in 
the management systems that led to the break-
down. It is crucial that staff receive suitable        
incident investigation training and that companies 
ensure that adequate tools/ systems are available, 
such as ICAM or SCAT (Anon 2000, Anon 1994). 

Structured photography combined with a 
clearly marked grid pattern for search and recovery 
operations and measurement data analysis are the 
essential ingredients of a thorough investigation.  

2.4.8  Communications and culture 

Effective communications in any organisation play 
a critical part in preventing and reducing acciden-

tal loss. These include clear concise messages, 
easy to follow procedures and work instructions. 
Signs and instructions should be in different     
languages, if required. The above are all frequently 
forgotten or not considered with respect to          
effective Safety Management. 

Cultural sensitivities should be considered for 
all companies that operate in other countries or 
employ groups of migrant workers or indigenous 
people. A frequent issue when working in Asia or 
Africa is that people there do not want to lose face, 
particularly in front of persons from another tribe 
or village. Then an indirect approach is more      
effective. 

3 CANBERRA ACCIDENT  (BIRD, F.E. & 
GERMAIN, G.L. 1992) 

3.1  The event 

A young girl was hit by a flying projectile and 
died instantly while watching the demolition by 
implosion of hospital buildings in Canberra on 
13th July 1997. She was standing approximately 
430 m away from the explosion site, and there was 
a crowd of between 30-40,000 people in that area. 
Her death was caused by a fragment of steel       
expelled from one of the corner columns of the 
building. This lethal fragment, which weighed 
nearly 1 kg, struck the girl’s head. This impact 
caused the girl’s scalp and skullcap to sever from 
her head.  

It is estimated that the impact velocity of the 
steel fragment was 128 –130 m-s with an associ-
ated energy of 8.172 kJ. Subsequent evidence 
showed that the lethal fragment was mild steel, 
and was part of the webbed portion of a steel    
column.  

A piece of fractured steel fragment from        
another backing plate was found embedded in the 
grounds of a house about 400 m from the hospital 
building. The plate was warm to the touch. Other 
metal debris was also recovered from the blast. 
The fragmentation pattern on the steel and the   
surrounding piece showed the same qualitative 
characteristics that generally occur when steel is 
intimately exposed to a sudden explosive impact.   

3.2  Background 

The hospital buildings to be demolished were     
located in Acton Peninsula within Lake Burley 
Griffin, and belonged to the Federal government. 
After the demolition the land was to come under 
the jurisdiction of the Australian Capital Territory, 
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and be commercially developed. It appears that 
there was some confusion as to which regulatory 
agency was responsible for the safety scrutiny of 
this demolition project. The authorities engaged 
two organisations to manage and oversee this 
demolition project, which was to be executed by 
the implosion method of blasting. These two      
organisations nominated two of their employees to 
execute their responsibilities in this project.      
According to Coroner’s findings nether of these 
two personnel had adequate knowledge or experi-
ence of the implosion method. On the recommen-
dation of the Project Manager a demolition con-
tractor was appointed. There was no enquiry into 
the experience and capability of the sub-contractor 
appointed to carry out the blasting operation by 
implosion. When the existing structural engineer 
resigned in the early stages of the preparatory 
work the Project Manager did not ensure that the 
replaced structural engineer had the relevant      
experience in implosion technique.  

The Main Tower Block was constructed of    
reinforced concrete with steel columns. Originally 
the blasting contractor proposed to use 130 kg of 
explosives, and this amount was quoted only 11 
days before the implosion date. In the event, 
around 500 kg of cartridge explosives was actually 
used. There was no use of ‘shaped charge’ to    
pre-cut steel plates. Protective measures against 
flying fragments were taken mainly to protect the 
main section of the hospital and not as protection 
towards the lake direction of the building. 

The demolition of the hospital was publicly 
promoted by the government or organising         
authorities and in such a way to attract the public 
to witness this spectacular event. Consequently, a 
large crowd gathered all along the periphery of the 
lake. 

3.3  Coroner’s verdict 
The Coroner was critical about the administration 
and execution of the entire demolition project. The 
following items are in particular highlighted: 
− The blasting contractor did not have suitable 

experience in imploding a large building. 
− There was a lack of pre-weakening of some 

pertinent structure of the building.  
− The quantities of explosives used were clearly 

excessive.  
− The protective measures were inadequate. 
− The blast was designed to throw fragments 

across the lake where a large crowd was       
observing.  

− There was an inappropriate exclusion zone to 
ensure the safety of the crowd. 

− The height of the bund erected for containing 
projectiles was insufficient. 

− There was a failure to obtain advice from an 
independent expert. 

− Both supervisory staff and regulatory agencies 
failed to detect potential faults in the prepara-
tion of this demolition project. 

− A demolition of this type as a public spectacle 
was fraught with risk, and should not have 
been encouraged by the executive organisa-
tions. 

4 HUNTER VALLEY UTILITY VEHICLE 
EXPLOSION 

4.1  General information 

A utility truck used for carrying explosives in an 
open-cut mine in Hunter Valley (Australia)        
exploded on 6th February 2003 at around 9:20am. 
This explosion occurred when the shot-firer was 
returning detonators and boosters to the magazine. 
The injured shotfirer was taken to hospital, but 
was not seriously injured. 

Figure 3(a). Truck before the explosion. 

Figures 3(a) and (b) show the photographs    
respectively of a utility truck equipped to carry 
explosives and the condition of the vehicle after 
the explosion. 

The mines inspectorate was on the scene at 
1:15 pm after being informed at 11am. The initial 
thoughts were: faulty product; faulty vehicle – 
electrical or fuel; possible sniper attack from ex-
wife; sudden impact – meteorite or falling gear; 
lightning strike; leaking chemicals; flammable   
hydrocarbons; static electricity; smoking cigarette. 
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Figure 3(b). Truck after the explosion. 

4.2  Reconstruction 

After loading 97 holes with boosters and detona-
tors in the blast of that day there remained a      
surplus of one box containing 23 detonators, two 
full boxes of boosters, and one box of 38 boosters. 
The detonator box and the partly full booster box 
were placed at the rear right of the utility truck, 
and two full booster boxes on left side of the tray. 

The shotfirer then had a drink and smoke, after 
which he went to the ‘crib room’ and took a 
packet of cigarettes and placed it in the cabin of 
the truck. Then he drove the vehicle to the     
magazine gate, which he stopped to open. After 
getting out of the vehicle, the shotfirer noticed 
smoke coming from the driver side of the rear tray. 
He ran to the passenger side at the front of the    
vehicle and crouched down, when the vehicle    
exploded. The shotfirer was hit by flying gravel 
and knocked over, clear of the path of the moving 
vehicle. 

The locked gate restricted forward movement 
but was smashed open by the post-exploded       
vehicle. The dazed shotfirer regained his feet and 
wandered around the compound in the direction of 
the crib hut. Subsequently he was discovered lying 
on the ground outside the hut. 

4.3  Initial thoughts 

In a brainstorm amongst investigation team    
members to identify the possible causes of this   
explosion the following aspects were explored. 

a) Faulty product. The explosives’ supplier was 
called in to take samples of detonators and 
booster, but no problem was found with either. 
The oldest booster was only three weeks old.  

b) Electrical or fuel fault with the truck. Trucks 
had been filled with diesel that morning; upon    
removing the filler cap, diesel could be seen in the 
filler tube. The battery was intact, and the leads 

were disconnected by the first person on the scene. 
Moreover, the detonators were non-electric. 

c) Possible sniper attack. The driver’s ex-wife 
rang the mine, the Police, Workcover Authority, 
and the Department of Mines to claim that her 
husband was a thief, and an alcoholic. Concern 
was raised that she might have hired a ‘hit man’. 
Immediate discussions were held with the Bomb 
Squad and Tactical Response Group regarding the 
size and power of rifle required, and its maximum 
effective distance (400 m). Possible sites in that 
range were examined. No substantiating evidence 
was found. 

d) Sudden impact with explosives by falling 
meteorite, or other body. It was a clear day and 
there was no record of anything falling from the 
sky. If anything had fallen into the back of truck 
whilst the truck was moving, a detonation would 
have occurred then. No evidence of any gear, 
which could have been carried in the rear of truck 
and might have caused detonation, was found. 

e) Lightning strike. Since it was a clear day this 
was ruled out as a possibility. 

f) Leaking chemicals. An audit was carried out 
to determine if any compounds could have been in 
the back of the truck; nothing was found. 

g) Flammable hydrocarbons. No evidence 
found. 

h) Static electricity. This cause was eliminated 
since Nonel detonators are not sensitive to static 
electricity. 

i) Smoking. Detonators and boosters were   
supposedly being carried in proper fibreglass   
storage boxes on back of truck with no means of 
access. 

j) Terrorist threat. Due to lack of information 
this was discounted. 

4.3  Findings 

Eighteen un-smoked cigarettes were found near 
the vehicle and fifteen smoked cigarette butts were 
found along the compound fence, leaving seven 
cigarettes unaccounted for. Shotfirers admit that 
since storage boxes could not hold enough explo-
sives for a normal job, all explosives were stored 
in the rear tray, and the explosives boxes used for 
storing personnel items only. The detonator box 
and explosive storage boxes were reassembled for 
examination and there was no indication of fire. 

Common practice is to close the compound 
gate but not lock it during the day. The fuel tank 
was found intact. There was definite evidence of 
fire in the rear tray but confined to the top surface 
only. 
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The driver shotfirer is the only shot-firer who 
smokes. He had been seen smoking in the vehicle 
previously. The shot-firer sustained small cuts, 
abrasions, bruises to arms and legs. All appeared 
to have been caused by small stone chips, and not 
by shrapnel from explosion. Therefore he must 
have been shielded from the explosive force by the 
cabin, and his injuries were caused by the shock 
waves from under the vehicle.  Eardrum damage 
would normally have occurred within 15 m of the 
explosion, and although he was actually within a 
10 m limit, because of the shielding effect of his 
actual position, he sustained no increased damage. 
The shotfirer’s breathing was unaffected, and none 
of his clothing was damaged. Again, shielding by 
the cabin must have contributed to these factors.  

A person at that distance (i.e. the shotfirer’s 
position), but without protection, would be      
subjected to 10 times as much energy and would 
suffer burns to the skin from exposure to fireball 
and/or heat. Therefore the shotfirer must have 
been in a crouching position, slightly to the left of 
and facing the front of the vehicle with his right 
arm raised in front of his face. 

If the shotfirer had been in a standing position 
in front of the vehicle, the windscreen would have 
decapitated him. Force of impact after the explo-
sion most probably rolled the shotfirer over and 
pushed him out of the way of the moving vehicle. 

4.4  Results of some tests on burning  

Tests carried out on the detonator box found it to 
be highly flammable, and the foil around detona-
tors ignited readily when exposed to a naked 
flame. Tests by the explosives manufacturing 
company found that a lit cigarette will not ignite a 
non-electric detonator. Tests with a lit cigarette on 
a cardboard detonator box ignited the box in still 
conditions in four minutes. Tests also indicate that 
a detonator would set off a booster through one 
piece of cardboard over a 50 mm air gap. Burning 
a cardboard box containing detonators produced 
the following observations: 

− The first detonator exploded after 3 min 5 sec. 

− One detonator was observed to explode 500 
mm away from the cardboard box. 13          
unexploded detonators were found at the end 
of the test. 10 detonators exploded, with one 
detonator found 18 metres away. The detona-
tor box collapsed on burning and its contents 
fell forward onto the ground. 

− A totally unprotected person at the distance 
that the shotfirer was would have been       

subjected to 10 times the energy he endured 
and would have suffered burns to the skin due 
to exposure to post-explosion fireball/heat. 
Therefore the only position the shot-firer could 
have been in was crouching and facing the 
front of the vehicle with his right arm raised in 
front of his face, slightly to the left of the     
vehicle. If the shotfirer had been in a standing 
position windscreen would have decapitated 
him. The force of the impact from the explo-
sion most probably rolled the shotfirer over 
and out of the way from the moving truck. 

4.5  Conclusions  

It seems clear that the cause of the whole incident 
was that the driver flicked a burning cigarette out 
of his window whilst driving, and it landed in the 
detonator box. The movement of the air over the 
cigarette caused the box to ignite, which in turn 
ignited the foil and finally the detonators. The 
detonators then set off the open box of boosters, 
which in turn set off two unopened boxes of 
boosters almost immediately. 

No fault with the explosive product could be 
found, nor was there any other possible means 
found of initiating the fire. The evidence of     
shallow burning on the vehicle decking indicated 
that there were no chemicals or other external 
source associated with the fire. 

4.6  Recommendations 

4.6.1  Planned inspection and maintenance 

House keeping inspections as part of the Planned 
Inspection protocol, conducted by a supervisor to 
a set schedule, should identify any safety breach in 
fire sensitive areas by noting the presence of   
cigarette ends. 

4.6.2  Risk management, Critical Task Analysis 
and task observation   

There are a large number of articles on behavioral 
safety. In the opinion of the authors the following 
two are well tried and tested: DNV Planned Task 
Observation Program (Anon 1994) and the Du 
Pont STOP programme (Anon 2001). 

5 MAJOR FLY-ROCK INCIDENT S.E.QLD. 

5.1  Incident description 

A production blast #18/2004 (55,000t) conducted 
at Wolffdene Quarry, S.E. Queensland on        
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September 3 at 16:43 hrs resulted in excessive   
airblast, vibration and flyrock. Quarry manage-
ment received numerous complaints regarding   
excessive airblast and vibration. No injuries were 
reported as a result of the flyrock, but there was a 
clear potential for severe injuries or fatalities,   
particularly as sizable material went over blast 
sentries and was reported to have traveled up to 
1300 m (Madden, S.G. 1999). 

5.2  Investigation 

An in-depth investigation was conducted by      
Explosives and Mining Inspectors from the 
Queensland Department of Natural Resources & 
Mines, using the ICAM incident investigation tool 
(Anon 2000), with open and willing participation 
from Quarry Management and Explosives        
Supplier/ Blasting Contractor (Madden, S.G. 
1999). 

5.3  Key findings 

Failure in communication throughout the cycle of 
planning, drilling, loading, and blasting, and    
failure to follow established procedures led to the 
planned loading of six blast holes with a minimum 
burden of less than 2 m. In addition, because no 
procedures were in place, poor communication 
among the blast crew resulted in five holes that 
had slumped and become overloaded being 
hooked up to the shot, and three extra holes being 
loaded because the blast area was not clearly 
marked out. 

Because of other operational duties, a pre-shot 
risk assessment was not conducted and the blast 
exclusion zone was not clearly defined. 

5.4  Recommendations  

5.4.1  Procedures 

Procedures should be developed and be available 
for all critical tasks and cover potential irregulari-
ties that may occur such as bore hole product 
slumping. Task Observations should be conducted 
on all critical tasks to ensure procedural compli-
ance.  

5.4.2  Risk management  

The authors with a combined 80 plus years         
industry experience suggest that companies      
consider three risk assessments with respect to 
Blasting Operations: (a) design / planning stage, 
(b) prior to commencement of loading (c) prior to 
final tie-in and blast. 

The Senior Operational Manager, Quarry  
Manager or Drill and Blast Engineer and the shot-
firer should sign off on risk Assessments. It is also 
extremely important that employees receive     
suitable risk management training.  

5.4.3  Shot data 

Drill hole logging information should be reviewed 
by the shot-firer prior to commencement of load-
ing (as part of [b] above). This information is  
critical in controlling fly rock, airblast and vibra-
tion, particularly for the front row. Charge criteria 
must be specific to the actual drill hole conditions. 

5.4.4  Contractor management 

Sound and frequent communications to discuss 
and review changes and occurrences is paramount.  

5.4.5  Resources 

Good two-way communications are critical with 
respect to designing and scheduling of production 
blasts. Contractors have to be attuned to ‘some-
times saying no’ to the client to prevent their      
resources being stretched. 

5.4.6  Fatigue 

Where 12 hour shifts are the norm for the mining, 
quarrying and explosive industries all involved 
companies should have formal fatigue manage-
ment programmes in place, which includes      
compliance monitoring. 

5.4.7  Production 

‘Production before safety’ – unfortunately this 
phrase far too frequently is highlighted during    
incident investigations. Only when safety is        
regarded as an equal piece of the operating pie and 
‘all’ personnel receive suitable training in commu-
nications and planning, as well as other key safety 
topics will the phrase, ‘production before safety’ 
disappear from the investigators report.  

5.4.8  Blasting performance  

The authors encourage and strongly recommend 
that all blasts are monitored for vibration and re-
corded on video. This information can be used for 
training and investigation purposes should the 
need arise. Companies should also consider the 
use of empirical formulae to estimate the size of 
airblast and flyrock throw to supplement shot-firer 
experience and knowledge. 
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6 GENERAL CONCLUSIONS 

Only a small number of explosives-related         
accidents that have occurred in Australia and PNG 
have been dealt with in this paper. There is a host 
of other recorded cases throughout the world, 
which in most instances, were due to ignorance or 
negligence. The key element in reducing blast-
related mishaps is to make the explosives’ user 
fully aware of the inherent characteristics of       
explosive materials (Sen, G.C. 1995). 

Management in the industry also needs to     
exercise great vigilance over the transport,       
handling and storage of explosives. The Minerals 
Council of Australia has recognized the impor-
tance of these aspects and their potential negative 
outcomes and has given the mining industry a    
directive to examine the processes that lead to 
these failures and to monitor preventive control 
mechanisms (Bird, F.E. & Germain, G.L. 1996). 

The authors would like to see this vigilance  
extended globally to the management of the       
explosives industry. There are a number of         
extremely good integrated-management systems 
available which incorporate Health, Safety,       
Environment, Quality, Security with processes that 
can be fine tuned to the special needs of the       
explosives industry. 

In conclusion, it should be recognized that 
considering the number of commercial blasting 
operations carried out each day, explosives-related 
accidents are very few. The excellent safety record 
for commercial explosive users is due to the    
combined efforts of the explosives manufacturers, 
industry personnel and government agencies for 
their help in implementing a stringent code of 
practice for safe blasting operations.  
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1 INTRODUCTION 

Differences exist between public perception of 
construction blasting and quarry blasting. In    
general, people are able to tolerate short term     
inconveniences much better than long term ones. 

Quarries and other long term mining operations 
utilizing blasting are coming under increasing 
public and legislative pressure in the United 
States. The question we are posing for the blasting 
industry is, ‘Has our past haste in adopting com-
plex scientific scales and units been detrimental to 
us?’ In other words, are we reporting the correct 
things? In this paper, a survey is described that 
evaluates the decibel scale against millibar and 
PSI as units for measurement of airblast pressure. 
Peak Particle Velocity and frequency were also 
compared to displacement in both inches and   
millimetres (mm) for vibration measurement. 

The past practice of treading softly as an indus-
try has been proven to be a poor choice, and    
education of the public as well as lawmakers on all 
levels is necessary. The Mississippi Valley Chap-
ter of ISEE has begun to conduct seminars to this 
end. This educational seminar has taken place for 
officials and lawmakers in St. Louis, Missouri and 

Jefferson City, Missouri, and others are in the 
planning stages. 

Expanding urban environments are presenting 
new challenges for the explosives industry. When 
development of the larger cities in the United 
States began, quarries were strategically located to 
serve specific cities. By nature these quarries were 
located as close to the cities as possible while not 
interfering with development of commercial and 
residential land. As the cities have continued to 
sprawl into the countryside and suburbs have   
continued to grow, many established quarry have 
encountered a challenging situation. Neighbour-
hoods and shopping centres are now common 
neighbours for suburban quarries. These quarries 
are now forced into public relations issues that 
were never a concern before. In the past, extensive 
research has been undertaken on blast damage  
levels; however, this work has done little more 
than slow down the onslaught against the blasting 
industry. While it has been important work since it 
has provided the industry with certainty about 
what vibration and airblast levels are harmful to 
structures, a problem still remains. Although struc-
turally safe levels have been met, complaints about 
blasting do not cease. At this point, the problem 
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immediately transforms from a structural damage 
issue into one about abating complaints. It should 
be obvious that the key or keys to this problem are 
somewhere else. Certainly the use of public        
relations in our industry is a relatively new idea 
and definitely making ourselves understandable to 
the public is a novel concept. Nearly twenty years 
ago, the blasting industry faced similar challenges 
as can be seen a journal article by Petro and 
Anderson in 1986. The abstract begins ‘Blast     
vibration problems are often a matter of neighbor 
complaints rather than compliance with regula-
tions’ (Petro, 1986). At the 2005 International   
Society of Explosives Engineers Conference on 
Explosives and Blasting Technique, Spathis states, 
‘It is also interesting to note that in certain circum-
stances a person can feel levels of ground           
vibration that are lower than human comfort limits 
and thus be disturbed even though there has not 
been an exceedance (of regulatory limits)’ 
(Spathis, 2005). An example of the situation      
described above can be found in St. Charles,   
Missouri. The first step in accomplishing the long 
standing, yet unearthed goal of public comprehen-
sion, is to determine what is understandable to the 
public. The survey described in this paper is an 
initial effort at determining public comfort levels 
with blasting and its current reporting units. The 
survey asks questions about how comfortable  
people are with blast vibration and airblast levels 
and limits. 

2 SURVEY LOCATION, HISTORY AND 
POLITICS 

The particular quarry in St. Charles is situated in a 
convenient location for commuters, and thus  
housing developments nearby are attractive to 
young working families. St. Charles is west of St. 
Louis, immediately west of the Missouri River. 
Many residents commute to St. Louis for work 
every day and use Interstate 70 as a primary travel 
route. The quarry is located only a few miles from 
I-70, and has been operating for many years. In the 
immediate vicinity (within 1 mile) of the quarry, 
several neighbourhoods are now established. 
There are basically two types of contrastingly    
different neighbourhoods to be found in the area. 
There is a neighbourhood that has been developed 
for nearly 40 years. This neighbourhood’s home-
owners are typically older, and are approaching  
retirement or are already retired. The residents 
there have been living with the blasting at the 
quarry for many years. It is very likely that there 

were no efforts to educate the residents in this 
neighbourhood as to the effects of blasting. The 
other neighbourhood found near the quarry is a 
newer housing development that is still very       
actively building. Many homes overlook the 
quarry, and rest on one of the high walls of the pit. 
This neighbourhood is filled with younger people 
who typically work during the day, and are new to 
the blasting at the quarry. This neighbourhood was 
subject to a public relations letter for all residents 
early in its development. The survey conducted for 
this paper highlights key differences in the two 
neighbourhoods and an evaluation of differing 
perceptions of the quarry and blasting practices is 
made. 

Recently, county administrators issued a letter 
to many companies involved with the blasting and 
mining industry in St. Charles County. The letter 
was requesting responses to proposed changes in 
blasting regulations for the county. The proposed 
changes were driven by complaint levels from resi-
dents in the county, and not damage criterion on 
which the previous regulations had been based. In 
an effort to appease residents and reduce     com-
plaint levels, the county proposed vibration and 
airblast limits well below federal regulations cited 
by The Office of Surface Mining (OSM). The let-
ter suggested that the peak particle velocity (PPV) 
at the operator’s property line was not to exceed 
25 mm per second (~1.0 inches per       second). 
The PPV at the nearest uncontrolled structure 
would be 13 mm per second (~.50 inches per sec-
ond). Finally, the 6Hz, 2Hz, and .1Hz   decibel 
limit would be reduced from 133dB to 115dB (ap-
parently to conform to OSHA requirements for on 
the job noise levels). These proposed changes 
were extensive for the quarries operating in the 
county, and many operators and local        industry 
experts responded to the letter. The situation is not 
completely resolved to date. Current limits as of 
August, 2004 were 50 mm per second (~2.0 inches 
per second) PPV at the property line, 38 mm per 
second (~1.5 inches per second) at the nearest un-
controlled structure, and a much more reasonable 
133db peak airblast for 2Hz or lower (134db for 
.1Hz or lower and 129db for 6Hz or lower). How-
ever, if the proposed regulations were adopted, it 
would cause severe restrictions for blasting in St. 
Charles County. 

3 PUBLIC RELATIONS 

Many other situations similar to this can be found 
all over the United States today. Public relations 
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are an increasing problem for quarries and mines 
in areas of rapid growth. In the past, the explosives 
and blasting industry has taken a soft spoken     
approach with the public. The idea of ignoring 
public relations in hopes that complaints will 
eventually go away is no longer effective. 

Already, many people harbour ill feelings      
toward blasting operations. Public relations are 
necessary. However, the blasting and mining      
industries in general are way behind in creating a 
positive image in their communities. It is impera-
tive that over the next several years, our industry 
follows the lead of industries such as plastics in 
educating the public about the good things that are 
created through the use of explosives and mining. 

The first step in achieving positive public      
relations is educating the public on how blasting 
operations conduct business, and how these opera-
tions affect the public. People are naturally        
uncomfortable with events that they perceive as 
potentially dangerous to their homes. Current     
reporting practices leave much to be desired when 
considering that the public must understand what 
is actually happening when blasting takes place. In 
order for the blasting industry to sustain positive 
public relations, the information that is reported 
about each particular blast not only must be easily 
understood by the public, policy makers, and     
explosives users alike, but it is imperative that they 
also have a good comfort level with these        
numbers. The survey results found in this paper 
are a first attempt at locating a proper medium for 
transferring seismograph data to the public in an 
easily understandable format. 

Research in other areas has provided much    
insight as to the development of public policy. 
Warneke discusses at length the use of indicators 
to help in the creation of public policy. Through 
discussing the many definitions and characteristics 
of indicators Warneke identifies a common thread 
among effective indicators. He states ‘characteris-
tics necessary for effective indicators: … Simple 
to interpret, accessible and publicly appealing’ 
(Warneke, 2004). The blasting industry needs to 
define good indicators for public relations and 
complaint levels involving blast vibrations. The 
survey described here could be utilized as a       
beginning for this process as well. 

As local and state regulations become more   
restrictive to blasting activities, the problems      
associated with blast vibrations and airblast are 
becoming more of a public relations problem 
rather than a technical issue. This can be said only 
with a qualifying statement. Technically sound 

regulations must be created with public relations 
in mind. This seemingly simple task will provide 
lawmakers with an easily understandable standard 
by which to base local regulations. 

In order for regulations to be easily understood, 
the units of measurement utilized within them 
must be the most comfortable and understandable 
to legislators, government administrators, and the 
public. Data from surveys such as the one         
discussed in this paper, and others to follow will 
speak volumes as to what the general public are 
most comfortable with when discussing units of 
measurement for blast vibrations and airblast.  

4 SURVEY INTRODUCTION 

Current reporting practices in the blasting industry 
utilize complicated scales for both airblast and 
ground vibration. For airblast, the regulatory limits 
report pressure according to the decibel scale. The 
selection of the decibel scale for airblast pressure 
is detrimental for several reasons. First, the decibel 
scale is commonly used to represent how humans 
hear sound. This is odd considering that the      
majority of energy created from blast overpressure 
is of frequencies below the human hearing          
capabilities and therefore is not sound. Also, the 
decibel scale is logarithmic, making it very        
difficult for the public to understand. The equation 
for decibels is as follows: 
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From a perception standpoint, the decibel scale 
may be detrimental for the blasting industry. For 
example, the current OSM limit for blasting is 
133dB, while the damage threshold for poorly 
hung, large windows is approximately 144dB 
(lowest level found in the literature). To the        
untrained eye, the limit is set at over 90% of the 
damage criterion. In actuality though, 133db 
(.89millibar using equation 1) is less than 30% of 
the pressure represented by 144db (3.18millibar). 
Figure 1 is a bar graph comparison showing the 
percentage of damage threshold for the logarith-
mic decibel scale and a linear pressure scale    
(millibar). Looking at Figure 1, which scale do 
you think would give the most comfort to a non 
technical person? 

In blast vibration monitoring, particle velocity 
is measured and reported with an accompanying 
frequency. This may also be a poor choice of units 
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from a public perception standpoint. U.S. OSM 
regulations are based on a step function comparing 
frequency to velocity. Any vibration found below 
the step function shown in Figure 2 is considered 
to be at a level that will not cause damage to  
structures. Velocity alone does not cause damage 
to structures. Differential strain due to differential 
movement of two parts of a structure causes    
damage. Perhaps a better unit for reporting would 
be overall displacement. Displacement can be     
related to velocity and frequency in a sinusoidal 
wave with a simple equation as follows: 

( )

FrequencyF
VelocityV

ntDisplacemeD
where

F
VD

=
=
=

××
=

π2
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An example of how this might be more simple 
to understand, and more well received can be 
drawn from a typical blast scenario. Vibrations 
from a typical blast using 100 mm (~4 inch) holes 
at a distance of 200 m (~650 feet) should produce 
a PPV of 10 mm per second (4 inches per second) 
at 35 Hz. Using equation 2, a displacement of 
.05mm (1.97E-3 inches) is experienced at the 
point of measurement. This is approximately half 
the thickness of U.S. photocopy paper. Which 
measurement do you think would give the most 
comfort to a non technical person, a vibration of 
10 mm per second or half the thickness of a piece 
of photocopy paper? 

The survey described in the following pages 
was designed to determine whether there may be 
justification to consider changing the units used 
for reporting and regulating blast vibrations and 
airblast. With public relations becoming an         
increasing problem, public perception of the       
industry is an ever more important aspect of    
business. 

Figure 1. Bar graph comparison of the decibel scale and the millibar scale. 
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Figure 2. Step function representing damage criterion for blast vibration. Recreation of (Hopler, 1998). 

5 SURVEY DESCRIPTION 

In order to determine the public’s perception of 
reporting practices in the blasting industry a     
survey was developed. To be effective, the survey 
had to be relatively low impact and short. A total 
of ten questions were created to collect data on a 
few demographic points of each person, as well as 
various comfort levels with blasting in general and 
the reporting practices used by the industry. 

Four questions were used to collect demo-
graphic data including residence ownership, age, 
sex, and hours of work. The remaining six      
questions addressed the data needed for determin-
ing the public comfort level with blasting in the 
immediate vicinity of their residence. The use of 
different, less technically complicated measure-
ment scales for vibration and airblast was consid-
ered as an alternative reporting system. Five of the 
questions were assigned comfort values by the 
person taking the survey as follows: (1)Very     
Uncomfortable, (2) Uncomfortable, (3) Neutral, 
(4) Comfortable, (5) Very Comfortable. This    
system is a widely accepted survey scaling      

technique known as the Likert Scale (wikipedia, 
2005). The six questions asked concerning     
blasting reporting are as follows: 

− Q5. How comfortable do you feel having a 
blasting operation within 1 mile of your home? 

− Q6. When blasting commences, considering 
that 144 decibels begins damaging windows, 
how comfortable are you with setting a limit of 
133 decibels for blast pressure? 

− Q7. When blasting commences, considering 
that 3.18 millibars begins damaging windows, 
how comfortable are you with setting a limit of 
.89 millibars for blast pressure? 

− Q8. What do you associate with the decibel 
scale? 

− Q9. When blasting commences how comfort-
able are you with ground vibrations at your 
home with velocity in the range of .5 
inches/second (13 mm) at 35 Hz? 
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− Q10. When blasting commences how comfort-
able are you with ground vibrations causing a 
displacement of .05 millimeters at your home? 
 
From this point forward, questions will be     

referred to by their corresponding number. 
This survey was administered to three groups 

of people for comparison and correlation. The first 
group were residents of the ‘Established 
Neighbourhood’ near the quarry in St. Charles. 
Twenty surveys were administered in this 
neighbourhood. A second group of 20 surveys was 
taken in the ‘New Development’. The St. Charles 
surveys were gathered solely by knocking on 
doors of homes within 1 mile of the quarry. The 
third group (Control Group), included people who 
did not live in close proximity to a quarry and 
were taken both by knocking on doors and        
randomly at local retailers in Rolla, Missouri. 

An informational flyer was given to all people 
who participated in the survey to explain the    
purpose and allow for them to contact the author if 
any questions would arise. 

In all cases, it was expected that Question #6 
would have lower comfort values than Question 
#7. It was also expected that subjects would       
associate the decibel scale with some sort of noise 
or sound. Finally, it was expected that Question #9 
would have lower comfort values than those for 
Question #10. 

6 SURVEY RESULTS 

Many conclusions could be drawn from the data 
collected in the survey. The following results have 
been tabulated for convenience. The demographic 
data was averaged across each survey group and 
across the entire pool. A few notable data points 
present themselves. Notice in Figure 3 that the  
average age of the Established Neighbourhood 
Group is 54 years, while the New Development is 
a much younger, 35 years on average. Also notice 
that the ‘Established Neighbourhood’ group    
contains 55% retired persons against the 0% in the 
‘New Development’ group. All persons polled in 
St. Charles were home owners as well. The     
Control Group fell between the two St. Charles 
groups demographically with the exception of 
home ownership. There were three persons polled 
in the control group who were renters. 

Figure 4 shows average comfort levels of all 
three groups over all questions rated in the survey 
as well as the average rating for Question #5. 
Question #5 assesses the comfort level with a 
blasting operation within 1 mile of the subject’s 
home. In St. Charles, the new development shows 
noticeably higher comfort levels with blasting 
practices in general. This can be attributed to two 
factors. First, the public relations exercise before 
people purchased their new homes, and second, 
younger people are not likely to complain as much 
as older people for a variety of reasons. 

 
Demographics 

Group  
Established 
Neighbour-

hood 

New  
Development 

Control 
Group 

Overall 

Average Age 54 35 50 46 
Percent Polled Who Owned 100% 100% 85% 95% 
Percent Polled Male 65% 50% 60% 58% 
Percent Retired/Not Working 55% 0% 40% 32% 

Figure 3. Table of Demographic averages 

Average Comfort Level Across the Board 
Group  

Established 
Neighbour-

hood 

New  
Development 

Control 
Group 

Overall 

Average Comfort Level On all 
Questions 

2.09 2.41 2.91 2.47 

Average Question 5 1.85 3.1 2.8 2.58 
Figure 4. Table showing overall comfort with blasting. (Higher number means more comfortable 3=Neutral). 
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Question #6 and Question #7 were designed to 
find out if the public would be more comfortable 
with a linear millibar scale than with the more 
complicated decibel scale. The survey asks the 
same question using the same pressure values but 
expressed in different units. According to the    
survey results, all groups were significantly more 
comfortable with millibars than decibels as seen in 
Figure 5. Question #9 and Question #10 were    
designed with a similar goal in mind. These    
questions compared equal values for vibration   
expressed in Velocity/Frequency and mm         
Displacement respectively. The survey groups 

were marginally more comfortable with 
displacement as seen in Figure 5 also. Several   
factors could have played a role in the marginality. 
First, the use of millimetres for the unit of         
displacement might have had some effect as     
generally Americans don’t understand metric units 
and are more comfortable with traditional units 
such as inches. Also, it seemed that survey takers 
were not comfortable with displacement. In most 
cases  subjects were very confused by Question #9 
and in many cases did not know how to answer 
(many did not have any idea what velocity and 
frequency meant). 

 
Specific Comfort Levels 

Group   

Established 
Neighbour-

hood 

New          
Development 

Control 
Group 

Overall 

Average Comfort with Decibel 
Scale Limit 

1.75 2.15 2.3 2.07 

Average Comfort with Millibar 
Scale Limit 

3 2.95 3.8 3.25 

Average Comfort with          
Velocity/Frequency 

1.8 1.85 2.6 2.08 

Average Comfort with mm  
Displacement 

2.05 2 3.05 2.37 

Figure 5. Table showing average comfort levels on individual questions regarding reporting practice. 

Figure 6. Table showing interesting data points. 

Interesting Data Points 

Group   

Established 
Neighbour-

hood 

New           
Development 

Control 
Group 

Overall 

Percentage With No Answer 
For Question 8 (Decibel) 

50% 20% 15% 28% 

Percentage less comfortable 
with Millibar than Decibel 

0% 0% 0% 0% 

Percentage less comfortable 
with Displacement than      
Velocity/Frequency 

5% 0% 20% 8% 

Percentage equally comfort-
able with Millibar and Deci-
bel 

20% 35% 10% 22% 

Percentage equally comfort-
able with Displacement and 
Velocity/Frequency 

65% 85% 30% 60% 
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A few other points of interest can be drawn 
from the data collected. The points of interest are 
tabulated in Figure 6. Most notably, in all 60    
surveys there were zero persons less comfortable 
with millibars than decibels for airblast pressure. 
An average of the entire survey pool showed that 
only 22% were equally comfortable with millibar 
and decibels. There were substantially more     
subjects equally comfortable with displacement 
and velocity/frequency. One unexpected data point 
was the percentage of persons associating nothing 
with the decibel scale. On average, 28% of people 
surveyed did not have an answer for what they    
associated with the decibel scale. This is yet       
another reason for reconsidering the use of      
decibels as a reporting unit.  

In accordance with the need to educate the 
public and specifically regulators and policy   
makers, the Mississippi Valley Chapter of ISEE 
has been offering training to potential regulators, 
enforcement personnel, and governmental admin-
istrators. The chapter has held eight hour seminar 
and invited local regulators and city/county        
officials in 2004 in both the St. Louis area and the 
State Capitol. The training has been well received, 
and others are in the planning stages. With more 
effort such as this, officials will not only become 
better at proposing appropriate regulations, but 
will also be better prepared for replying to      
complaints. 

7 FURTHER EFFORT 

During the course of interviews, several questions 
arose as to the choice of wording and units of 
measurement chosen for the survey. The impor-
tance of choosing the correct wording and units 
became evident through further interviews. As  
discussed in earlier sections, the choice of        
millimetres as the unit for displacement could have 
forced lower comfort levels than would have been 
seen using the more common US unit of inches. A 
subsequent survey was administered to various 
employees of the University that did not have a 
technical background. These surveys replaced 
question #10 with the following question: 

− Q10. When blasting commences how comfort-
able are you with ground vibrations causing a 
displacement of .00197 inches at your home? 
 
Although only a limited number of interviews 

have been collected to date, a trend is starting to 
become evident. Comfort levels are starting to 

prove higher with inches than those with millime-
tres as the unit for displacement. 

Another set of data was collected at the         
beginning of an introductory explosives engineer-
ing class. This group had a strong technical    
background in engineering as most students were 
in the third year of studies for a bachelor’s degree 
in engineering. The group had not been exposed to 
vibration and airblast units in the class to this 
point, but the comfort levels were quite high    
relative to the averages for the results discussed to 
this point. This proves that familiarity with the 
units being used created higher comfort levels    
regardless of the knowledge of blast induced      
vibration and pressure. 

What can be assumed to this point is that much 
research is needed to discover what people are 
most comfortable with. Our industry has a great 
opportunity to harness the power of positive    
public relations. Future surveys can be utilized to 
determine what words create high levels of anxiety 
such as ‘house moving’ or ‘displacement’. Other 
surveys could target lawmakers and decision   
makers on the local and state level. These officials 
may welcome the idea of standardized regulations 
to reduce the burden of responsibility on them to 
protect their constituents. Currently in the United 
States, local lawmakers often reference OSM   
standards as benchmarks. This is a dangerous 
trend for the blasting industry for several reasons. 
First, many local officials wish to exceed the level 
of protection in their communities. In an effort to 
accomplish this, and a lack of understanding of 
measurement units, they may put in place highly 
restrictive limits. The implementation of more 
simple units and standards will aid in curbing this 
potential problem.  

8 CONCLUSIONS 

With the limited scope of this survey, there can be 
no definite answers. This is something typical 
when dealing with human subjects. Nevertheless, 
many strong correlations can be seen in the data. 
Without question, the surveys show that more    
research is necessary to determine what the correct 
path is concerning a public relations policy for the 
explosives industry. The overall low comfort    
values (all averages found to be Neutral or less) 
prove that more needs to be done in the way of 
educating the public on our industries methods. 
Data also shows that using more easily understood 
units of measurement might help the public        
become more comfortable with blasting operations 
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near their homes. Specifically in the case of using 
decibels for airblast pressure, not one person was 
less comfortable with the alternative linear unit of 
measurement. More research may be needed to  
determine whether millibars would be preferable 
to psi or some other pressure unit. The same can 
be said for the use of velocity and frequency for 
vibration reporting. Average comfort levels were 
still marginally higher with the use of a simple 
displacement term. The use of inches instead of 
millimetres may be another way of increasing 
comfort levels in that respect. A final conclusion is 
that a small amount of public relations can seem-
ingly increase comfort levels as well. The newly 
developed neighbourhood in St. Charles, which 
was exposed to a public relations effort, showed 
higher comfort values than the established 
neighbourhood where it is likely that little or no 
public relations were used in the beginning of the 
development there.  
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1 INTRODUCTION 

The use of explosives has become the preferred 
option for the demolition of buildings in urban  
environments and this has been the subject of a 
number of recent papers (see, for example, Hatt 
(2003) and Moran (2004)). 

General interest in the topic has been          
confirmed by the extent to which it has featured in 
international conferences held by, for example, the 
European Federation of Explosives Engineers and 
the International Society of Explosives Engineers. 

The UK Health and Safety Executive recently 
sponsored research at the Health and Safety Labo-
ratory in order to improve current understanding 
of the role of explosive performance, charge size 
and stemming, and also to assess fragment genera-
tion and mitigation. The present paper reports the 
results of this research work. Information of this 
nature could be used in the future as technical    
input to the production of recommendations for 
safe blasting practice for the demolition of     
structures. 

2 CHARACTERISATION OF EXPLOSIVE 
PERFORMANCE 

Selected explosives (from a permitted coal mining 
explosive, Wincoal A, through to a high perform-

ance military explosive, PE4) were characterised 
using the following:  

− power, determined as a percentage blasting 
gelatine using the ballistic mortar (Köhler and 
Meyer (1993a)) 

− velocity of detonation, determined using 
twisted wire probes or by the Dautriche 
method (Köhler and Meyer (1993b)) 

− detonation pressure, calculated (Cook (1971)) 
 
The results, which are presented together with 

density information in Table 1, indicate the        
expected range of potential performance and    
suggest that detonation pressure is the parameter 
most likely to indicate a difference between explo-
sives. For explosives with a significant variation in 
velocity of detonation (D) this is not unexpected 
since detonation pressure is derived from D2.    
Although PE4 has the highest detonation pressure, 
is less than both Gelamex and the Superflex cord. 
The detonation pressure provides a measure of the 
extent to which the shock wave will crack concrete 
whereas power reflects the potential work that 
could be done by the gases generated in a detona-
tion. In the case of PE4, for example, the effects 
due to detonation pressure predominate. 

Recent research work relating to the use of explosives in demolition 
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Table 1. Explosives performance.  
Explosive Power  

(% blasting gelatine)
Velocity of 
detonation  
(ms-1)

Density 
(gcm-3)

Calculated detonation 
pressure (kBar) 

Wincoal A 34.3 2450 1.38 20.7 
Delta T 1000 77.4 4335 1.17 55.0 
PE4 82.8 8219 1.59 268.5 
Gelamex 87.7 5900 1.45 126.2 
Superflex cord 95.0 7032 1.30 160.7 
3 STUDIES WITH MODEL STRUCTURES 

Model columns with nominal reinforcement were 
designed to code CP114 (BSI 1957) to be repre-
sentative of the large structural columns likely to 
be found in high-rise buildings. 

The columns were 300 mm × 300 mm × 1.2 m. 
The difference between the length of the test 
pieces and columns in buildings was not consid-
ered to be critical as the main purpose of the work 
was to evaluate the effects of different explosives. 

R6@175 LINK

T16

T16
30

0m
m

T16

T16
MINIMUM COVER 40 MM

300mm
- 68 -

For this reason a constant column length was used 
for all the tests. 

Longitudinal reinforcement was supplied by 
4 × 16 mm diameter bars at the four corners of the 
column, as shown in Figure 1. Transverse rein-
forcement consisted of 6 mm diameter links, at a 
spacing of 175 mm along the length of the column. 
The reinforcement employed was consistent with 
that specified in building codes 25-45 years ago.  

The minimum cover to the longitudinal rein-
forcement was 40 mm (but the links could be   
outside the longitudinal bars and would thus have 
a cover of only 34 mm). The minimum cover at the 
end of the column to the reinforcement was twice 
the longitudinal reinforcement diameter, i.e. 32 
mm. 

The reinforcement used was mild steel ribbed 
bar, with a yield strength of 250 Nm-2.

The concrete used 20 to 30 years ago would 
typically have had a cube strength of 25 Nm-2 at 
28 days, which would increase with time. All   
concrete castings for the test pieces were prepared 
from Concrete Readymix type P400 OPC with 
10 mm limestone aggregate. Crush testing of a 
cube taken from a test piece indicated a strength of 
37.5 Nmm-2 at 3 months ageing. 

Shot holes were drilled sloping down at 45° to 
allow the charge to be located centrally within the 
column. Holes were charged with explosive after a 
detonator had been placed at the bottom of the 
shot hole. 

T16 LONGITUDINAL
REINFORCEMENT

MINIMUM TOP & BOTTOM COVER 32 MM
MINIMUM SIDE COVER 40 MM

12
00

m
m
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Figure 1. Reinforced concrete test column. 

A typical concrete wall from a high-rise build-
ing was also modelled using 1200 mm × 1200 mm 
× 200 mm cast units manufactured with 6 and 
16 mm ribbed bar reinforcement, Figure 2. 

For all tests, columns were supported centrally 
in the test cell on a concrete plinth. Velocity 
frames constructed using break wires located a 
known distance apart were positioned opposite the 
3 major sides of the block that did not contain the 
shot hole. 



Figure 2. Reinforced concrete wall. 

Shots were prepared using 10-100 g quantities 
of the explosives listed in Table 1 and initiated  
using a No. 8 detonator positioned at the base of 
the shot-hole. Stemming was used to complete the 
filling of the hole. 

After a firing, the total mass of debris was     
recorded together with the masses of individual 
fragments above 100 g. 

Detonating cord (42 gm-1 and 15 gm-1) initiated 
with a No. 8 detonator was used for the demolition 
of the model walls and debris was collected as de-
scribed for the columns. 

50 g charges of each explosive were detonated 
in the model columns. Whereas the cartridged    
explosives were stemmed, this was not possible for 
the Superflex cord. In all tests, the centre of the 
block was blown out by the explosives. Debris 
mass and fragment velocity results are summarised 
in Table 2. The low maximum velocity for debris 
in the case of Superflex cord is attributed to the 
poor coupling of the explosive to the structure due 
to the absence of stemming. For this reason,      
Superflex data are not readily comparable with 
those obtained when using the other explosives. 

The total mass of debris correlated well with 
the square of the velocity of detonation (D) and 
therefore linearly with the detonation pressure 
which is proportional to D2, Figure 3. There was 
no similar relationship between debris and explo-
sive power, indicating that detonation pressure is 

the critical factor in determining the extent to 
which the concrete is cracked by a particular      
explosive. Clearly, a critical mass of explosive will 
be reached where this relationship breaks down 
since at some stage the explosive power will be  
insufficient to rupture the structure and eject   
fragments. Conversely, higher detonation pres-
sures or quantities of explosive will have the     
potential to cause greater fragmentation. 

 
Figure 3. The dependence of the total mass of debris on 
detonation pressure. 

The results obtained for fragment velocities 
showed no correlation with any of the measured 
explosive parameters. This may be due to the 
small number of test firings performed and to  
limitations in the measuring technique, i.e. the 
frames used will not necessarily detect all        
fragments because of the gaps between the wires 
and they can only cover a small fraction of the 
projectiles created in a blast. 

 

Experiments were also undertaken in which the 
mass of the explosive Gelamex was varied over the 
range 10-100 g. The results for total debris corre-
late well with the mass of explosive in the charge, 
Figure 4. This result compared favourably with 
published Japanese work (Malam (2001)) on     
larger (800 × 800 × 240 mm) structures using 

6 mm longitudinal 
reinforcement

1200mm

1200mm

Min. straight beyond 
curve 64 mm

Min cover 32 mm

ø16mmlongitudinal
reinforcement

16 mm reinforcement

200mm

40 mm

40 mm 

Table 2. Results of 50g demolition charges of differ-
ent explosives on model concrete columns. 

Explosive Mass of 
debris (kg) 

Max. fragment 
velocity (ms-1)

Wincoal A 103.1 14.1 
Delta T 1000 102.1 38.0 
PE4 140.5 37.0 
Gelamex 113.6 36.2 
Superflex 113.0 8.6 
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blasting dynamite, which also reported a linear  
dependence of the mass of debris on charge size. 

Figure 4. The dependence of the mass of debris on the 
quantity of Gelamex explosive used. 

The tests with Gelamex indicate that a ten-fold 
increase in explosive charge only increased the   
total mass of debris by a factor of 1.7, whereas 
there was roughly a factor of 5 increase in the    
debris velocity over the 10-100 g range of Ge-
lamex charges used. 

variable but the results suggest that higher veloci-
ties are obtained with consolidated stemming. 

Experiments in which the walls of the test cell 
were clad with witness paper showed that the    
majority of debris is ejected from the columns in a 
20° cone. 

In the tests with model concrete walls, a longi-
tudinal section was completely removed in the 
area where the detonating cord was attached. The 
mass of debris obtained was related to the explo-
sive loading of the cord that was used in the test 
but from the limited number of experiments under-
taken it was not possible to draw firm conclusions 
about the fragment velocities. Ejected fragments 
may be affected by the fact that the initiating cord 
is only in direct contact with one face of the wall. 

Three additional experiments were undertaken 
with columns at an outdoor site in order to obtain 
information on debris distances in the absence of 
the physical barriers (walls) present in the indoor 
tests. The tests involved 20, 35 and 50 g charges 
of Gelamex: in these cases, however, no velocity 
measurements were made. The results, Table 4, 
indicate that increased charge size results in 
greater projection. 

Table 3. The effect of stemming on total debris and maximum fragment velocity. 

Stemming Mass of Debris (kg) Maximum Velocity of Fragments (ms-1)
None 86.1 7.7 10.2 20.6 
Tamped grit 97.5 22.7 25.8 N/A 

103.3 29.7 33.8 36.5 
107.2 26.9 29.3 41.9 

Tamped clay 

110.3 19.9 24.6 36.6 
Plaster of Paris 110.9 23.5 32.6 39.7 
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Three different stemmings systems were inves-
tigated (tamped grit, tamped clay and Plaster of 
Paris) with 35 g Gelamex charges. The greatest 
amounts of debris were generated with the con-
solidated materials (clay and Plaster of Paris), 
while tamped grit provided only small improve-
ment over the total absence of any stemming,    
Table 3. The results also indicate that for repeated 
tests the amount of debris was fairly reproducible. 
The maximum fragment velocity was more      

4 CONTROL OF FLYING DEBRIS 

Tests were done with columns initially using blast-
ing gelatine and later Superflex cord to determine 
the effectiveness of a range of cladding systems in-
tended to prevent flying debris. Blasting gelatine 
was selected for the main tests to rank the per-
formance of protective systems as it represented a 
high explosive strength material. The additional 
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Table 4. Debris recovered from the outdoor demolition of a column using Gelamex. 

Debris (kg) at distance (m) Gelamex 
charge size (g) <5m 5-10m 10-25m 25-50m 50-75m >75m 

max. distance 
debris thrown 
(m) 

20 31.2 12.8 21.3 13.7 1.5 0 65 
35 42.3 9.7 19.2 13.5 4.8 0.5 85 
50 47.4 9.4 11.6 7.7 3.0 1.0 90 



For chain link fencing alone, the protective sys-
work was done with Superflex cord since the use 
of cords appears to be gaining popularity in the 
demolition industry. 

For blasting gelatine, the shot hole was at 45o

(as in the previous work), the detonator was placed 
at the bottom of the hole and clay stemming was 
used. For detonating cord, the shot hole was 
drilled through the column and the lower end was 
blocked with clay. Plaster of Paris stemming was 
used to seal the hole after it had been loaded with 
1, 2 or 3 strands of 40 gm-1 cord. 

Experiments used columns clad with two wraps 
of just chain link fencing (2 mm wire, 65 mm 
mesh), wired in place top and bottom, and then 
with the additional presence of three wraps of geo-
textile material, tied in place using polypropylene 
rope 300 mm from the top and bottom of the     
column. The geotextiles investigated are described 

tem was breached by ejected concrete, and con-
crete and wire debris was scattered over the test 
area. 

Of the additional protective materials, ther-
mally bonded geotextile (fabric D) was the least 
effective and was unable to afford protection 
against the lowest 20 g loading of blasting gela-
tine, with debris thrown to a distance of 17 m from 
the column. 

The other three combinations were able to re-
tain the effects produced by the 20 g charge of 
blasting gelatine. However, as the charge size was 
increased these systems also failed, with debris be-
ing ejected from them all when using a 25 g 
charge. Interestingly, in a single experiment using 
30 g of blasting gelatine, the geotextile B/chain 
link combination was able to retain the effects of 
- 71 -

in Table 5. 

Table 5. Geotextiles tested. 

Fabric Type/material 
A Woven polypropylene fabric     

normally used in road construction 
B Non-woven needle punched      

geotextile made from short       
polypropylene fibres 

C Non-woven needle punched      
geotextile, manufactured using 
polyester continuous filaments 

D Thermally bonded non-woven   
geotextile 

Firings were done using different blasting gela-
tine charge sizes and various cladding systems. 
The qualitative results are summarised in Table 6. 

the blast, indicating the need for more extensive 
testing in order to judge the repeatability of the 
data in Table 6. 

The range of experiments undertaken with 
detonating cord is summarised in Table 7. With 
the single strand of cord there was insufficient 
production of debris to ensure column collapse (an 
effect that was not apparent when using blasting 
gelatine) and substantial quantities of concrete re-
mained between the vertical reinforcing bars. This 
effect was observed with columns clad using only 
chain link fencing and also in the additional pres-
ence of geotextiles C and B. 

When two strands of cord were used the dam-
age to the column was judged to be sufficient to 
have resulted in collapse when the unit was under 
compression (as, for example, in a block of flats). 
The chain link/geotextile B combination was able 
to retain all the debris in this case. With three 

Table 6. Performance of chain link geotextile combinations against blasting gelatine. 

Geotextile Charge size (g) Damage to column/protection 
None 20 Chain link breached and debris scattered over test site. 
A 20 Debris held within protection. Splitting of the geotextile around area of 

shot hole. Chain link held. 
B 20 Debris held within protection. Damage to geotextile around area of shot 

hole. No debris outside protection. 
C 20 Debris held within protection. Damage to geotextile around area of shot 

hole. No debris outside protection. 
D 20 Geotextile ripped, chain link snapped, debris thrown from column. 
A 25 Geotextile ripped, chain link snapped over large area, debris thrown from 

column. 
B 25 Geotextile ripped, chain link snapped over large area, debris thrown from 

column. 
C 25 Geotextile ripped, chain link snapped over large area, debris thrown from 

column. 
B 30 Geotextile ripped, one layer of chain link snapped, debris retained. 
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Table 7. Performance of chain link/geotextile combinations against detonating cord. 

Geotextile Number of cords Damage to column/protection 
None 1 Debris held within chain link. Concrete cracked but probably 

not enough to give collapse. 
C 1 Debris held within protection. Concrete cracked but probably 

not enough to give collapse. 
B 1 Debris held within protection. Concrete cracked but probably 

not enough to give collapse. 
B 2 Debris held within protection, Geotextile ripped and some small 

debris fallen out. Concrete cracked and displaced. 
B 3 Debris not retained by protection. Concrete thrown from the 

block. 
trands of cord, the same protection system was 
reached and concrete fragments were ejected. 

This study has identified that thermally bonded 
eotextile D does not perform well, presumably as 
result of limited elasticity and a reduced gas 

ermeability compared to the other materials     
xamined. Geotextile D was found to split and 
herefore reduce the support given to the initial 
ayer of chain link, although debris retention for 
olumns clad with this system was better than for 
hain link alone. 

Since the other systems investigated offered 

polypropylene geotextile provides a practi
means of preventing blast projected debris. 
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CONCLUSIONS 

he work presented in this paper highlights the 
sefulness of calculating the detonation pressures 
f explosives in order to assess potential differ-
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1 INTRODUCTION 

In Canada, the Canada Explosives Act regulates 
the importation, transportation, manufacture and 
storage of explosives. This includes the manufac-
ture, storage and use of perforating charges and 
gun systems in the oil well industry. The           
Explosives Act requires that the above-mentioned 
activities abide by minimum quantity distance 
(Q/D) requirements. In cases where it is impracti-
cal to apply these Q/D requirements, an explosives 
inspector may approve activities where a           
sufficiently low hazard can be demonstrated. The 
oil well perforator industry is one where this  
situation exists. The industry is based on articles 
with a very low net explosives quantity (NEQ) and 
thus a relatively low blast pressure hazard.     
Typically, Q/D tables require very large stand-offs 
between explosive manufacturing/assembling sites 
and the public, even at quite low quantities of     
explosives.  Many oil well perforator assembly 
sites do not have this stand-off, but at the same 
time may not have sufficient NEQ on site to pose a 
serious hazard to the public. 

An evaluation programme was put in place to 
determine the real hazards associated with the 
handling, storage and use of oil well perforating 
charges, mainly in temporary work areas typical of 
the industry in western Canada. This included the 
revision of Q/D tables and the elaboration of a  
factor to be applied to the tables for the oil well 
perforating industry that would take into account 
the low NEQ and potential fragment hazard. Part 
of this programme included a hazard analysis and 
computer simulations of an accidental detonation 
within an assembly bay typical of the industry, 
concentrating on the effects of blast overpressure 
on the building and its components. This study 
identified various areas of concern in the design 
and set-up of the assembly area. 

The more serious hazard may be related to the 
fragments resulting from the accidental detonation 
of one or more perforators. Fragments arise from 
the metal case and from the shaped charge effect. 
The case fragments present hazards in the close 
and medium range (0–20 m) but the more          
energetic shaped charge jet poses hazards in the 
far range (20–100 m). The perforators are          

Evaluation of the resistance of various wall constructions                        
to perforation by oil well perforators 

A.M. Dallaire, B. von Rosen & E. Contestabile 
Canadian Explosives Research Laboratory, Natural Resources Canada, Ottawa, Ontario, Canada 

 

ABSTRACT: No standard methodology for the evaluation of the perforation resistance of fragment     
barriers/walls is currently available in Canada. It was therefore requested that the Canadian Explosives 
Research Laboratory (CERL) develop an appropriate test methodology. This paper discusses the           
development of the test methodology and its application to five test barrier walls considered to be typical 
of those that may be found or could be implemented in a perforator manufacturing environment. Of these,
three were derived from approved wall constructions for different types of explosives magazine in      
Canada.  None of these would qualify as a pass when following the methodology described, but the type 4 
magazine wall is very efficient at reducing the effect of the jet and could possibly be modified              
successfully. Poured concrete barriers were also tested, with the conclusion that the required thickness of 
unreinforced concrete is more than 0.2 m but could be less than 0.6 m; a secondary hazard with poured 
concrete is the projection of spall from the back side of the barrier. As demonstrated in this series of tests, 
the spall may create a hazard more dangerous than the jet itself. 
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designed to produce high-velocity jets, which can 
penetrate metres through soil. Therefore, it must 
be demonstrated that the hazard from these      
fragments can be managed, possibly through 
means such as a barrier wall. 

A previous series of tests performed by the 
laboratory (Dallaire 2005) was designed to deter-
mine the maximum projection distance of a shaped 
charge jet and shrapnel resulting from the detona-
tion of an oil well perforator. It was anticipated 
that the results would help define the hazard     
presented by the detonation of one or more oil 
well perforators in a manufacturing setting. Based 
on the test results it can be concluded that the jet 
resulting from the detonation of an oil well       
perforator is a significant hazard beyond 60 m. 
This hazard may exist within a building, or outside 
the building during the assembly of perforating 
guns. 

Determining the maximum fragment projection 
distance gives an indication of the adequacy of the 
Q/D requirements. This implies that, when        
perforators are handled or stored in areas where 
there may be people within 60 m, it is advisable 
that the perforators be kept behind a barrier. 

The Canadian Chief Inspector of Explosives 
made the decision to allow the perforating industry 
to perform its own tests on fragment barrier walls 
on the condition that they be performed in a     
consistent and acceptable manner. Therefore, it 
was requested that CERL develop an appropriate 
test methodology that the perforator industry could 
use to demonstrate the adequacy of their barrier 
wall designs. 

This report discusses the development of the 
test methodology and its application to five test 
barrier walls considered to be typical of those that 
may be found or could be implemented in a      
perforator manufacturing environment. 

2 OBJECTIVE 

The objective of this project was to develop a test 
methodology for the determination of the ability of 
a barrier wall to resist perforation by a single 
shaped charge jet resulting from the detonation of 
an oil well perforator during the assembly of a gun 
system. 

3 EXPERIMENTAL 

3.1 Test configuration 
Figure 1 shows the test configuration used 
throughout this programme. The test set-up      
consisted of the following components: 

− a charge stand; 

− a stand to hold the barrier wall; 

− five different types of barrier wall; 

− three witness panels around the charge; 

− one jet witness panel behind the test barrier 
wall; 

− one tarpaulin for debris recovery; 

− oil well perforators. 
 

Figure 1. View of test area with witness panels, recovery 
area, barrier wall (and holder) and charge (and stand). 

Two different stand-offs, 0.9 m (3 ft) and 2.1 m 
(7 ft.) were used to evaluate the penetra-
tion/perforation resistance of the barrier walls. The 
0.9 m distance was selected to simulate the        
scenario of an operator working with a charge or 
an assembly on a workbench set against a wall. 
The 2.1 m stand-off was intended to represent the 
scenario where a perforator is initiated at the    
centre of a typical gun assembly bay. 

A perforator was placed on the test stand at one 
of the two stand-off distances from the barrier wall 
and aimed such that the resulting shaped charge jet 
would strike the barrier wall at a predetermined 
location and normal to the wall surface. The jet 
and spall witness panel was placed approximately 
3 m behind the barrier wall. The purpose of this 
panel was to capture fragments, spall or jet residue 
resulting from the jet/barrier wall interaction. A 
tarpaulin was placed on the ground between the 
barrier wall and the witness panel to facilitate 
identification and recovery of fragments. Three 
witness panels were placed around the charge as 
witnesses of the fragment hazard associated with 
the perforator casing. 
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3.2 Charges 

In consultation with the perforator industry, the 
Millennium 39g deep penetrator was selected for 
use in this programme, because it was thought to 
have the greatest penetration capability among oil 
well perforators in general use at that time in   
Canada, i.e. to represent the greatest hazard in an 
assembly area accident. 

3.3 Barrier walls 

Details of the construction and testing configura-
tion for each of the barrier walls are as follows: 

− Tests 1 and 2: waste-concrete blocks (WCB), 
0.6 × 0.6 × 1.2 m (see Fig. 2). 

− Tests 3 and 4: poured concrete slab, not        
reinforced, cured 19 days, 0.8 × 0.8 × 0.2 m 
(see Fig. 3). 

− Tests 5 and 6: standard concrete masonry unit 
(CMU) blocks, no mortar, filled with gravel + 
6.4 mm mild steel plate + 19 mm good-one-
side plywood, 0.8 × 0.8 × 0.2 m, attack from 
CMU block side (see Fig. 4). 

− Tests 6 and 7: composite type 4 and type 6 
magazine wall, type 4 magazine wall (19 mm 
plywood + 6.4 mm mild steel plate + 75 mm 
gap filled with gravel) + 0.2 m air space + type 
6 magazine wall (6.4 mm mild steel plate + 
19 mm plywood), 0.8 × 0.8 m, attack from   
inside (wood) of type 4 wall (see Fig. 5). 

− Tests 9 and 10: type 4 magazine wall (6.4 mm 
mild steel plate + 75 mm gap filled with gravel 
+ 19 mm plywood), attack from outside the 
magazine, steel plate side (see Fig. 6). 

Type 4 and type 6 are types of approved       
Canadian explosives magazine. The type is        
defined by the construction, its size and the        
application. 

All barriers were tested using a 0.9 m and a 
2.1 m stand-off. The barrier wall samples were 
constructed such that their minimum height and 
width were more than twice (preferably more than 
3 times) their thickness, so that, when a jet        
impacted the centre of a barrier wall, the distance 
from the point of impact to the nearest edge was 
greater than the thickness of the barrier wall. The 
purpose of this was to minimise the effect that the 
tensile wave from the free face of the edge of the 
barrier wall had on its response to the impact. The 
WCB was the only exception to this, since it was a 
purchased item. 

The barrier walls (other than the WCB) were 
secured vertically in a steel stand (described       
below). For the composite barrier, type 4 + type 6 
magazine wall, the type 4 wall was secured in the 
stand and the type 6 wall was secured to the     
outside with clamps. 

In the tests with the WCB and the poured wall, 
it was necessary to use the barrier walls twice, as 
only one sample of each was available. In these 
cases the 2.1 m stand-off test was performed first 
because it caused the least amount of damage. 
Then the second test was performed with the    
perforator aimed at an undamaged section of the 
wall. 

Figure 2. Tests 1 and 2, 0.6 × 0.6 × 1.2 m WCB. 

Figure 3. Tests 3 and 4, 0.2 × 0.8 × 0.8 m poured      
concrete. 

3.4 Charge stand 

The stand, used for holding and positioning the 
charge, consisted of a solid steel block (75 × 75 × 
150 mm) welded to one end of a steel tube (0.5 m 
long) which was mounted on a heavy steel base as 
indicated in Figure 7. The stand was positioned so 
as to ensure that the perforator charge jet struck 
the required location on the barrier wall. A 12 cm 
long sacrificial wooden holder to hold the perfora-
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tor was manufactured from nominal 5 × 10 cm 
lumber. A 50 mm hole was cut in the block of 
wood, and the perforator was inserted into the hole 
such that the leading edge of the perforator was 
flush with the face of the block. The perforator 
was aligned with the barrier wall (visually), and 
then the wooden block was fastened to the steel 
block with adhesive tape, as shown in Figure 8. 
The stand survived all the tests without needing 
replacement. 
 

Figure 4. Tests 5 and 6, composite CMU block wall. 

Figure 5. Tests 7 and 8, type 6 + type 4 magazine walls, 
0.2 m air gap. CMU blocks used for spacing only. 

Figure 6. Tests 9 and 10. Type 4 magazine wall. 

Figure 7. Perforator stand. 

Figure 8. Perforator in wooden block on stand. 

3.5 Barrier wall holder 

Figure 9 shows the barrier wall holder. It was  
constructed from a 75 × 75 × 9.5 mm mild steel 
angle welded to a mild steel baseplate. The four 
vertical members were oriented with the open face 
of the angle facing inwards to capture the edges of 
the barrier wall. The holder was capable of      
holding 0.8 m wide × 0.8 m high × 0.2 m deep 
barrier wall samples. For tests 5 and 6 (Fig. 4)    
involving a barrier wall constructed from CMUs, a 
piece of channel was used to provide vertical   
confinement to compensate for the lack of mortar 
joints between the CMU blocks. 

The barrier wall holder was designed to be 
rigid and yet not interfere with the trajectory of the 
jet or the formation of spall on the barrier wall. 

3.6 Spall witness panel 

A witness panel positioned 3 m behind the barrier 
wall was used as an indicator of the hazard posed 
by debris (i.e. spall from the barrier wall and/or 
the jet). A qualitative measure of the debris energy 
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could be determined from the height of impact or 
the depth of penetration into the witness panel. No 
attempts were made to quantify these results, as 
formation of debris was considered to indicate a 
failure of the wall, regardless of the kinetic energy 
of the individual fragments. 

Figure 9. Barrier wall holder, front view. 

The construction and location of the witness 
panels were based on test standards for glazing 
material (GSA 2003). The witness panels were 
built with a frame of steel perforated shelving    
angle welded in a 1.2 × 1.2 m square frame. A 
3.2 mm thick, mild steel plate was bolted to the 
frame, and a 50 mm thick sheet of rigid foam   
covered by a sheet of Kraft paper was placed in 
front of the steel. Two panels were placed side by 
side to provide sufficient width to ensure that most 
of the debris was captured. Construction details of 
the witness panel are shown in Figure 10. 

Figure 10. Assembled spall witness panel. 

The rigid foam was selected because it is a soft 
material that typically captures and holds debris on 
impact, and in combination with the Kraft paper 
facilitates detection of small perforations. Fur-
thermore, the paper can easily be replaced after 
each test to avoid confusion with other tests when 
the same piece of foam is used repeatedly. 

3.7 Case fragment witness panels 

Three witness panels (shown in Fig. 11) were 
placed around the perforator, one to either side 
and one behind it. The purpose of these panels was 
to give a qualitative assessment of the fragment 
hazard resulting from the perforator case material. 
The panels were constructed from 1.2 × 1.2 m 
sheets of 3.2 mm thick, mild steel sheets,          
supported by a light steel frame. The panels were 
centred on the charge and placed at a distance of 
approximately 1 or 2 m, depending on the test. 

Figure 11. Witness panels used to determine casing 
fragments. 

3.8 Instrumentation 

The events occurring in the recovery area between 
the barrier wall and jet and spall witness panel 
were recorded with a standard-speed video      
camera. The camera was positioned to record the 
view of the rear face of the barrier wall and the 
front of the witness plate. It was anticipated that 
the camera would also show the trajectory of the 
debris behind the barrier wall. 

4 RESULTS 

Results relating to the performance of the barrier 
walls are presented in Table 1. Figures 12–19 are 
post-test photographs showing the damage to the 
various barrier walls and the witness panels behind 
the barrier wall. 
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Figure 12. Test 2, WCB 0.9 m stand-off, impact surface 
– moderate cracking. 

Figure 13. Test 3, poured concrete block, 2.1 m stand-
off, impact surface – no perforation. 

Figure 14. Test 4, poured concrete block, 0.9 m stand-
off, exit surface – four large fractures. 

Figure 15. Test 4, witness panel with impact damage. 

Table 1. Results. 

 

Test 

Stand-
off 
(m) 

 
Damage to impact sur-
face (crater dim.) 

 
Damage to jet and spall  
witness panel 

 
Assess-
ment 

 

Notes 
2.1 Penetration None Passed  WCB 

0.9 Penetration, see Fig. 12 None Passed  

2.1 Penetration, see Fig. 13 None Passed  Poured 
concrete 

0.9 Perforation, see Figs 14 
and 15 

Debris from barrier 
struck witness panel  

Failed Barrier wall perforated 
 

2.1 Perforation, see Fig. 16 Debris from barrier 
struck witness panel 

Failed Barrier wall perforated Composite 
CMU 
block wall  0.9 Perforation, 

see Fig. 17 
Debris from barrier 
struck witness panel 

Failed Barrier wall perforated 

2.1 Type 4 perforated, type 
6 intact, see Fig. 18 

None Passed Type 4 wall perforated 
Type 6 not perforated 

Composite 
magazine 
wall 0.9 Type 4 perforated, type 

6 intact, see Fig. 18 
None Passed Type 4 wall perforated 

Type 6 not perforated 
2.1 Perforation 

 
14 small impacts on pa-
per 

Failed Barrier wall perforated Type 4 
mag. wall 
– outside 
attack 

0.9 Perforation, 
see Fig. 19 

Rigid foam damaged. 
Impact marks on steel. 

Failed Barrier wall perforated 
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Figure 16. Test 5, composite CMU block wall, 2.1 m 
stand-off, exit surface – perforation. 

Figure 17. Test 6, composite CMU block wall, 0.9 m 
stand-off, impact indentation from jet on witness panel. 

Figure 18. Test 8 (left) and test 7 (right), type 4 and type 
6 composite wall, 0.9 and 2.1 m stand-off, impact      
surface damage. 

4.1 Additional observations 

In some instances, although the jet did not        
perforate the barrier wall, gravel and sand were 
found in the recovery area and shrapnel was       
recovered from the witness panels. The gravel in 

the recovery area was probably picked up from the 
adjacent ground by the blast. The case fragments 
may have struck the ground and ricocheted to land 
in the recovery area or embed in the witness panel. 
While the presence of this debris does not           
invalidate a test result, it may lead to confusion. It 
is recommended that metal panels be placed on  
either side and under the barrier wall to shield the 
recovery area and the witness panel from            
extraneous debris sources. 
 

Figure 19. Test 10, type 4 magazine wall, 0.9 m stand-
off, damage to witness panel behind barrier wall. 

As was stated in section 3, witness panels were 
placed on either side and behind the charge to 
evaluate the extent of the damage caused by 
shrapnel from the perforator case, in areas other 
than in the direction of the jet. Table 2 contains  
results from the first test only, since the witness 
plates were not changed between tests and it was 
impractical to attempt to determine the impacts 
from successive tests. At a distance of 0.9 m from 
the side of the perforator, shrapnel caused multiple 
indentations and perforations to the 3.2 mm 
(1/8��) thick, mild steel plate (Fig. 20). These 
were predominantly at 90˚ to the direction of the 
jet. At a distance of 1.8 m, the shrapnel did not 
perforate the steel plate. Behind the perforator at a 
distance of 0.9 m, the steel plate sustained indenta-
tions and perforations in a circular pattern, but 
with the area directly behind the charge being less 
damaged by shrapnel. This pattern is very evident 
in Figure 21. 
 
Table 2. Results from the fragment panels. 

Distance to 
Location  charge (m)  Perforations Impacts 

Side   0.9     5    57 
Side   1.8     0    19 
Rear   0.9     3    71 
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Figure 20. Perforator case witness panel on the            
side of the charge after test 1. 

Figure 21. Witness panel behind the charge after       
multiple shots. Notice the absence of marks in             
the central area. 

5 DISCUSSION 

The objective of this project was to develop a test 
methodology for the purpose of evaluating the  
ballistic resistance of various wall construction 
types. To validate the methodology, it was applied 
to the testing of five wall configurations. The   
performance of the barrier walls, while interesting, 
was secondary to the purpose of this project. 

The methodology used is outlined in a proce-
dure document available from the authors. In     
essence, it describes a simple process of setting up 
a shaped charge at a specified distance in front of a 
test sample, functioning the charge and noting the 
effect on the sample. A pass is given to a barrier 
wall that completely stops the jet and resists rear 
face spalling. This is in essence all that is required 

from a test procedure designed to evaluate the  
ballistic resistance of barrier wall materials. How-
ever, the methodology in procedure also includes 
several modifications or improvements to this 
minimum requirement. It suggests the use of and 
describes witness panels to evaluate the hazard 
from shaped charge case fragments. This hazard 
may easily be overlooked when dealing with 
shaped charges because of the much more          
apparent hazard posed by the jet itself. However, 
when the number of impacts from these tests on 
the witness panels on the sides and back of the 
charge is seen, this hazard is much more easily  
appreciated. In test 1, 57 impacts were recorded on 
a witness panel located 0.9 m from the charge, or 
approximately 40 fragments/m2.

The methodology also suggests a method for 
determining, at least qualitatively, the energy of 
debris behind the barrier wall. This method, as 
mentioned earlier, is commonly used to evaluate 
the hazard posed by glass from windows subjected 
to blast loading. The kinetic energy of the debris 
can be estimated on the basis of the height of the 
impact point on the witness panel behind the    
barrier wall. 

The methodology is relatively simple. Once the 
test samples have been prepared and the        
equipment has been set up in the test area,        
performing 10–20 tests per day is not difficult. 
Furthermore, the methodology requires no special-
ized equipment, other than a video camera and 
means of handling the heavy samples. 

It was very obvious from the test results that 
some of the barrier walls were more effective than 
others. Figure 22 shows that the wall constructed 
from CMUs (test 6) was not sufficient to resist 
perforation by the jet. While the witness panel was 
not damaged by the jet, the video camera clearly 
captures a plume of flame on the side of the barrier 
wall opposite the detonation. The type 4 magazine 
wall construction performed in a very similar 
manner. By itself, this construction is not          
sufficient to resist penetration. However, tests 7 
and 8 demonstrated that the type 4 magazine wall 
does reduce the penetration ability of a jet to the 
point where it will not subsequently perforate    
another magazine wall such as that of a type 6 
magazine, thus effectively limiting the possibility 
of propagation between magazine stores. 

Test 4 (Figs 13 to 15) demonstrates that a 
thickness of 20 cm of poured concrete does not 
make an effective fragment shield/barrier. This 
precludes the use of a simple poured concrete wall 
as a fragment shield in a perforator assembly area. 



- 81 -

The WCB tests demonstrate that 60 cm of concrete 
is sufficient to resist perforation. Further testing 
would be required to determine the threshold 
thickness of concrete. However, at this time, the 
WCB do appear to provide an attractive option, 
particularly for an outdoor perforating gun storage 
facility where the blocks can be easily bermed. In 
an indoor scenario, the blocks may not make an  
effective barrier because, stacked, they may have a 
tendency to tip over when subjected to a blast 
load. This may put operators in an adjacent bay at 
risk of being crushed. 

Figure 22. Test 5, plume of flame traversing the barrier. 
The blast is coming from right to left. 
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1 INTRODUCTION 

An investigation of the keeping of electrical    
detonators together with explosives in storage   
containers and storage rooms was carried out. 

In Germany there is a difference in regulations 
for storage of explosive and for providing          
explosive in a store for immediate consumption in 
mining. If storage containers and storage rooms 
are used exclusively for providing detonators and 
explosives in mining, then the authorisation for 
construction and operation according to the       
explosive regulations will be given by the mining 
authority and their guidelines and laws – in      
German, Bergaufsicht (SVBerg 1992). 

If storage rooms are used for storage of detona-
tors and explosives (outside mining), the approval 
follows the explosive law (SprengG) and the 
guidelines for storage of explosives (SprengLR 
210) and will be given by the trade authority – in 
German, Gewerbeaufsicht. 

The expert opinions for the approval are given 
by the Federal Institute for Materials Research and 
Testing (BAM). In the following, the word      
‘providing’ is connected with the immediate    
consumption or storage of explosives in mining 
(mining authority). ‘Storage’ of explosive is used 
if explosives and detonators are to be stored for an 
indefinite time outside mining (trade authority). 

The threshold values in the two regulations are 
different. The upper limit for keeping to provide 
detonators and explosives according to SVBerg is 
500 electrical detonators isolated by a 10 mm wall. 
The maximum storage amount according to 
SprengLR is 4 kg gross weight detonators or      
explosive devices with a maximum net explosive 
mass (NEM) of 5 g per piece. Detonators and    
explosives also have to be separated by a 10 mm 
steel wall. Table 1 gives an overview of the    
regulations. 

The maximum net explosive mass per piece is 
not limited in the SVBerg. The SVBerg is only 
applicable to electric detonators. Electric detona-
tors are usually classified as not mass explosive 
(NME 1.4). The net explosive mass per piece is up 
to 0.8 g (NEM ≤ 0.8 g). 

The SprengLR sets a limit of 4 kg detonators or 
explosive devices. The mass of one standard   
detonator is about 25 g; 4 kg standard detonators 
conform to about 160 pieces (NEM = 0.8 g). 
Theoretically, it is also possible to store 800 piece 
explosive devices with a maximum allowed NEM 
of 5 g per piece. In all cases the regulation requires 
that there be no possibilities of a sympathetic 
detonation between detonators and explosives. A 
technical description of how to realise this demand 
is not given. 

Investigation of the sympathetic detonation between detonators            
and explosives 

H. Krebs & A. Schreck 
Federal Institute for Materials Research and Testing, Unter den Eichen 87, 12205 Berlin 
 

ABSTRACT: An investigation of the safekeeping of detonators together with explosives was carried out. 
For a safety evaluation it is realistic to calculate with a source of up to 10 detonators. It is very likely that 
four detonators (0.75 g per piece) detonate at the same time by detonation propagation. In light of this, a 
detailed investigation of the possibility of sympathetic detonations was carried out. Sympathetic 
detonation means the initiation of stored explosive through a separating wall by the detonators. Tests 
were carried out with and without a distance between the bundled detonators and the steel plate, and a 
correlation of the results is given. It can be stated that the current regulations for the construction of stores 
allow situations where sympathetic detonations are possible. 
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Table 1. Overview of the conditions and requirements resulting from the applicable administrative regulation (d >> 
10 mm; d depends on the charge of all detonators, like the 1.1 classification of the detonators). 

SVBerg SprengLR 
up to 300 
detonators 

up to 500 
detonators 

more than 500 
detonators 

 
4 kg gross mass 

Separating wall 
(mm) 

3 10 d = f(NEM)1 10 

Sandwich con-
struction 

No No No No 

NEM per piece 
(g) 

≤0.8 ≤0.8 ≤0.8 ≤5

Detonator classi-
fication 

1.1–1.4 1.1–1.4 1.1–1.4 1.1–1.4 

Max. explosive 
mass (kg) 

500 500 500 1000 

Number of detonators all 
up 

Number of detonators that 
ignite 

 
Detonators that detonate* 

Rate of propagation 
ignite:detonate* 

1000 116 156 1:1.35 
720   70 172 1:2.46 

* Detonate only by propagation, detonators were not ignited. 
 

Some users in mining need to provide more 
than 500 detonators. They like to have them in 
their standard storage container with the 10 mm 
wall for separation between detonators and        
explosives. In principle both regulations, 
SprengLR and SVBerg, allow the keeping of more 
than 500 detonators, but a sympathetic detonation 
between detonators and explosives has to be     
prevented. 
The question was, which conditions have to be 
maintained to avoid a sympathetic detonation. For 
this reason, an examination of the safekeeping of 
detonators together with explosives was carried 
out. 

2 TESTS AND RESULTS 

2.1 Detonation propagation between the 
detonators 

For estimation of test parameters, 720 and 1000 
electrical detonators, class 1.4, were stored in  
storage containers, and 10% in each case were    
ignited. It was observed that 2–3 times more   
detonators detonated than ignited (see Table 2). 

A rate of propagation of 1:2.46 means that the 
detonation of one ignited detonator will propagate 
to 2.46 unignited detonators. 

The propagation to more than nine detonators 
is unlikely, because the electric wire causes a 
shiver prevention and a distance that is sufficient 

on average to avoid a mass detonation of the   
detonators. 

Steidinger (1976) showed a detonation    
propagation between NEM detonators (class 1.4) 
up to distances of 40 mm in free air, depending on 
the position and orientation of the detonators. If 
the electric wire has a disadvantageous orientation, 
a propagation between four detonators is very 
probable. 

In light of these results, no experiment with 
more than ten detonators was performed. 

2.2 Test on sympathetic detonation through a 
separating wall 

The investigation on sympathetic detonation      
between detonators and explosives through a  
separating wall was performed with steel plates of 
up to 10 mm thickness (St38). 

The explosives used (explosive group           
dynamite, explosive mass 40–50 g) were in      
contact with the other side of the steel plate and 
fixed to it. The arrangement of the detonators was 
in the direction of the steel plate (standing). Only 
in one test did the detonator lie on the steel plate. 
In some experiments a distance of about 10 mm 
between detonators and steel plate was added. In 
every test, only one detonator was fired           
electrically, the others detonating by propagation 
of detonation. Table 3 shows an overview of the 
tests and results. 

Table 2. Investigation of the source of the blast wave produced by the detonators.
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Test 
no. 

 
Detonators 
used 

Explosive mass 
per detonator 
(g) 

Thickness of steel 
plate 
(mm) 

 

Test conditions 

Sympathetic detona-
tion 
yes / no 

1 10 7.35 10 Standing, without distance Yes 

2 7 5.10 10 Standing, without distance Yes 

 3 4 2.85 10 Standing, without distance Yes 

 4 4 2.85 10 Standing, without distance No 

 5 3 2.10 10 Standing, without distance No 

 6 3 2.10 10 Standing, without distance No 

 7 2 1.35 10 Standing, without distance No 

 8 10 6.20 10 Standing, 10 mm distance No 

 9 2 1.50   5 Standing, without distance Yes 

10   4 3.00   5 Standing, 10 mm distance Yes 

11   1 0.75   3 Standing, without distance Yes 

12   1 0.75   3 Standing, 10 mm distance No 

13   2 1.50   3 Standing, 10 mm distance Yes 

14   1 0.75   3 Lying, without distance Yes 

15   2 1.50   2 Standing, 10 mm distance Yes 

A sympathetic detonation through a 10 mm 
steel plate can be observed by using four detona-
tors (test 4). In tests with less than four detonators 
(tests 5–7), or if there is a distance of 10 mm     
between the detonators and steel plate (test 8), no 
sympathetic detonation through the 10 mm steel 
plate was detected. 

Steel plates of 5 mm thickness were tested with 
two detonators at no distance (test 9) and with four 
detonators at a distance of 10 mm (test 10). In 
both cases a sympathetic detonation was observed. 

A 3 mm steel plate only resists one detonator at 
a distance of 10 mm (test 12). A lying detonator 
(test 14) and two detonators at a distance of 
10 mm (test 13) were not expected to cause a  
sympathetic detonation through the 3 mm steel 
plate. 

It has to be considered that the chosen         
conditions to induce a blast wave or a sliver into 
the explosive were optimal. The direct contact of 
both explosive and steel plate intensifies the 
propagation conditions. 

3 EVALUATION AND DISCUSSION 

For the evaluation of the results it is useful to  
consider only the explosive mass of the detonators 
and to set it in relation to the separating wall. Then 

it is possible to evaluate the results by the follow-
ing simple correlation from Kirsch (1988): 

Dwall =
33(mexplosive )2 /3

ρwall  ∆lmean
(1) 

where Dwall = thickness of the wall (m); ρwall = 
density of the wall (kg/m3); mexplosive = mass of   
explosive (kg); and ∆lmean = mean distance         
between the explosive charge and wall (m). 

In this equation the explosive charge is stated 
as a spherical charge at one point. In the test     
performed the charge was divided between the 
detonators and they were arranged on the steel 
plate surface. To consider this deviation, an        
efficiency factor was used: 
 

Dwall =
33 f (mexplosive )2 /3

ρwall  ∆lmean
(2) 

For detonator charges, 0.75 < f ≤ 1. Here, F
depends on the distance between the detonator and 
steel plate. With increasing distance, f converges 
to 1. A good agreement between correlation and 
test results with no distance between the steel plate 
and the detonator can be achieved with f = 0.75. In 
this case the correlation is  borderline  between  no 

Table 3. Overview of the tests and results. The net explosive mass (NEM) of the detonators used varies from 0.6 
to 0.75 g. None of the detonators used was mass explosive (NME). 
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Figure 1. Results of the tests with no distance between 
the detonator and the steel plate. In addition the estima-
tion by Kirsch is given for f = 1 (Equation 1) and for f =
0.75 (Equation 2). 

 

Figure 2. Results of the tests with (grey) and without 
(black) a distance between the detonator and the steel 
plate. The estimation by Kirsch divided the ‘sympathetic 
detonations’ results from the ‘no sympathetic detona-
tions’ results in both cases (borderline).

sympathetic detonation and sympathetic detona-
tion.

Figure 1 presents the results from the tests and 
the correlation from Equations 1 and 2 (f = 0.75). 

It can be seen that an explosive mass of about 
2.8 g is enough to obtain a sympathetic detonation 
through a 10 mm steel plate. By calculating the 
thickness of the steel plate with Equation 1 (f = 1), 
15 mm has to be considered, which is 1.5 times 
more than the experimental detected borderline.  

In the same way as for the test without a    
distance between the steel plate and detonators, 
the results for the test with a distance between the 
steel plate and detonators were correlated.  A good  
agreement was achieved by using f = 0.85. The   
results of all tests and the associated correlations 
are given in Figure 2. 

Comparing the estimations of the borderlines in 
Figures 1 and 2 for an explosive mass range of 
2.8–3.0 g, it can be found that the associated wall 
thickness differs by 100%. In the case of a    
distance between the detonators and the steel 
plate, the estimation gives a wall thickness of 
5.5 mm. With no distance it is about 11.0 mm. If 
there is a distance, the resistance to sympathetic 
detonation increases. The borderline estimation for 
a 10 mm distance in combination with a 10 mm 
steel plate gives an explosive mass of about 7.5 g. 
That is 2.5 times greater than without a distance. 

The aim of this investigation was to obtain    
information for constructing a separating wall in 
order to prevent sympathetic detonations. In the 
first step a possible source was characterised. If 
there is an event at the stored detonators, it is  very  
   

    

 

 

likely that up to four detonators will detonate at 
the same time. This is consistent with an explo-
sive mass of up to 3.2 g (depending on the deto-
nator charge per piece up to 0.8 g) and basic 
safety evaluation information. The source is 
nearly independent of the number of stored   
detonators (class 1.4) – it only depends on its   
orientation. 

In this context, the following points can be 
made: 

1. If the detonators and the explosive are in   
contact with the wall, a sympathetic detonation 
through a 10 mm separating wall is possible 
for more than 3 detonators (charge of 0.75 g 
NEM per piece).  

 

2. By using a distance of 10 mm to a separating 
wall of 10 mm, 10 detonators with a total 
charge of 6.2 g explosive did not cause a   
sympathetic detonation; the estimated border-
line gives an explosive mass of 7.0 g. 

 
3. A 3 mm separating wall will not prevent a 

sympathetic detonation at the chosen condi-
tions. That is also true for a distance between 
detonators and explosive of 10 mm. 

 
Explosive devices with an NEM of 5 g cause a 

sympathetic detonation through a 10 mm separat-
ing wall. If there is a distance of 10 mm between 
detonator and separating wall, a sympathetic 
detonation is very unlikely. 
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Table 4. Comparison of two experiments with a 5 mm steel plate. 

Test 
no. 

 
Detonators 
used 

Explosive mass 
per detonator 
(g) 

Thickness of steel 
plate 
(mm) 

 

Test conditions 

Sympathetic deto-
nation  
yes/no 

10 4 3.00 5 Standing, 10 mm distance* Yes 

Add 4 3.00 5 Standing, 10 mm distance† No 

* Distance between detonator and steel plate. † Distance between explosive and steel plate. 

In addition to the experiments with a distance   
between steel plate and detonator and contact   
between steel plate and explosive, one experiment 
with contact between steel plate and detonator 
and 

distance between explosive and steel plate was 
performed. A 5 mm steel plate under these condi-
tions prevented a sympathetic detonation when 
four detonators were used (see Table 4). On the 
back side of the steel plate, spalling was           
observed, which requires preventive measures 
against fragments. 

The effect of the location of the distance was 
not investigated in detail. It may be better to have 
a distance between the explosive and the steel 
plate. The best and safest variation is to have a 
distance on both sides of the steel plate
(sandwich). 

To create distance, it would be good practice 
to use construction material as a spacer. It is     
important to lessen the shock wave. Inflammable 
materials of low density and also rubbers are the 
materials of choice. 

Comparison of the test results and the       
regulations shows up an obvious discrepancy. 
This is partly due to the development of the   
standard regulating the technique. In particular, 
the SVBerg was developed from measurements 
on detonators and packages in the 1980s. At this 
time, a maximum charge of explosive on the 
detonator of 0.6 g was the state of the art. The  
explosive mass of four detonators was only        
2–2.4 g, to which charge a 10 mm wall is          
resistant. Today, detonators have an explosive 
charge of up to 0.8 g. The emitted shock energy, 
detected on measurement in a water tank, has 
changed by about 30% (Eshock 0.6 g = 465 kPa2 s, 
Eshock 0.8 g = 614 kPa2 s). This difference in shock 
energy has to be taken into account in construc-
tion to prevent sympathetic detonations. 

The SprengLR210 allows storage of up to 4 kg 
of explosive devices of 5 g per piece. As pointed 
out, a special separating wall construction is 
needed to prevent a sympathetic detonation. With 

the storage of NME devices, this is to ensure that 
no other device will be detonated. Otherwise, a 
5 g explosive mass may be considered as a       
potential source of sympathetic detonation. 

The results of this investigation have been   
discussed by the experts deciding upon blasting 
regulations in German mines. They are following 
the recommendation to exclude a 3 mm separat-
ing wall from the regulations and set the        
minimum wall thickness at 10 mm. In addition, a 
sandwich-like construction is being discussed. 
The following new regulations for constructions 
in mining, provided by this group, are to be       
issued (Würfel 2004): 

− a minimum thickness of the separating wall of 
10 mm; 

− coating the detonator pocket with 5 mm thick 
impact prevention; 

− a maximum number of detonators in a store 
for keeping of 2000. 
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1 INTRODUCTION 

1.1 Design standards 

British designs of reinforced concrete joints     
subjected to high explosive blast loading follow 
the US methodology given in TM5-1300 (1990). 
For structures not having a specific blast protec-
tion function, the guidelines in the British Stan-
dard BS 8110: Part 1 (1997) are adopted. BS 8110 
includes provision for accidental damage other 
than blast loading. 

The prime objective in the design of blast  
load-resisting elements is to provide sufficient 
ductility to enable the element to deflect by an 
amount consistent with the degree of damage    
permitted. This entails a main bar design based 
upon extensive flexural plastic deformation. In so 
deforming, the element should not fail prematurely 
under other load effects, for example in shear or 
local instability. 

To ensure ductile behaviour in the elements 
subject to impulse loading, two changes in          
reinforcement layout when compared with      
‘conventional’ design must be made. Firstly, the 

element must be reinforced symmetrically, which 
enables the compression reinforcement to carry all 
the compressive stresses once the concrete in the 
compression zone has completely crushed and 
spalled. Secondly, the main flexural steel and     
enclosed concrete must be adequately designed 
against shear failure by using lacing reinforcement 
(TM5-1300). This also assists in restraining the 
compression reinforcement from buckling. 

Shear reinforcement is different for blast       
design, with a fundamental requirement of       
considerable ‘through-thickness’ reinforcement to 
prevent delamination of the wall.  

This paper addresses the issue of main reinforc-
ing bar anchorage at corners and joints. 

To withstand the magnitude of the blast loads 
associated with close detonations, and their       
amplification at corners, concrete haunches are 
used where possible to help maintain the integrity 
of the section. All corners are reinforced with     
diagonal bars to transfer the high shear from the 
element to the support and to assist in maintaining 
the integrity of the intersection. Diagonal bars are 
included in sections with or without haunches. 

Effect of reinforcement detailing on the scabbing and spalling of  
concrete structures subjected to blast 

C.K. Jolly 
Cranfield University, RMCS, Shrivenham, Swindon, UK 

 

ABSTRACT: The detailing of reinforcement to provide robustness in structures designed to resist blast 
loading is based on US recommendations. The current UK recommendations for civilian structures are 
based on extensive pseudostatic tests and explicitly contradict the blast-resistant recommendations given 
by the US. This paper will describe a test programme to investigate the merits of each method of           
detailing. Explosive testing of model elements was designed to achieve realistic combinations of bending, 
axial and shear stresses in jointed concrete elements representing wall-to-wall or wall-to-suspended floor 
joints. The design of the test samples will be outlined, and the test arrangement will be described in detail. 
Results from these tests indicate that spalling and scabbing patterns are very different using the two      
detailing guidelines. The strength and ductility of the joints are also very different. The conclusions show 
that both detailing rules may be beneficial in certain design circumstances for blast-resistant structures. 
These benefits can be achieved for no increase in cost. There are also implications for safety when        
demolishing structures, since different types of fragmentation and fly are predictable. It is therefore     
possible to concentrate fly protection around the critical zones on the surface of the concrete elements. 
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There are other issues, such as the effect of 
blast waves on the human inhabitants of the   
structure and local fragmentation effects, that   
contribute to an assessment of whether a structure 
is truly effective in resisting high explosive blast 
wave attack. These factors are not addressed here. 
 

Figure 1. Typical US section
reinforced concrete wall. 

 

Figure 2. US conventional floor
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Figure 3. Intersection of blast wall and floor slab (or wall 
and wall) with lacing shear reinforcement. 
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Figure 4. US reinforcement arrangement. 

In contrast, UK detailing is defined by the aim 
to ensure that bars resisting bending stresses at 
junctions between members should be anchored in 
the direction causing the arms of the bars to bend 
towards each other when load is applied (Taylor & 
Clark 1976). This often means that bars cross 
within the joint, so forming U-bars is accepted. 

Figure 5 shows the BS 8110 reinforcement bar 
detailing for conventional loading design of a floor 
slab and wall joint. In this example, the bars have 
been bent in and back towards themselves, as    
opposed to being bent out as in the US blast   
loading design. 

It can be seen that the resultant of the forces in 
the tensile bar of the member subject to rotation 
under load in Figure 5 is constrained by the    
compression zones of concrete in the joint. In   
Figure 4, the resultant of this bar is less            
constrained by a mostly tensile stress zone. 
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Rotation direction 
 under load 
 

Figure 5. UK reinforcement arrangement. 

In the US blast-resistant design, shear rein-
forcement in the form of lacing bars is recom-
mended. In the UK, in addition to lacing, single-
leg open links of shape code 33 or two-leg open 
links of shape code 72 are also acceptable (see Fig. 
6). Shape code 55 is acceptable provided the end 
bobs are through the thickness of the wall and the 
overlap constitutes a lap length. Bobs running  
parallel to the slab surface are not accepted. 

2 RESEARCH PROGRAMME 

2.1 Design of the test samples 

The reinforced concrete models were designed to 
simulate a structural building element. As the 
comparative performance of the joint was of       
interest, an H-section test sample was chosen to 
represent a mid-side intersection between adjoin-
ing slabs. The more complex situation at the     
corner of three intersecting slabs was not consid-
ered in this study.  

Further details of the tests are available in the 
MSc thesis by Kerr (2003). 

The horizontal member of the H-sample was 
used to support the sample on a rigid plinth, as 
shown in Figure 7. Thus, an explosive charge   
suspended midway between the upstands could be 
used to provide impulsive loading to each. Each of 
the joints was reinforced differently, to provide an 
immediate comparison of performance. 

The H would also allow free rotation of the 
corner joints. With the downstand component on 
the protected side of the joint, downstand rotation 
was used to measure the mean joint rotation     
relative to the horizontal component. Upstand    
rotation was measured separately to differentiate 
sources of rotation. 

 

Figure 6. UK reinforcement shape codes. 

A steel plate embedded in the underside of the 
crossbar concrete had projecting bolts fixed 
through it with heads cast into the horizontal 
member. These bolts were to pass through holes in 
the plinth for accurate location and to transfer 
downward blast loads to the ground. 

2.1.1 Model scale factors 

The scale of the test samples was chosen so that 
the minimum size 6 mm standard type 2 deformed 
reinforcement bars could be used to represent 
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25 mm bars. This permitted models to be tested to 
failure outdoors on the on-site range, for which the 
explosive limit was 0.46 kg. 
 

Figure 7. Reinforced concrete H-sample on a plinth. 

This size made the sample weight easily port-
able with the mechanical handling equipment 
available, and small enough to fit through the 
doors of the specially designed blast containment 
building, should use of higher charge weights be 
necessary. 

Maximum dimensions were reduced to 0.6 × 
0.6 m2 in plan area. The H design had to be        
capable of producing the required plastic deforma-
tions, without disintegrating the concrete totally, 
and produce a range of increasing rotation         
deformation patterns without exceeding the range 
explosive limits. In accordance with TM5-1300, 
5% steel was used in the primary bending           
direction, and 1.5% in the secondary direction. 

2.1.2 H design and steel content 

Design of the H model uprights was based on an 
upright cantilever from the horizontal member. An 
example of the design methodology is given by 
Mays & Smith (1995). A suitable geometry      
containing the required steel percentages was 
found iteratively. 

Impulse energy predicted by ConWep model-
ling had just to cause plastic rotation by exceeding 
the moment of resistance of the concrete section 
design for a particular blast impulse load. Quanti-
ties of explosive were predicted that would just 
achieve ductile rotation without causing brittle 
failure or shattering of the concrete for each of the 
design categories of damage: 

− type I, minor cracking with rotation, 0˚ < θ <
2˚;

− type II, crushing and cracking, 2˚ < θ < 5˚;

− Type III, concrete spalling, 5˚ < θ < 12˚.

It was also necessary to establish whether the 
loading of the structure was likely to be in the   
impulsive, quasi-static or dynamic regimes identi-
fied by Smith and Hetherington (1994). If the    
duration of the load pulse is a lot shorter than the 
response time of the structure, the loading should 
be considered impulsive. This is generally the case 
for reinforced concrete structures loaded by blast 
waves from conventional munitions. 

This iterative sample design led to H-sample 
geometry of 130 mm thick slabs, 300 mm long, 
with the uprights 300 mm apart and with clear  
vertical spans of 250 mm. The corresponding   
predictions by ConWep for blast impulse energy 
versus deflection angle are presented in Figure 8. 
 

Figure 8. ConWep energy versus rotation predictions. 

 

Figure 9. Reinforcement details of samples. 

2.1.3 Corner joint detailing 

Figure 9 shows the steel detailing of the compared 
joints. No secondary reinforcement was used in 
the lower uprights of the H as it did not have to 
withstand direct blast impulse loading. 

0

2000

4000

6000

8000

10000

12000

-1 0 1 2 3 4 5 6

Angle of Deflection (degrees)

B
la

st
Im

pu
ls

e
En

er
gy

(N
m

/s
q

m
)



93

The limited geometry of the samples led to the 
use of shear reinforcement in the form of through-
thickness legs of rectangular shape code 55 links. 

Bobbed bar anchorage lengths at corner joints 
were 20Ø (120 mm) for both joint details tested. 
No haunching or diagonal reinforcing bars were 
incorporated in the sample design, as this would 
have increased the sample size and the amounts of 
steel, and increased the complexity of interpreta-
tion of the results. 

2.1.4 Materials 

The following tables summarise the steel and   
concrete material characteristics. 
 
Table 1. Material characteristics. 

Material 

Average 
tensile 
strength 
(N/mm2)

Average 
compressive 
strength 
(N/mm2)

Stainless steel reinforcing bar 
grade 460, Ø6 mm, type 2 
deformed 

919 – 

Concrete 2.93 39.35 

Table 2. Concrete Mix. 

 
Constituent material 

Weight per cubic me-
tre (kg/m3)

Water 180 
OPC 350 

20–5 mm 1060 Dredged oolitic 
limestone  5–0 mm 800 

2.2 Experimental set-up 

2.2.1 Containment area 

The model was fixed to the plinth, then lifted into 
position inside the containment area using        
mechanical handling equipment. 

Figure 10 shows the set-up of the containment 
area, comprising Pendime block blast walls        
arranged so that any spalled concrete could not be 
projected over or between the blocks. Venting    
allowed pressures to subside quickly. 

2.2.2 Explosive and stand-off 

PE4 explosive was used on a polystyrene stand-off 
block so the blast wave impinged uniformly on the 
sample upstands, as shown in Figure 11. 

 

Figure 10. Blast containment. 

 

Figure 11. Explosive stand-off. 

3 EXPERIMENTAL RESULTS 

3.1 Number of experiments 

Six target models were produced in all. The mini-
mum number of targets to be tested to produce a 
credible distribution of results was thought to be 5. 
The ConWep computer modelling to identify the 
explosive quantities for the target model design 
appeared to provide accurate results. Conse-
quently, all model target results were incorporated 
into the data. 

The samples were tested after curing for 7 days. 
A summary of the test samples, and of their        
individual component material properties, is     
presented in Table 3. 

3.1.1 Test 1 

The aim of this test was to identify the ultimate 
yield strength of the reinforced concrete joints (i.e. 
a type I deformation). The target permanent de-
formation was zero, but close to the elastic limit 
for at least the weaker joint. A quantity of 
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0.189 kg of PE4 was used, and the results showed 
that minor fissures had occurred at both corner 
joints. A distinct, thin, vertical crack ran through 
the centre of the crossbar, and another crack ran 
across the root of each upstand. The crack on the 
bars-in joint was slightly wider. 

No permanent rotation occurred in either of the 
lower uprights. Only a very small, almost equal, 
rotation was measured in each of the upstands. 
 
Table 3. Test summary. 

 

Test

Concrete 
compres-
sive 
strength 
(N/mm2)

Concrete 
tensile 
strength 
(N/mm2)

PE4 
charge 
weight 
(kg) 

 

ConWep 
impulse 
(kPa ms)

Impulse 
energy 
(N m/m2)

1 41.60  0.189 1276 4676 
2 39.25 2.85 0.230 1432 5885 
3 36.75 3.08 0.265 1575 6849 
4 41.65  0.287 1610 7438 
5 38.15  0.332 1738 8665 
6 39.00  0.580 1865 9985 

3.1.2 Test 2 

This charge weight was expected to achieve some 
form of type II, flexural plastic deformation of the 
reinforced concrete uprights. Fine vertical crack-
ing could be seen down the mid-point of the 
crossbar. The bars-out joint remained fully intact 
with the main, extremely fine crack emanating 
from the upper corner at a 45˚ downward slope. 
These cracks petered out towards the outer edge of 
the joint. On the bars-in joint, similar but much 
greater cracking up to 1 mm wide occurred both at 
the upper corner and at 90 mm above on the      
upright. The deformation was therefore more    
significant on the bars-in joint. The upper cracks 
ran through to the cover on the outer edge, angled 
at 45˚ downwards.  

Measurements showed that axial stress had   
expanded the width of the target along the       
horizontal crossbar. In addition, about 1˚ of        
rotation took place in the bars-in upright; the    
corresponding lower upright rotated by approxi-
mately 0.7˚. On the bars-out joint, only 0.3˚ of   
rotation took place about the joint, equally in the 
upright and downstand. 

3.1.3 Test 3 

Visual results showed a clear and characteristic 
double diagonal crack on the bars-in joint. The 
bars-out joint remained intact, with fine cracks 
running diagonally from the upper corner of the 

joint down through the joint for about 50 mm    
before changing direction in an arc towards the 
outer face of the upright. There was some          
imbalance in the blast loading or sample strength 
as the front side of the target suffered greater 
cracking than the rear. More spalling was visible, 
especially on the crossbar. This may have been 
due to the weaker concrete mix. 

Expansion along the crossbar was in proportion 
to the charge used. The rotational deformation in 
the bars-in upstand (1.63˚) exceeded the corre-
sponding bars-out result (0.379˚), but the down-
stand results were inconsistent (0.28˚ and 0.88˚
respectively).  

3.1.4 Test 4 

Again, it appeared that more deformation had    
occurred on the bars-in joint than in the bars-out 
joint. Axial expansion had again taken place along 
the crossbar, and also a limited amount of lateral 
movement (due to shear) had taken place in the 
upstands. 

The deformation here was greater, as expected, 
in the bars-in upper upright, and approximately 2˚
of rotation took place. There was an increase of 
less than 15% over the previous test in the rotation 
of the lower upright. The bars-out upstand defor-
mation was less than had occurred with less explo-
sive in test 2, yet, in the corresponding downstand, 
3 times the rotation had taken place. Larger      
vertical cracks could be seen down the centre of 
the crossbar also. 

3.1.5 Test 5 

The trend of cracking continued with a distinct 
double crack at the bars-in joint, this time the 
lower crack being wider than the upper one. 
Cracking remained less extensive on the bars-out 
joint. There was again a slight imbalance in the 
visible damage suffered on the front and rear of 
the model. There was more extensive crossbar 
spalling, and cracks were more defined in the up-
rights. In addition to the characteristic diagonal 
cracking through both joint areas, multiple cracks 
could be seen running vertically up the centre of 
each upstand on the rear face. 

Spalling had occurred in numerous areas 
around the concrete. Firstly, the crossbar suffered 
extensive spalling at the outer edges, exposing 
most of the outer reinforcement there. Secondly, 
extremities of the upstands experienced significant 
spalling, removing most of the cover from one 
corner of the bars-out upstand. Finally, on the 
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outer side edges of each upstand there appeared to 
be an area of concentrated spalling that exposed 
both lapped reinforcement on the bars-in joint and 
corner bars that bent upwards in the bars-out joint. 

The resulting measurements revealed that less 
than 2˚ of rotation had taken place in the upstand 
of the bars-in joint, which was far less than the 3˚
expected, and less than the deformation achieved 
using less explosives in test 4. However, a greater 
amount of deformation was seen to occur in the 
downstand (almost 3 times that seen in test 4). The 
deformation in the bars-out joint increased consid-
erably from that of test 4, returning to the earlier 
trend. Interestingly, the rotation in the downstand 
of the bars-out joint was twice that of the upstand. 
Approaching 6 mm of axial expansion had taken 
place along the crossbar. 

3.1.6 Test 6 

So far a maximum of about 2˚ of rotation had been 
achieved for any joint. In order to find the upper 
boundary of type II deformation, the explosive 
weight was increased further to 0.380 kg for test 6. 

The visual results of test 6 showed that this 
weight of PE4 was approaching the boundary    
between measurable deformation and spalling. 
Fragmentation was extensive, and went deeper 
than the first layer of reinforcing bars in some    
areas. Spalling had removed much of the concrete 
cover and showed deep cracking beyond on one 
face. On the other face, most fragments of cover 
concrete were detached but remained in place, 
forming a spider’s web of cracks below the upper 
surface of the crossbar. Deformation could be seen 
clearly, as the H appeared to splay out at the top 
and push in at the bottom. The crack characteris-
tics of each outer face of the upstand were of    
particular interest. On the bars-in side, vertical 
cracks could be seen running in line with the     
primary reinforcement bars, but no spalling had 
occurred. However, on the bars-out side, all the 
concrete cover had gone in the region of the      
upstand ‘bent-out’ reinforcement. All these         
reinforcement bobs not only were exposed but also 
had become detached from the primary vertical 
steel by permanent yield of the bend by between 5 
and 12˚. Cracking could also been seen to follow 
the primary reinforcement bars on this side. 

The greatest crossbar axial expansion took 
place in this test, with the width measurements all 
increasing considerably, widening the H-frame 
crossbar by nearly 30 mm. Again, more deforma-
tion occurred in the bars-in upstand than in the 
bars-out upstand, but the difference was less than 

expected (nearly 4˚ and nearly 3.5˚ respectively). 
Measurements showed that in both joints greater 
rotation took place in the downstands than in the 
upstands (over 4˚ and 3.8˚ respectively). 

3.2 Photographic comparisons 

Individual test results are described above, but the 
trends can be more readily comprehended by a   
series of photographs of the samples. Figures    
12–15 show side views of the samples from tests 
1, 3, 5 and 6, in which the increasing extension of 
the crossbar and the associated spalling are clear. 
Increased spalling and rotation of the upstands and 
downstands are also clear in these photographs. 
The bars-in joint is on the left in every case. 

Figure 16 shows the outer faces of the H-frame 
uprights for the bars-in joint of test 5 on the left, 
and the bars-out joint on the right. Figures 17 and 
18 show enlarged views of the corresponding 
joints for test 6. 

 

Figure 12. Initial cracking in test 1. 

 

Figure 13. Cracking and spalling in test 3. 

 

Figure 14. Cracking and spalling in test 5. 
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Figure 15. Cracking and spalling in test 6. 
 

Figure 16. End face damage in test 5. 

 

Figure 17. Test 6 end face cover damage to bars-in bobs. 

 

Figure 18. Test 6 end face cover damage to bars-out 
bobs. 

4 INTERPRETATION OF RESULTS 

4.1 Crossbar extension and spalling  

In those tests where spalling did not obscure     
vertical crossbar cracking, it could be seen that 
cracks emanated from the bottom of the crossbar 
and grew wider towards the upper surface. This is 
consistent with plastic deformation in bending 
during the tests, and it might be assumed that this 
had a knock-on effect of increasing rotational    
deformation in the uprights. However, the way 
measurements were taken isolated rotation of the 
joint from that of the upstand. 

It appears as though spalling was most extreme 
from the top of the crossbars. One explanation for 
this is that the blast wave appears to have travelled 
into the crossbar and created an initial compres-
sive wave reflection at the interface with the steel 
plinth. This reflected wave then travelled back    
towards the upper surface of the crossbar and, on 
meeting the unrestrained upper surface, generated 
a tensile reflected wave that caused spalling with 
larger blasts, and cracking with smaller ones. The 
incident blast impulse overpressure would in any 
case have created a concentrated crushing effect 
directly below the charge in the crossbar, causing 
localised scabbing. 

4.2 Cracking at the upstand to joint intersection 

The upstands displayed two distinct cracks: one at 
the corner of the crossbar and upright, leading 
downwards at 45˚, and the other a parallel crack 
leading from about 90 mm above the corner. This 
‘double crack’ was more prevalent in the bars-in 
designed joint. The appearance of these cracks 
leads to the hypothesis that the deformation that 
occurred was caused by a combination of both 
shear and bending, since pure bending would be 
expected to produce horizontal cracking. It is 
likely that the ‘classic’ 45˚ shear crack would have 
occurred first, before failure in bending took place. 
Certainly, the reason for the lower crack is         
obvious as it takes place in an area of highest 
stress. The position of the second crack is dictated 
by the location of the secondary reinforcement bar 
links, spaced at 85 mm. The least line of shear    
resistance would be at a 45˚ slope down to the 
outer edge of the horizontal corner steel at the 
cover depth, meeting up with the horizontal crack, 
which developed along the crossbar reinforcement. 

Tests 4–6 display the classic combination of 
shear and bending failure cracks in the bars-in 
joint, with corresponding nearer-to-horizontal 
flexural cracks at the bars-out joint. 
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As the outer primary steel in each upright      
accepted compression at high stresses (for exam-
ple, in test 6), the compression concrete failed, 
forming vertical cracks along the lines of the     
primary reinforcement. Any areas where rein-
forcement cover was not sufficient, or where bond 
or aggregate quality was poor, spalled. 

In higher stress tests, when cracks along the 
lines of the primary reinforcement did occur on the 
outer faces of the uprights, larger cracks appeared 
in the downstands than in the upstands. This is 
counterintuitive. It is possible that the rotational 
momentum caused the deflected upstand to bounce 
back to its final position, leaving the downstand 
with the greater plastic deformation and crack 
width. 

The fact that the bars-out joints deformed 
through bending more than shear would suggest 
that perhaps less work hardening in the steel 
would have taken place, allowing a degree of      
recovery in the system. This characteristic of the 
failure could simply be due to the presence of    
extra steel in the bars-out upstands, where the   
primary steel is effectively doubled for 120 mm 
above the joint, thus increasing the shear            
resistance. 

4.3 Outer face spalling 

The first appearance of spalling on the outer faces 
of the uprights was seen in test 5. These and the 
bars bent out by over 5˚ in test 6 may be the result 
of their inability to bounce back with the remain-
der of the upstand because they had insufficient 
confining concrete on their outer face. It may 
equally be that those bars transmit the shock wave 
to the outer face, where it creates a tensile spalling 
force on the cover concrete that pulls the bars 
away from the remainder of the upstand. 

Whatever the mechanism, this spalling creates 
a significant, greater spall hazard for personnel 
near to the joint. The human impact and building 
utility issues here might see this warranting further 
investigation. In any case, it is a blast protection 
issue that favours a design that does not cause this 
spalling. 

4.4 Rotation trends 

Figures 19 and 20 show the upstand and down-
stand rotations plotted against the impulse energy. 
The greater ductility of the bars-in upstands is 
clear up to about 2˚. Thereafter, the performances 
of the two joints converge once again. This       
difference in performance in the early stages of 

plastic joint deformation is not so clear in the more 
protected downstand results. 
 

Figure 19. Upstand impulse energy versus rotation. 

Figure 20. Downstand impulse energy versus rotation. 

5 CONCLUSIONS 

The test results demonstrate clear differences in 
response to blast loading between the US and UK 
joint detail. 

Comparison of the rotations indicates that the 
UK detail provides a weaker shear resistance but 
retains integrity to achieve a more ductile rotation. 
A more ductile response is normally seen as       
desirable. However, the US detail does absorb 
greater energy, and may be marginally stronger. 
The tendency of the US joint detail to project 
fragmented and spalled concrete from the remote 
side of the concrete from the blast is a potential 
hazard, not only for occupied blast protection 
structures but also for structures being demolished 
explosively. 

This limited series of model tests does not     
indicate clearly that one joint type is always better 
than the other. However, it does indicate a clear 
trend that makes it worthwhile considering 
whether there are advantages in adopting one or 
other joint type for specific situations. 
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