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FOREWORD
This Guide has been produced by a joint working group of the explosives industry,
specialist engineers for blast resistant structures and the Health and Safety Executive
(HSE)/Office of Nuclear Regulation (ONR), on behalf of the Explosives Industry Group of
the Confederation of British Industry (CBI).
This Guide takes into account developments and lessons in the field since the publication
of the 1st Edition in May 2011, which is superseded.
It will assist those who manufacture and store explosives to provide equivalent levels of
protection to people or explosives through structural engineering means, rather than
compliance with the expected minimum separation distances (Quantity-Distances, QDs).
Due to time and cost, it is unlikely to be the chosen route to Licensing, where compliance
with HSE’s published separation distances can be easily achieved.
This Guide describes accepted practice within the explosives industry. Following it is not
compulsory and persons are free to take other action in order to achieve equivalent levels
of safety. By following the guidance, persons would normally be compliant with their legal
duties.
Nothing in this Guide should be read as setting a higher standard than that required by
legislation.
A list of legislation and information is included within this document. Whilst every effort
has been made to cover appropriate legislation and relevant industry practice at the time
of publication of this Guide, neither the CBI nor its servants or agents can accept
responsibility for, or liabilities incurred directly or indirectly as a result of, any errors or
omissions within this document. Those persons involved in the explosives industry are
responsible for taking their own legal and other advice as they see fit. Readers are
strongly advised to check for any changes in legislation since the publication of this Guide.
Nor do the CBI, its servants and agents make any representation expressed or implied
that the products and product ranges or the processes, equipment or materials referred to
in this Guide are suitable, satisfactory or appropriate for the purpose or purported
purposes set out or referred to in this Guide and the CBI, its servants and agents accept
no responsibility or liability therefore.
It is not the intention of this Guide to be used as a technical manual by those inexperienced
in the design of structures to resist explosives effects. Those not experienced in the field
should seek expert assistance.
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SECTION 1

INTRODUCTION: AIM OF THIS GUIDE

This Guide is aimed at those explosives manufacture and storage sites that are licensed
by the HSE or ONR under the Explosives Regulations 2014 (ER)[1], where there are not
‘fixed rule’ Licencesa. The scope of this guidance is covered on page 5.
ER[1] regulation 13(6) permits the HSE/ONR to accept Separation Distances (Quantity
Distances, QDs) other than those in ER Schedule 5.
This Guide supports ER Guidance[2] and the HSE’s explosives website by providing
guidance on achieving an equivalent level of safety to separation distances through a
structural engineering justification. Structural Justification is not required where
separation distances comply with Schedule 5 of ER. This structural justification
technique can, however, be used for demonstrating the equivalent level of protection of
people in protected control rooms or compartmented structures. No requirement for a
higher standard than ER should be inferred.
Early engagement with the HSE or ONR site inspector is strongly recommended where
a Licensee believes that a Structural Justification will support a Building Schedule for an
existing building. The interaction between the Inspector and the Licensee is discussed
in more detail in Section 5.
This Guide describes the key elements of a Structural Justification, to enable a consistent
approach to be used for the preparation of Structural Justifications in support of ER
licensing. Although this Guide describes a presentation format for a Structural
Justification acceptable to HSE and ONR, other formats may be satisfactory.
This Guide identifies design manuals and engineering methods recommended for the
preparation of Structural Justifications.
Structural Justification has been used successfully by a number of Licensees for new
and existing buildings. Licensees may refer to this process as technical justification,
engineering justification etc. Within this document the term Structural Justification is
used.

a

‘Fixed rule’ Licence: those Licences subject to ER regulation 27(1) and Schedule 5.
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This Guide will be of value to:
(a)

Licensees, where an equivalent level of protection is provided but separation
distances cannot be met

(b)

Licensees and their expert assistants, who need to be able to undertake the
design calculations in order to provide and demonstrate the validity of a Structural
Justification

(c)

HSE/ONR Inspectors and their expert assistants, in assessing a Structural
Justification.

The Guide gives Licensees and HSE/ONR Inspectors a consistent approach for the
assessment methods for buildings used for the manufacture, storage and testing of
explosive materials and for the protection of people. It is not intended to provide sufficient
information to undertake the structural analysis of buildings to resist the effects of
explosions; this is a task for suitably qualified and experienced Chartered Civil or
Structural Engineers.
The scope of this document is:


The licensing of both new and existing explosives facilities (including existing
facilities that are to be modified)



HT1, HT2 and HT3 explosives

Blast suppression systems (e.g. fast-acting water drench systems) do not require a
Structural Justification, as this is a different type of Technical Justification. However, this
alternative type of Technical Justification may be used to support a Structural
Justification.
This document is not a design guide for new explosives buildings. Nor does it cover how
to conduct structural inspections.
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SECTION 2
2.1

LEGISLATIVE REQUIREMENTS

Demonstration of legislative compliance using Structural Justification

The Structural Justification can be used to demonstrate compliance with:


Sections 2 and 3 of Health and Safety at Work etc Act 1974 (HSWA)



Regulation 3 of Management of Health and Safety at Work Regulations 1999
(MHSWR)



Regulations 5 and 9 of Control of Major Accident Hazards Regulations 2015
(COMAH)



Regulations 5 and 6 of Dangerous Substances and Explosives Atmospheres
Regulations 2002 (DSEAR)



Regulations 26 and 27 of Explosives Regulations 2014 (ER).

2.2

MHSWR[3]

These regulations require a suitable and sufficient assessment of the risks to the health
and safety of employees and other persons arising from the employer’s undertaking in
order to identify the measures the employer needs to take to comply with health & safety
(H&S) legislation. Similar duties are placed on the self-employed. These regulations
also lay down a set of principles to be followed in identifying and implementing the
appropriate protective measures to control the risks identified by the risk assessment.
2.3

COMAH[4]

The regulations require the operator of relevant sites to take all measures necessary to
prevent major accidents and limit their consequences to people and the environment;
including demonstration of adequate safety and reliability of design, construction,
operation and maintenance. There is HSE guidance[5].
2.4

DSEAR[6]

These regulations set minimum requirements for the protection of workers from fire,
explosion and similar (energy releasing) events, caused by dangerous substances and
potentially explosive atmospheres. The regulations are complementary to the general
duty to manage risks under MHSWR. Requirements include:


Carrying out a risk assessment of work activities involving dangerous substances



Providing technical and organisational measures to eliminate or reduce, so far as is
reasonably practicable the identified risks.

Risk assessments and their conclusions include assessments underpinning Structural
Justifications.
The HSE has produced an Approved Code of Practice[7] to DSEAR.
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2.5

ER

One of the key regulations (Regulation 26) requires the duty holder to:


Prevent unplanned fire or explosion



Limit extent and spread of fire and extent and communication of explosion from one
location to another



Protect persons from the effects of fire or explosion.

ER regulations 13(5) and 13(6) specify where explosives may be stored and/or
manufactured; the maximum quantities and types of explosives that may be present at
each location; separation distances; and the construction and positioning of explosives
buildings.
An extract from the HSE Guidance on Regulations – Safety Provisions L150[2]:

Application of separation distances and regulation 13(6)
183 … where the quantity of explosives is greater than 2000 kg, where regulation 13(4)(c) to
(g) applies, or where HSE or ONR uses its discretion to vary the separation distance
requirements, HSE or ONR may grant a licence that includes conditions specifying the
separation distances that are to be met.
187 HSE and ONR have the discretion to vary the separation distances. HSE and ONR would
normally only use their discretion to depart from the separation distances specified in
Schedule 5 (or from distances interpolated from these tables and the mathematical formulae
which support them) if other risk and hazard reduction and mitigation measures are taken
which would ensure an equivalent level of safety. These measures would be presented to
HSE or ONR as a technical justification and included as conditions in any licence. Examples
of mitigation which might be considered include, but are not restricted to:
■ mounds or other traverses or features designed to intercept flying debris from a fire or
explosion;
■ building structures sufficient to contain the effects of a fire or explosion;
■ building orientation and construction which directs effects away from adjacent buildings and
other protected places;
■ reducing the unit risk from a building containing explosives by means of suitable internal
partitions (‘compartmentalisation’); and
■ common fire detection/alarm systems when combined with effective mitigatory measures.
188 The suitability of any measure to justify the use of reduced separation distances will
depend on site-specific circumstances, for example the types and quantities of explosives
present in a building. The licence applicant will need to demonstrate that the proposed safety
measures are suitable for the site and the other circumstances.
189 HSE and ONR may also vary separation distances where an existing HSE or ONR
licensed site is divided into two independently-operated and licensed sites, for example
following sale or subletting of part of the site. Normally HSE and ONR would expect the
external separation distances to apply between buildings on the two sites, but have the
discretion to accept shorter distances (including, if appropriate, a distance equivalent to the
existing internal separation distances) where additional or existing safety measures that
would provide an equivalent level of safety to those provided by external separation distances
are in place.
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SECTION 3

REASONS FOR REQUIRING A STRUCTURAL JUSTIFICATION

Structural Justifications may be required for a number of reasons, for example:


An inability to meet standard separation distances



A need to contain all explosives effects within a building, cell or other structure, thus
application of ‘zero separation distance’



A need to contain fragment effects within a building, cell or other structure, thus
application of a separation distance based only on blast



To calculate separation distances based on specific building design, e.g. worst case
fragment, maximum fragment throw throw/roll distance



Application of evidence based separation distance from representative trials



To provide evidence a building behaves as:
- an over-mounded building
- a unit risk construction process building, light weight front and roof (URCPB)
- a mounded building.



To demonstrate explosives unit risk, i.e. evidence of no near instantaneous
sympathetic communication of explosion within the building, for example separation
distance is based on worst explosion case, not total building inventory



To demonstrate, for a remote manufacture process, the protection of personnel within
a protected control room



To demonstrate that in the event of an initiation in a process cell there is a suitable
level of protection for workers in adjacent areas



The building was not designed to a recognised explosives design manual (e.g. nonstandard reinforcement detailing).

Structural Justification is not required when symmetric or asymmetric separation
distances are satisfied.
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SECTION 4

CONTENT OF A STRUCTURAL JUSTIFICATION

This section sets out a recommended structure for a Structural Justification. Such a
document should contain the following information, although a given justification need
not necessarily follow the implied structure below.
4.1

Summary

This section describes:


The building



What is to be justified and why



Explosives limits (limitations) and conditions (operating constraints).

4.2

Building description

This section describes the building layout and building construction. Typical contents of
this section include:


The building use



A plan of the building layout and cross-sections through the building to describe the
structure fully



A table describing the use of the rooms and which areas contain explosives and
which areas are occupied



A description of building construction (e.g. reinforced concrete, masonry, frangible
building elements, traversing, etc.).

4.3

Licensing intent

This section describes the Licence Building Schedule, which the Structural Justification
supports. This section should normally state the net explosive mass, in TNT equivalence,
required for each explosives area/cell/room within the building (see Sections 9.2 & 9.3).
4.4

Key issues

This section should describe why the building does not meet standard separation
distances. It should describe the reason(s) why the building needs a Structural
Justification and how this will meet the licensing intent.
It should outline how the Structural Justification will demonstrate that the mitigation
measures will ensure an equivalent/acceptable level of safety. Typical mitigation
measures include:


Mounds or other features designed to intercept flying debris from an explosion



Building structures sufficient to contain the effects of an explosion



Building orientation which directs explosion effects away from vulnerable buildings



Reducing the unit risk from a building containing explosives by means of suitable
partitions (unitisation)
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4.5

Explosives articles, with directional effects, such as rockets or shaped charges,
orientated and/or restrained in such a way that in the event of accidental initiation,
the effects are oriented in a safe direction.
The engineering justification

This section is central to the Structural Justification and will reference detailed
calculations. It should demonstrate, using engineering methods, how the licensing intent
is satisfied. The recommended design references and methods are outlined in Section
12 of this Guide.
Typically this section will quantify the hazards produced from a Potential Explosion Site
(PES) and demonstrate that the consequences at an Exposed Site (ES) (within ER, a
protected place) are no greater than the levels expected at the normal ER separation
distances.
4.6

Conclusions

This section summarises the document, including the explosives limits and conditions,
and states that the licensing intent is met.
4.7

References/Appendices

All necessary supporting documents should be appended or referenced as appropriate.
Typical documents include:


The Licence Building Schedule and associated Plan



All relevant building drawings required to support the Structural Justification



A site layout showing nearby PES and ES or other protected place, if/where
relevant



People protection criteria, if/where relevant



Explosives hazard/vulnerability criteria, if/where relevant (i.e. for unitisation of
explosives risk)



Supporting engineering calculations.

Supporting engineering calculations should all begin with a design philosophy statement.
The design philosophy statement should state clearly what the calculations are intended
to achieve and, where appropriate, the methodology that has been adopted. There
should be an explanation of the provenance of the method(s) being used.
4.8

Example

An example of a typical Structural Justification is included in Annex A.
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SECTION 5

INTERACTION BETWEEN LICENSEE AND HSE / ONR

Early engagement with the HSE/ONR site inspector is strongly recommended where a
Licensee believes there is a benefit to using Structural Justification arguments to support
a Building Schedule for an existing building. Early discussion will ensure assessment
methods and criteria are agreed, ensuring time and money are spent to best effect; also
when and how further interaction is to take place should be agreed.
Early engagement with the HSE/ONR is recommended where a Licensee is designing a
new building, whether or not the Licensee intends to use Structural Justification. Useful
discussions can be held at relatively early stages of design, certainly from the point of
concept design(s). Agreement should be reached on aspects for people protection
criteria and explosives unit risk arguments fundamental to building design; the quality
control for the building construction; and when and how the HSE/ONR will agree the
building design in principle.
Where a Structural Justification is used to achieve an equivalent level of protection, the
Licensee should have sufficient knowledge and experience within the organisation or
make such arrangements so that it can act as an intelligent customer. It is essential that
the Licensee understands the following (for new and existing structures) to ensure the
ongoing integrity and safety performance of the blast structure:


The safety critical aspects of the design, their application and limitations



Construction and/or modification



Operation and maintenance



Type and nature of the explosives.

Complex and substantive new blast designs may benefit from third party independent
reviews. This approach brings a range of benefits not only in ensuring the design delivers
the required safety performance, is fit for purpose but also value for money. The Licensee
should consider and make suitable arrangements for independent review during the
design of complex and substantive blast structures.
A stage gate process may assist with development of new buildings, as shown in Figure
1. A similar stage gate process could be applied for modifications.
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Figure 1 Flow chart of HSE/ONR interaction during the stages of a construction project
where a Structural Justification is required
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SECTION 6

QUALITY ASSURANCE AND CONTROL

Quality Assurance (QA) is a set of activities for ensuring quality in the processes by which
products are developed. QA aims to prevent defects with a focus on the process used
to make the product. QA is therefore a proactive process.
Quality Control (QC) is a set of activities for ensuring quality in products. The activities
focus on identifying defects in the actual products produced. QC aims to identify (and
correct) defects in the finished product. QC is therefore a reactive process.
6.1

QA during design or assessment

The level of design review needs to be proportionate to the importance that a structure
or component plays in the safety basis of the explosives facility design. For example, if
the loading or structural system is complex or the consequences of failure are severe
then an increased level of design review might be required, such as an independent
design review or independent technical analysis.
All new calculations, drawings and specifications should be signed by the originator,
checker and approver. Existing documents that are used should be assessed, verified
and used appropriately.
The design or assessment process should follow an ISO 9001 accredited quality
management system or equivalent.
The originator is the engineer responsible for creating the calculations. They should be
a person with suitably qualified and experienced such that they are deemed competent
for this task.
The checker of the calculations should be the engineer responsible for checking the
method and numerical accuracy of the calculations. This person should be suitably
qualified and experienced such that they are deemed competent for this task.
The approver of the calculations should be the supervising engineer responsible for
ensuring that the method used for checking the calculations is appropriate, the
calculations are adequate for their intended purpose and that queries between checker
and author are resolved. This person should be suitably qualified and experienced such
that they are deemed competent for this task.
6.2

QC during construction

The aim of QC during construction/modification is to ensure that the facility is constructed
as designed. Where changes are required during construction there should be
appropriate change control to ensure that the design intent is not degraded and/or
invalidated. The level of QC depends on the consequences of an explosion within the
facility once constructed.
The expectation is that the level of QC required for the construction of explosives facilities
is Execution Class 2 (BS EN 1090-2[8]). The level of QC may need to be increased for
components with a specified safety function (e.g. vent panel fixings to ensure that they
fail at a specified load); this would have been determined by the designer.
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The construction process should follow an ISO 9001 accredited quality management
system or be to an equivalent standard.
Appropriate inspection and testing requirements should be specified for each type of
material supplied. An Inspection and Testing Plan (ITP) is essential for large, complex
projects to provide clear visibility of exactly how the supplier is intending to meet the
inspection and testing requirements. An example of the requirements for an ITP is
included in Annex O. Typical forms of evidence requested in ITPs are: design certificate;
certificate of conformity; approved welding process certificates; mill certificates; CARES
reinforcement certificates; various inspection check sheets; factory acceptance test
certificates; concrete delivery mix certificates; cube test results; and photographs.
Traceability of all products and components and their constituent materials is expected.
It should be possible to relate each aspect of the works back to the particular material,
product or component supplied.
The Licensee/his Contractor should take photographs of the works as they proceed on a
daily or weekly basis or to ensure that key elements are properly recorded. These
photographs should form part of the quality record and should be indexed and managed
as such. It is recommended that additional photographs of specific inspections and tests
be taken and submitted to show evidence of conformance to the required standard. This
is particularly important where items are hidden (e.g. by being encased in concrete) in
the final works. Record photographs need to provide enough detail to allow them to be
used for verification purposes in the future.
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SECTION 7

EQUIVALENT LEVELS OF PROTECTION

Most HSE/ONR Licences are granted based on standard Separation Distances[1], these
have been derived empirically from a number of explosive trials and explosion incidents.
Annex B describes levels of protection afforded by ER separation distance and thus
develops the criteria that should be demonstrated by Structural Justifications. The
Licensee will need to propose the protection standard to be applied for any given situation
for agreement with HSE/ONR, though it is anticipated that the protection standard would
be led by the guidance provided here.
For example, through unitisation of explosive risk, i.e. demonstrating there is no
instantaneous propagation from explosives in one part of a building to another, the
building’s separation distance may relate to the maximum unit risk, not the total inventory
of the building. This demonstration may be required where remote-controlled operations
are being conducted and claims are made relating to the protection of those people in a
protected control room. Such assessment may also be suggested to show that
concurrent explosives operations at a location should be allowed.
Simplified criteria to meet regulatory acceptance may be agreed and whilst perhaps
easier to understand these could lead to a higher level of safety being provided in a
Structural Justification argument.
It may be possible, for explosives buildings designed to specific defence criteria, to define
and agree lower separation distances in accordance with MoD’s separation distances,
as defined within JSP 482[9]. Thus, it may be possible to apply (say) a lower InterMagazine Distance specific for that structure.
One might choose to apply a limit of 5kPa blast over-pressure for calculating a blast-only
IBD, instead of calculating peak incident blast over-pressure and incident impulse for a
given quantity of explosives and comparing with the values listed in Annex B, Table 6.
Similarly blast-only PBD could be taken as a simple blast over-pressure of 21kPa, rather
than calculating the peak incident blast over-pressure and incident impulse for a given
quantity of explosives and comparing with the values listed in Annex B, Table 5.
Where a Structural Justification derives a (reduced) Class D distance, Class C should be
the same as the calculated Class D distance. Classes A, B should be calculated in
accordance with the HSE formulae[10]. Class E distance should be determined in
accordance with Annex B.
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SECTION 8

INFORMATION REQUIRED TO PREPARE A STRUCTURAL
JUSTIFICATION

It is critical that the engineer preparing the Structural Justification fully understands the
operation of the explosives facility. If assumptions cannot be substantiated then this may
invalidate the claims made in the Structural Justification.
Typically the engineer will need the following information:


The layout of the site around the building



The layout of traverses/mounding (if present) of the building in question and
surrounding buildings



The location of the explosives within the building



The location of explosives and non-explosives workers during explosives operations
and the means of protecting those workers from explosion effects



The location of Class D (inhabited) and Class E (vulnerable) buildings and other
protected places both on and off site



Detailed design drawings of the construction of the facility and other surrounding
buildings that could potentially be affected



The current condition of the building through condition surveys



The quantity of explosives allowed in each explosives area



The type and TNT equivalence of explosives used in each explosives area



The explosives process within each explosives area (e.g. storage, processing or
testing)



The details of any casing surrounding explosives, which enables the primary
fragment hazard to be assessed



The details of any machinery, plant or equipment within the explosives areas, which
enables the secondary fragment hazard to be assessed



Year of construction of the building, which may imply design and construction
standards used



Facility modifications during the life of the building, which may invalidate the original
safety case.

Where, for existing buildings, there is a lack of as-built design information and is not a
standard type of explosives facility, a more extensive structural survey will be required.
Further advice is provided in Section 10.
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SECTION 9
9.1

DESIGN OR ASSESSMENT OF EXPLOSIVES FACILITIES

Introduction to blast design

An introduction to blast design is given in Annex C. This introduction covers the key
aspects of explosion effects and the response of structural elements. This introductory
material is intended to provide a basic understanding of the basis for design calculations;
it is not intended to replace the use of competent structural blast engineers for conducting
assessments.
9.2

Hazard Type (HT)

The document primarily considers Hazard Type 1 (as TNT equivalent) unless specifically
stated otherwise.
Whilst the nature of the threat from HT2 is different from HT1, and would need to be
assessed, the same methodology used to determine the blast and fragment effects on a
structure can be applied. However, shaped charges are outside the scope of this Guide
and specialist advice should be sought.
Hazard Division (HD) 1.3 explosives in their transport configuration will be HT3.
Explosives classified in HD 1.3 can behave as HT1 explosives if there is sufficient
confinement or other features that may affect response such as the explosives
temperature, pressure etc. The Licensee should determine whether HT1 or HT3 is
appropriate for the manner in which the material is stored or processed.
Sections 9.3 to 9.10 relate primarily to the design or assessment of facilities used for HT1
explosives.
9.3

TNT equivalency

Research demonstrates that the TNT equivalence of each explosives type varies
depending on the test configuration, the parameters being measured and the distance
from the source of the explosion. The TNT equivalence of a specific explosive may be
determined experimentally, theoretically or a standard value from a source reference
such as UFC 3-340-02[11], whichever method/model is used should be justified The TNT
equivalence for shock loads (based on heat of detonation) may be different to that used
for gas pressure loads (based on heat of combustion). The TNT equivalence for
calculating fragment effects may be different to that used to calculate the blast effects.
As a consequence it means that the design TNT charge mass may be different depending
on whether calculating shock pressures, gas pressures or fragment effects.
9.4

Assessment of explosives facilities used for storage or processing of HT3
explosives

The principal blast design manuals do not cover the explosion effects produced by HT3
explosives. A method for calculating the area of venting required to control the loading
on the structure is described in Section 12.21. This assessment requires the resistance
of the structure to a quasi-static gas pressure to be calculated, which can be achieved
through the use of normal civil/structural design standards.
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9.5

Loading safety factors

The loading safety factors are dependent on the intended type of structural response.
For magazines and process buildings, the energy of an accidental explosion is normally
absorbed by plastic response of the structural elements. For firing chambers, the energy
of an intentional explosion is normally absorbed by ensuring that the elastic capacity of
the structural elements is not exceeded. For explosives facilities, it may be a requirement
for the blast doors to remain elastic after an accidental explosion so that they remain
operable after the event. The recommended loading safety factors are summarised in
Table 1.
Intended structural
response

Charge
mass factor

Static load
factor

Dynamic load
factor (flexure)

Dynamic load
factor (shear)

Plastic response

1.2

1.35 (adverse)
1.0 (beneficial)

1.0

1.0

Elastic responseb

1.2

1.35 (adverse)
1.0 (beneficial)

1.2

1.4

Table 1 Loading safety factors
The charge mass factor accounts for unknown factors such as unexpected shock wave
reflections, a poor standard of construction and the quality of construction materials,
which can lead to an unacceptable degree of damage.
The static load factor is based on Table 2.1 of Eurocode 0[12] for dead loads.
The flexural dynamic load factor is applied to the calculated bending moments to provide
a safety factor against plastic deformation of the steel reinforcement or steel section.
The shear dynamic load factor is applied to the calculated shear forces to provide a safety
factor against shear failure. The shear factor is larger than the flexural factor to preclude
premature brittle failure mechanisms.
9.6

Resistance safety factors

The resistance safety factors are dependent on the intended type of structural response
(i.e. plastic or elastic response). The recommended resistance safety factors are
summarised in Table 2.

b

‘Elastic response’ is a typical requirement for explosive test facilities.
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Intended
structural
response

Flexural
material factor

Shear material factor

Dynamic increase factor
on material strengths

Plastic

1.0

In accordance with
UFC 3-340-02

In accordance with
UFC 3-340-02

Elastic

1.0

1.25 (steel reinforcement
and concrete)

1.0

Table 2 Resistance safety factors
For normal structural design partial material factors are incorporated to reduce material
strengths and conservatively underestimate element resistances. For ductile blast
design, JSP 482[9] and UFC 3-340-02[11] recommend that partial material factors are
omitted for flexural behaviour. However, for shear behaviour partial material factors
(strength reduction factors) are included to prevent premature shear failure.
The dynamic response of a member to an explosion can result in very high strain rates
within the materials. These high strain rates cause an apparent enhancement of the
material strengths, which increases the plastic resistance of the member. For members
with elastic response to the explosion effects, however, the strain rate at maximum
deflection is zero and therefore dynamic increase factors should not be applied to
maximum elastic resistance of the member.
9.7

Deflection limits

Structural elements designed to resist a one-off blast loading normally mobilise the plastic
capacity of the element. The plastic capacity of the element can only be mobilised if
premature failure mechanisms can be avoided (e.g. breaching, diagonal shear failure,
direct shear failure, buckling of compression reinforcement).
Structural elements designed to resist repeated blast loading normally mobilise only the
elastic capacity of the element. Again premature failure mechanisms should be avoided.
Figure 2 shows the requirements for reinforced concrete elements to sustain large
support rotations. Note: for a beam subjected to a uniformly-distributed loading the
maximum (middle) plastic hinge rotation is double the support rotation. It is the maximum
plastic hinge rotation that limits the response of the element.
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XE

2

ELASTIC

12

6

SUPPORT
ROTATION

PLASTIC

NO BLAST LINKS
REQUIRED (NOTE 1)

BLAST LINKS REQUIRED

SPALL PLATES IF REQUIRED (NOTE 2)
TENSION MEMBRANE
RESPONSE (NOTE 3)

Note 1 – Although blast links are not required, for new buildings 0.1% blast links should be
provided in accordance with JSP 482 chapter 6
Note 2 – Spall plates required only if concrete fragments generate an unacceptable hazard to
personnel or explosives
Note 3 – Tension membrane response only if effective lateral restraint is provided to element

Figure 2 Design requirements for ductile reinforced concrete elements
For reinforced concrete structures that are designed not to collapse, the maximum
support rotation must be limited to six degrees.
For primary and secondary steel elements, the maximum allowable deflection is based
on a maximum support rotation of 12 degrees or a ductility ratio of 20, whichever is the
lesser[11]. If protection of personnel or explosives is required then steel element
deflections are further reduced to a maximum support rotation of 2 degrees or a ductility
ratio of 10, whichever is the lesser[11]. Only steel sections with a plastic cross-section
classification (as defined in EC3[13]) should be used for blast-resistant design.
For structures or components that are subjected to multiple successive blast waves,
structural damping will decrease the maximum deflection and provide a more realistic
deflection-time history. For welded steel structures structural damping is generally less
than 3% and for bolted steel structures between 4 and 7%[38]. For lightly cracked
reinforced concrete structures structural damping is between 2 and 5% and for heavily
cracked concrete between 5 and 15%[38].
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9.8

Unitisation

Unitisation of explosives can be adopted to prevent sympathetic detonation of explosives
in order to limit the consequences of an explosive event within an explosives facility.
Explosive inventories may be unitised by either being in different rooms/cells within the
same building, shielding within the same room or explosives detonations being separated
by sufficient timec. Such situations need to be assessed and justified.
In order to prevent the sympathetic detonation of explosives substances and articles the
means of achieving unitisation shall ensure that:
1. Primary explosives are not inadvertently exposed to shock, impact, flame or
significant thermal radiation/flux.
2. Secondary explosives are not inadvertently exposed to stimuli sufficient to cause
instantaneous detonation, such as:


Peak incident blast over-pressure



Impact through structural collapse, spalling, debris, fragments or missiles



Ground Shock



Thermal radiation flux.

The recommended limits for explosion effects to prevent sympathetic detonation of
secondary explosives are described in Annex B.4.
The exposure of explosives to stimuli described above may, in some incidences, be
reduced by the nature of the article or assembly or by the protective qualities of their
packaging. Where applicable this may be taken into consideration as mitigation. In all
cases, the article, assembly and packaging should be considered as potential sources of
fragments.
The effectiveness of mitigation in specific cases and environments may be demonstrated
through experiment and/or calculation rather than by reference to the limits in Annex B.4.
In addition, alternative limits may be set for specific explosives through appropriate and
sufficient experimental trial and/or calculations.
An example of using a reinforced concrete barrier between explosives to provide
unitisation is provided in Annex G.

c

DoD 6055-09-STD[14] states that:
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9.9

Reusable facilities

Some explosives facilities are required to resist multiple explosions during their design
life. Typical examples include training or testing facilities. Such structures should be
designed to respond elastically to the explosive loading or parts of the structure should
be sacrificial such that they can be easily replaced.
For elastically-responding structures it is important that incremental damage does not
occur after each explosion as this would reduce the life of the structure. Incremental
damage to the structure is normally a concern for business continuity but there should be
an expectation that a condition will be included in the explosives licence for periodic
inspection to ensure that the structure is not degrading.
For elastically-responding structures, it should be expected that there will be localised,
transient plasticity after the first firing, which is not repeated for successive explosions.
This process is known as shakedown and does not affect the long-term performance of
the structure. Flexural cracks are also likely to occur in concrete structures.
9.10

Novel structures

The design manuals used for explosives facilities (Section 12) are intended for the design
of relatively simple structures constructed of steel, concrete or masonry. The behaviour
of such structural types under blast load is well understood. Where novel structures (e.g.
composite structures) are proposed, the expectation is that evidence will be provided that
demonstrates that the behaviour of that structure in response to blast load and the failure
mechanisms are suitably catered for in the design and conveyed to building owner.
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SECTION 10
10.1

ASSESSMENT OF LEGACY EXPLOSIVES FACILITIES

Legacy explosives facilities

Existing explosives facilities present the engineer and licensees with a number of
challenges, e.g.:


Materials may not be in accordance with current standards



Buildings might be designed and constructed in accordance with withdrawn or
superseded standards (e.g. inadequate reinforcement lap lengths or concrete cover
compared with modern standards)



The proposed or current operation of the facility is different to that which it was
originally designed (e.g. mixing operation changed to a pressing operation)



Modifications may have been carried out to the facility (e.g. replacement of vent
panels, which may have changed their performance in response to blast load)



The structure may have deteriorated (e.g. corrosion of steelwork or reinforcement)



Facility drawings may not reflect the as-built status or drawings may not show
modifications undertaken (e.g. normal density concrete roof may actually be aerated
concrete)



Maintenance/repairs (e.g. painting or rendering) may be masking structural defects.

10.2

Condition survey

The planning of a condition survey should include representatives from the facility users,
the engineer producing the Structural Justification and, where appropriate, surveying
technology specialists.
An inspection of the facility should be undertaken to verify the information on the
structural drawings and identify any differences. Observed defects (e.g. concrete
cracking, rust staining) should be recorded.
Technologies exist for determining the reinforcement provision inside reinforced concrete
elements (Annex D). The results can be verified by breaking out the concrete cover in
specific locations.
Concrete strength can be determined by taking concrete cores or using a Schmidt
hammer (Annex D). Steel strength can be determined by testing material samples.
The survey should use a balance of non-destructive and destructive testing to establish
confidence in the current condition of the explosives facility.
Typical issues associated with construction materials used for legacy structures are
described in Annex E.
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SECTION 11
11.1

JUSTIFICATION OF LEGACY EXPLOSIVES FACILITIES

Design assumptions

Where there is a lack of information on the design/construction of an explosives facility,
conservative (cautious) assumptions could be used rather than taking measurements. It
can be assumed that the minimum requirements of the design standards for conventional
building design that existed at the time the facility was constructed were adopted. For
example, the minimum percentage of steel reinforcement in a concrete section is
specified in the concrete standards. Also, structural steelwork is available in a range of
strength grades and the minimum steel grade available at the time of construction may
be assumed for Structural Justification. If necessary, an allowance should be made for
any deterioration.
11.2

Modifications to explosives facilities

Explosives facilities are often modified at some time during their life, usually to replace
plant and/or mechanical & electrical services. These changes frequently require
modifications to the building structure, e.g. new penetrations for additional services.
Changes/modifications have the potential to affect the performance of the building in the
event of an accidental explosion. For example:


A new penetration through a reinforced concrete wall may damage reinforcement,
reducing the energy-absorbing capacity of the wall



The replacement of an uninsulated (very lightweight) roof with an insulated roof will
affect the ability of the building to vent internal gas pressures



New plant may generate more energetic secondary fragments in the event of an
explosion



New plant may be located closer to a wall than the existing plant, reducing stand-off
distance and therefore increasing the blast loading on the wall.

It is important to assess the consequences of modifications to explosives facilities to
ensure that they do not undermine the original Structural Justification.
11.3

Lap/anchorage lengths

JSP 482[9] requires steel reinforcement lap/anchorage lengths to be a minimum of 72 bar
diameters long, which is known to be conservative. Reinforced concrete explosives
facilities designed to resist explosion effects pre-dating the 1960s or designed for nonMOD clients are likely to have shorter reinforcement lap/anchorage lengths. Such
structures have been justified by compliance with the lesser requirements of
UFC 3-340-02[11]. This requires lap lengths at least equal to the anchorage bond length
in the current US reinforced concrete standard, and at least 1.3 times this in areas of high
strain, such as plastic hinge zones or tension membrane zones. Reinforcement and
concrete material grades current at the time of construction should be used allowing for
the benefits of concrete aging.
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11.4

Mobilising full capacity of reinforced concrete elements

JSP 482[9] requires blast links throughout reinforced concrete elements to prevent the
compression steel reinforcement from buckling during large deformation of concrete
elements when the concrete cover crushes. UFC 3-340-02[11] only requires blast links if
the support rotations exceed 2 degrees. The crushing of the concrete cover and buckling
of the compression reinforcement is assumed to occur at hinge rotations of 4 degrees.
However, when the first yield line reaches 4 degrees rotation the concrete element does
not fail as there is still residual capacity in the remaining yield lines. By calculating the
resistance of the element as each successive yield line reaches a plastic hinge rotation
of 4 degrees, the full energy-absorbing capacity of the concrete element can be justified.
This follows the principles of post-ultimate resistance up to incipient failure from
UFC 3-340-02[11]. See Annex F3 for a worked example.
11.5

Absence of tension reinforcement

Explosions in reinforced concrete structures will subject the concrete elements to flexure
and tension. UFC 3-340-02[11] recommends that the reinforcement be provided in each
face of the concrete elements to resist purely flexural forces and that reinforcement is
provided at mid-depth of the concrete elements to resist purely tension forces. Legacy
concrete structures may not have been provided with mid-depth reinforcement and
therefore the face reinforcement has to resist flexural and tension forces. Such structures
can be justified by calculating the maximum tension force that can be imposed on each
concrete element and then calculating the reduced flexural resistance of the concrete
elements, which can be used in dynamic response calculations. As the tension arises
from the reaction from return members in bending, iteration between adjacent members
may be required for an equilibrium state. It should be noted that this gives a lower bound
bending resistance and upper bound deflection, but also gives lower bound shear forces,
so upper bound design shear forces should be based on the bending reinforcement
without allowance for tension. Alternatively a non-linear transient-dynamic finite element
analysis of the structure can be used.
11.6

Use of buffer compartments

A common type of explosives facility is a brick structure separated into a series of storage
or process cells by brick dividing walls. Often the dividing walls cannot be substantiated
for the explosives quantity required and it is necessary to have empty (buffer) cells in
between explosives cells. Such structures have been substantiated by effectively
ignoring the dividing walls and assuming that the explosion occurs in a larger cell (if all
cells are the same size then three times the width), which reduces the blast effects on
the brick walls providing protection to the next set of cells. Alternatively the impulse in
excess of the wall capacity can project wall debris across the buffer cells to load the far
walls. These two treatments can be considered to be bounding cases for a mixture of
blast and impact loading on successive walls. See Annex H for a worked example.
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11.7

Definition of fully-vented cubicle structures

The strength of explosives facilities required to resist internal explosions is often
dominated by the internal gas pressure loading. To reduce the magnitude of the gas
pressure loading venting is normally provided through lightweight panels. To prevent the
build-up of internal gas pressures, fully-vented cubicle structures are required. These
could be analysed:


In accordance with UFC 3-340-02[11] Figure 2-1 where fully-vented cubicles need not
be analysed for gas loading, and Section 2-14.4.1 that states that a three walled
cubicle (with or without roof) is a fully vented structure



Alternatively a structure may be taken as fully-vented if the factor A/V2/3 exceeds 1.0,
equivalent to a three sided cell of equal dimensions



By exception, licensees may be able to use a lower value for legacy structures if they
can demonstrate that this is acceptable by testing or calculation / analysis for their
particular situation.

11.8

Enhancement of existing structures

Where the engineer has not been able to substantiate an existing explosives facility, it
may be necessary to make modifications to increase its capacity. Examples are
described in the following sub-sections.
11.8.1 Enhanced Rotational Capacity
In some legacy reinforced concrete explosives facilities, without blast links, the postultimate resistance under Section 11.4 is not adequate to control the deflection of the
wall. Through bolts securing segmented plates to both faces of the wall were used to
provide the containment in lieu of blast links so as to extend the rotation at ultimate
resistance and increase the post ultimate resistance without increasing the ultimate
resistance and the associated shear forces. With partial support fixity only internal yield
lines can be enhanced unless the return members where the hinges form are also
enhanced. See Annex I for a worked example.
11.8.2 Enhanced Reinforcement Anchorage
Where the roofs of multi-bay reinforced concrete legacy structures are reinforced to resist
gravity loading only, with no top steel in the span and inadequate laps in the bottom steel
at supporting walls, the roofs are unlikely to resist internal blast and can be expected to
fail upwards. However, walls between bays can be supported by the roofs of the adjacent
bay provided the connection at the top of the wall remains effective, which requires the
top slab reinforcement in the support to remain in place. This reinforcement is normally
above the top U bars off the wall, so this reinforcement has been anchored to the wall
against forces from the failing roof slab by a plate at the surface anchored into the wall
concrete below the top U bars. Anchors could be designed to resist forces from the top
support bars and bottom span bar of the detonation bay roof acting as a catenary until
upper bound failure. This is illustrated in See Figure 3.
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COVER PLATE 10 X 150 TO
RETAIN TOP SLAB BAR
AGAINST UPLIFT FROM
TENSION MEMBRANE
CATENARY IN ROOF

DETONATION
BAY

PROTECTED
BAY
RESIN ANCHORS TO RESIST
UPLIFT FORCES FROM
TENSION MEMBRANE
CATENARY IN ROOF

Figure 3 Enhanced anchorage for singly-reinforced roof slabs against uplift from roof
catenary action
11.8.3 Strengthening masonry wall panels
The energy absorbing capacity of a masonry wall can be enhanced by increasing its
structural and/or inertial resistance. Examples include:


Provide intermediate supports to reduce the span



Adding an extra width of brick



Applying shotcrete to the wall



Building a reinforced concrete wall against the masonry wall (using the existing
masonry wall as permanent formwork)



Applying a steel plate or composite liner to both faces of the wall.

An alternative strategy is to allow the masonry wall to fail but limit the debris throw using
a fabric liner (e.g. geotextile). The fabric liner must be securely attached and is normally
located immediately next to the masonry wall. This technique is only suitable for framed
buildings.
11.8.4 Unitisation
The maximum credible explosive event may be reduced by introducing unitisation. For
example:


Small samples of explosives may be stored in separate containers (e.g. lockers and
cupboards), which have been demonstrated through testing to prevent sympathetic
detonation.



Providing barricades between explosives, such as water-filled containers, masonry
walls, precast concrete units, sand-filled gabions.
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11.9

Inability to substantiate facility against licensing intent

Where the engineer cannot substantiate the structure of the explosives facility against
the licensing intent, this is likely to mean that the explosives limit needs to be reduced or
people need to be removed to the appropriate separation distance.

Page 28 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

SECTION 12

RECOMMENDED DESIGN REFERENCES AND METHODS

The recommended design manuals and methods to be used for the preparation of
Structural Justifications are described in this section. Other design manuals and methods
may be used but their validity will need to be demonstrated to HSE/ONR. Combinations
of design methods from multiple design manuals may not provide a consistent level of
safety. In general only one design manual should be used for a particular explosives
facility. Any exception will need to be justified.
The engineer will need to be confident that the engineering tools are adequate for the
application. Where considered necessary (e.g. where one engineering tool is being used
close to or just beyond the valid data range for that tool) more than one engineering tool
should be used to provide confidence in the results produced.
12.1

Design manual - UFC 3-340-02[11]

UFC 3-340-02 ‘Structures to Resist the Effects of Accidental Explosions’ supersedes
TM5-1300. UFC 3-340-02 is available through the Whole Building Design Group website
(www.wbdg.org).
12.2

Design reference - The MOD Explosives Regulations (JSP 482)[9]

The MOD Explosives Regulations provides guidance on the safe management of
explosives. Chapter 6 provides guidance on the design of explosives buildings. Chapter
7 provides guidance on the design the design of traverses. JSP 482 is available through
a government website: (www.gov.uk/government/publications/jsp-482-mod-explosivesregulations).
12.3

Design reference - International Ammunition Technical Guideline (IATG) [15]

The United Nations provide guidance on the safe management of explosives. This
guidance is very similar to that in the MOD Explosives Regulations. Section 05.20
provides guidance on the design of explosives buildings. Section 05.30 provides
guidance on the design the design of traverses and barricades. IATG is available through
the UN website (www.un.org/disarmament/un-safeguard/guide-lines/).
12.4

Design reference / manual – Baker et al. (Explosion Hazards and
Evaluation)[16]

This book is an extensive source of explosion effects methods and data aimed at
explosives safety design, clearly presented, explained and put in context by a group of
widely respected authors, who were responsible for a substantial proportion of the
research that derived the data. Substantial elements of this book are also presented in
US Dept of Energy document DOE/TIC-11268 “A Manual for the Prediction of Blast and
Fragment Loadings on Structures”, prepared mostly by the same authors. However, the
book is more extensive and is presented throughout in SI units.
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12.5

Design reference – Biggs (Introduction to Structural Dynamics)[17]

This book is the most influential and widely referenced document in design manuals for
the response of structures to blast loading. It gives a very lucid introduction to general
structural dynamics with an emphasis on practical calculations using numerical methods,
and transient loading such as blast. Biggs popularised approximate numerical analysis
of structural response using the Equivalent Single Degree of Freedom method of analysis
developed in the late 1950s, and this approach subsequently superseded other less
versatile SDOF methods used in earlier manuals. In the book the numerical methods are
applied with hand calculations, but were subsequently used as the basis of many
computer programs over the years to automate the analysis.
12.6

Methods for the assessment of blast effects

The blast parameters produced by spherical free-air bursts and hemispherical surface
bursts of high explosives can be calculated using Kingery & Bulmash empirical
equations[39]. These equations are represented graphically in UFC 3-340-02[11] and are
also incorporated into the software CONWEP[40] (distribution restricted).
The blast parameters produced by the detonation of high explosives within single cell,
cubicle structures can be calculated using the methods described in UFC 3-340-02.
These calculations are automated in the software SHOCK[41] and FRANG[42] (distribution
restricted).
The blast parameters produced by detonation of high explosives within complex
structures (non-cuboid rooms and/or multiple small or large openings) can be calculated
using hydrocodes. Care should be taken to select the appropriate mesh size. Accurate
calculation of blast over-pressures requires a finer mesh than calculation of equivalent
impulses. Hydrocodes do not generally calculate the full quasi-static pressure (QSP)
because the combustion energy of the explosives is not included. Additional calculation
is required to calculate the full QSP for contained or partially-vented explosions in
accordance with the recommended design manuals. Hydrocodes can also be used to
calculate the blast loading in simple structures and in free-air.
The combustion of non-explosive materials in-contact or very close to the source of the
explosion also needs to be considered. This may occur for example with foams or
additives, such as aluminium. This combustion will increase the energy released by the
explosion and further increase the QSP. The additional pressure increase can be
calculated using Equation 1.

P 

0.4 E
V

(Eqn 1)

Where: P = Pressure increase (Pa), E = Energy released by combustion of nonexplosive materials (J), V = Volume of cell/room (m3)
The presence of a casing surrounding an explosive charge suppresses the blast effects.
An equivalent bare charge mass can be calculated using Equation 2.
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C EB  C 

Where:

C
C  2M

(Eqn 2)

CEB = Equivalent bare charge mass, C = Actual explosive charge mass,
M = Mass of charge casing

UFC 3-340-02[11] provides methods for calculating the leakage pressures resulting from
blast propagating through openings in buildings from internal or external explosions.
Hydrocodes can be used to more accurately calculate leakage pressures but caution is
advised, particularly at large scaled distances, with appropriate selection of the mesh
size. Kingery & Bulmash equations can also be used to estimate leakage pressures
using a ‘tortuous path’ method to calculate the distance from the centre of the explosion
to the point of interest. This method does not take account of loss of pressure due to
refraction around corners and is hence conservative.
The negative phase of the blast wave is normally ignored in the design and assessment
of structures to resist blast effects, but in certain circumstances it may be appropriate to
take the negative phase loading into account. For example, for structures or components
that exhibit impulsive response, see Annex C.10.
In general the blast effects can be based on a bare charge, but in exceptional
circumstances casing effects may be taken into account where this can be justified.
12.7

Methods for the assessment of reinforced concrete structures

The behaviour of reinforced concrete structures under internal and external blast load is
covered by the design manual UFC 3-340-02[11]. In both cases, the assessment is
performed by either energy or Single-Degree-Of-Freedom (SDOF) methods. In
UFC 3-340-02[11] the process is performed by manual calculations or design charts.
The design calculations required for reinforced concrete elements typically comprise:



Check for concrete breach and spalling



Calculation of the required section depth, tension and compression reinforcement
required to control flexural element deformations within allowable limits



Calculation of the required shear reinforcement



Calculation of the required splay bar (diagonal) reinforcement.

Members subjected to combined tension and flexure, typically containment structures,
are special cases that are not adequately covered by UFC 3-340-02[11]. Expert advice
should be sought for the design of these types of members and should consider:



The phasing of the blast loading and the structural response of the connected
members



The dynamic reaction that members impose on the connected members



The reduction in moment capacity caused by the tension in the members (including
all layers of reinforcement)



The effect of multiple layers of reinforcement on the stiffness of the members
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The reduction in concrete shear capacity caused by the tension in the members.

It can be difficult to assess complex structures such as non-cuboidal rooms using the
design manuals and references. Where manual calculations are inappropriate, these
structures may have to be analysed by specialist engineers with experience of non-linear
transient-dynamic large deflection Finite Element methods.
Tests indicate that dynamic direct shear failures happen early in the member response
before significant flexural motion occurs, and the treatment in section 4-19 of
UFC 3-340-02[11] is excessively conservative for internal explosions and design support
rotations greater than 2 degrees where diagonal bars are required to provide the full
resistance. As an alternative, under UFC 3-340-01[38], all reinforcement crossing the
crack plane, except that which is required to resist net tension across the crack, is allowed
to serve as shear friction reinforcement, including flexural bars.
For monolithic concrete the ultimate direct shear stress capacity of the concrete with
shear friction reinforcement is given by Equation 3.

(Eqn 3)
Reduced direct shear capacity for cleaned and roughened joints is given by Equation 4.

(Eqn 4)
Reduced direct shear capacity for joints that have been cleaned only is given by Equation
5.

(Eqn 5)
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To mitigate spalling and breaching or reinforced concrete, typical options include
increasing the thickness of the slab, increasing the charge stand-off distance or providing
spall plates. Spall plates comprise steel plate anchored into the reinforcement cage using
shear studs.
The procedure for designing a reinforced concrete element to resist a blast loading is
shown in Annex F.
12.8

Methods for the assessment of steel structures

UFC 3-340-02[11] Chapter 5 provides methods for the assessment of steel structures,
such as steel-framed buildings, steel plates and blast doors.
Steel-framed building structures are not generally used to resist high intensity blast
effects, although steel cells, containers, vent panels and other components are
sometimes employed.
12.9

Methods for the assessment of masonry structures

Significant numbers of existing explosives storehouses in the UK are masonry structures.
Masonry walls are normally constructed from solid brickwork, blockwork or reinforced
masonry. Reinforced masonry typically comprises bed joint reinforcement, steelreinforced hollow concrete blocks with concrete-filled voids or Quetta bond walls.
The CEDAW methodology[18] is recommended for the assessment of unreinforced
masonry walls. This methodology is described in Annex P.
UFC 3-340-02[11] provides methods for the assessment of reinforced masonry walls.
No methodologies exist for the assessment of local effects, such as spalling or breaching.
Spalling and breaching equations for assessment of concrete contained within UFC 3
340 02[11] can be used, but the material properties of masonry generally lie outside the
parameters of the equations. It is suggested that these equations can be used with

Page 33 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

caution and results are acceptable if the margin of safety is large and the condition of the
structure is known to be good.
Common problems encountered with the assessment of existing masonry structures are
the condition of the brickwork and mortar, the effect of doors and windows on the strength
of the walls and weak roof structures. Specialist advice should be sought where
necessary.
12.10 Timber structures
Timber structures are sometimes used to store or process explosives but are not normally
considered to provide protection or containment. Timber is more commonly used to
arrest fragments.
12.11 Methods for the assessment of glass
The Home Office has conducted an extensive series of explosive tests on common
glazing types and developed a Glazing Hazard Guide[43] (distribution restricted). This
Guide contains a series of pressure-impulse charts that can be used to determine the
level of glazing hazard. The glazing hazard is divided into ‘Break Safe, Low Hazard and
High Hazard’. These definitions of glazing hazard have now been superseded by the
definitions in BS EN ISO 16933[19].
12.12 Methods for the assessment of primary fragments
Primary fragments are normally small, lightweight and travel at high velocity. Due to their
low mass, only low trajectory primary fragments are considered to have the capability to
cause communication of explosion to ES. A low trajectory is normally defined as 2
degrees to the horizontal or less[9]. Primary fragments with a trajectory greater than 2
degrees will have a terminal velocity substantially lower than their initial velocity due to
air drag and are not expected to cause communication of explosion to ES. In fact their
terminal kinetic energy is likely to be less than the broadly accepted lethal limit (80
Joules).
The size and velocity of primary fragments can be calculated by the methods described
in UFC 3-340-02[11].
Primary fragment ranges can be calculated using the methods described in
UFC 3-340-02[11]. These methods take into account the effects of fragment size, shape
and drag. Alternatively these calculations are automated in software such as TRAJ[20]
(distribution restricted).
The method for assessment of primary fragments is included in Annex J.
Fragments from tooling and other items in contact are generally considered as secondary
fragments, but some texts consider them as primary fragments. There are assessment
methods for such items in UFC 3-340-02[11] and Baker[16].
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12.13 Methods for the assessment of secondary fragments
UFC 3-340-02[11] provides a method for calculating the mass and velocity of fragments
produced by objects close to the source of the explosion.
The procedures for the assessment of secondary fragments generated by equipment
within the explosives room are included in Annex K.
Secondary fragmentation produced by equipment or HT2 explosives may produce large
fragments that generate a greater hazard than blast and primary fragments.
12.14 Methods for the assessment of debris
A method for the assessment of building debris is provided in TP-13[21]. This method of
assessment of debris generated by break up of the building fabric is demonstrated in
Annex L.
12.15 Methods for the assessment of fragment penetration
The penetration of fragments into reinforced or mass concrete structures is covered by
the design manual UFC 3-340-02[11].
The penetration of fragments into steel is covered by the design manual
UFC 3-340-02[11]. Predictions are conservative provided that the fragment size and
velocity falls within the parameters of the equations.
The penetration of fragments into masonry is not covered by manuals or charts, although
masonry can be treated as low strength concrete and the concrete penetration equations
in UFC 3-340-02[11] can be used with caution.
The distribution of mass of primary fragments is exponential (i.e. there are usually many
small fragments and only a few large fragments). It is not always reasonable to design
protection to prevent perforation by the largest fragments. The aim should be to reduce
the risk to as low as reasonably practicable (ALARP). For example, it may be acceptable
to provide protection to stop the majority of fragments but not all fragments, such as using
the 95 percentile fragment mass.
The penetration of secondary debris into steel or concrete structures is included in
Reference [22].
12.16 Methods for the assessment of ground shock
Ground shock is not generally an issue for aboveground explosives facilities; although in
exceptional circumstances it may require attention.
Ground shock accelerations at an ES should be calculated using the methods provided
in UFC 3-340-01[38] (restricted distribution). It is recommended that sensitivity analyses
are undertaken using a range of soil types similar to those in the case being considered
to determine a reasonable upper bound for ground accelerations.
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If the acceptor building has been designed to resist seismic accelerations and the blast
induced ground shock accelerations are less than the seismic accelerations then ground
shock can be reasonably ignored.
The calculated ground shock accelerations should be doubled to account for the
secondary response of the structure in accordance with UFC 3-340-01[38]. Alternatively,
if an in-structure shock assessment is undertaken then the shock accelerations do not
need to be doubled.
The equipment within the acceptor building can normally be designed to resist the
maximum ground shock accelerations using elastic design methods. If plastic design
methods are required then a dynamic analysis is required.
12.17 Methods for the assessment of in-structure shock
For multi-cell explosives facilities, in-structure shock (ISS) should be calculated using an
FE analysis at the various locations throughout the structure. This will result in
acceleration, velocity and displacement time histories for each target point. A common
method used to approximate the secondary response of the plant and equipment to instructure shock is to use the amplification method, whereby the amplification factors 1.2,
1.5 and 2.0 are applied to the peak in-structure shock displacement, velocity and
acceleration.
There are several methods that can be used to assess the response of plant and
equipment to in-structure shock:



Fragility data. For common items of plant and equipment, fragility data already exists
(UFC 3-340-01[38]). Comparing the fragility data with the amplified in-structure shock
allows the survivability of the equipment to be estimated. This method is useful for
where there are a large number of similar items of plant or equipment and it is
tolerable for a percentage of this equipment to fail (e.g. emergency lighting).



Adequate margin. In some cases, a finite element model of the structure or system
may have already been prepared for other purposes, such as seismic design. In
such cases the in-structure shock response spectra can be used as another loading
case, and a modal analysis carried out. The response from each natural frequency
is combined in the same manner as for seismic loading using approaches such as
SRSS (Square Root of Sum of the Squares) or CQC (Complete Quadratic
Curvature). As usual, the design is adequate if the utilisation ratio (UR) is less than
1.0, using the codes the design is based upon. If the UR is greater than 1.0, it is
preferable to consider the ductility, see below, rather than increase the size of the
member.



Ductility. Another way in which performance against ISS can be demonstrated, is
showing that there is adequate ductility to withstand ISS deformations without
collapse. The first step is to ascertain the maximum displacements to which the
structure might be subjected. In most cases the displacements are small (less than
a few millimetres) and it is sufficient to use the peak displacement. The load path to
the system is then identified and a judgement made about the ability of the load path
to tolerate movement. This assessment may be qualitative, based upon the predicted
failure modes. In most cases, when assessing against a DBA, it is acceptable for
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small plastic deformations to occur. However, if the ISS is repeated then there may
be a need to ensure that the system remains elastic. In such case it may be
necessary to assess numerically the response and determine the margin as
described above. As part of the approach to identifying if a system has enough
ductility, it is necessary to identify component(s) of the support system load path with
the least ability to accept small deflections. Such components might well be short
rivets, screws, bolts, brackets and the like. These components are especially
vulnerable when made from high strength material with reduced elongation to failure.
Other components that might be vulnerable are those made from brittle materials; or
those which might fall out or otherwise loose support such as circuit boards; light
bulbs; etc.



Shock isolation. Another approach to dealing with ISS is to isolate a system from the
effects. Further guidance is provided in UFC 3-340-01[38].
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12.18 Guidance for the design and assessment of traverses
Mounds and traverses are used to arrest low angle, high velocity fragments, secondary
fragments and debris. Guidance on the design of mounds and traverses is included in
ER 2014 Safety Provisions (L150)[2] and JSP 482[9] Chapter 7. Annex M combines this
advice for the design and assessment of traverses to support Structural Justifications.
12.19 Vent panels
Vents are used to reduce the gas pressure loading inside cubicle structures. Vents are
normally covered by vent panels, the design of which should cover the following issues:



Their resistance to internal blast loading is deliberately intended to be small. For HT1
explosives the unit mass should be as small as possible and not exceeding 25kg/m2.



The strength of the fixings should be designed to ensure that the vent panels blow
out under low levels of blast over-pressure



The vent panel should be designed to resist the effects of external explosions such
that they are not projected into the cubicle



The vent panel should normally incorporate a security grill to prevent intruder access



The vent panel should provide insulation to maintain climate control inside the
cubicle.

12.20 Small quantities of explosives used in laboratories
Some buildings are constructed to contain the effects of very small charges (a maximum
unitised net explosives mass of 100g TNT) whilst they undergo a range of operations
(e.g. laboratory analysis). Detonations of this size may well have serious consequences
for people within the cell/laboratory, but they are not likely to cause major structural
damage to robust buildings.
Bearing in mind the circumstances of each case, it may be possible to consider
explosives safety measures that would not be sufficient for larger quantities of explosives:
12.20.1 Charge distance from the walls
JSP 482[9] and other relevant good practice indicates that explosives should be kept at
least 500mm from walls: this is partly because of the risk of lightning flashover from the
wall’s reinforcement cage and partly because of the risk of breaching. This can cause
difficulty in planning and operating laboratories, where there may be wall-mounted fume
cupboards and benches.
For reasonably robust walls (typically 200mm or more of reinforced concrete) very small
charges (as noted above) will not breach and the 500mm rule may be discounted or
reduced, subject to breaching check calculations.
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12.20.2 Venting
For very small charges, gas pressures are very low and are impossible to calculate using
the usual equations (this can be overcome by using gas equations for the particular
explosive chemical). Where this is the case, the provision of vents is unnecessary, actual
venting being via the normal air conditioning ducts at low pressure.
12.20.3 Blast valves on ducts, etc.
A similar argument can be put forward for omitting blast valves for very small charges: it
may be necessary to use stronger ductwork than normal if the overpressures are much
greater than 1 bar (100 kPa).
12.20.4 Blast links in reinforced concrete
For such small charges, normal rules would allow the omission of blast links for support
rotations of less than 2 degrees. Whilst omitting blast links simplifies construction and
saves time and money, links cannot be introduced post-construction and therefore
reduces future operational flexibility.
12.20.5 Glazing
Rooms with very small charges may have windows, providing that the area outside is not
routinely occupied.
12.20.6 Suspended ceilings
It is not normal to allow suspended ceilings in processing areas, because they create a
debris hazard and lead to a void space that is likely to be difficult to clean. For very small
charges, it is reasonable to have suspended ceilings, provided that they are suitably
sealed to protect dust ingress to the void and can be cleaned.
12.20.7 Large laboratory complexes
It may be possible to demonstrate unitisation of the laboratory complex inventory to 100g.
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12.21 Methods for the assessment of explosives facilities used for the storage or
processing of HT3 explosives
12.21.1 Scope
This methodology for the assessment of explosives facilities used for HT3 explosives is
subject to the following limitations:



Cases where a relatively small quantity (less than 500kg) of HT3 material is stored
or processed within an enclosing, but vented, chamber



Materials that have been demonstrated to deflagrate (in the appropriate
configuration) without a transition to detonation. Some materials will transition if
stored in deep piles, but not if spread thinly: others can transition if they are effectively
confined. If such a transition can occur, then the material should be treated as HT1



If finished articles are categorised as HT3, then suitable trials will have taken place;
intermediate explosives need also be assigned a Hazard Type, which may require
testing



UFC 3-340-02[11] (Figs 2-18 to 2-49) gives pressure-impulse vs. scaled range charts
for a range of explosives, some of which are normally considered to be HT3. This
data relates to tests in which the charge was initiated by a detonator with a booster
charge, i.e. they all behave as HT1 explosives. These charts should not be used for
the normal manufacture or storage of HT3 explosives, which are not in an HT1
configuration, i.e. where detonation would not occur.

12.21.2 General comment
In general, the accidental burning of HT3 material generates a large amount of gaseous
combustion products, which will cause a pressure rise in the containment chamber, and
give out significant radiant heat. In most cases, the pressure-time curve will not show the
(effectively) instantaneous pressure rise expected for HT1 materials, so, even if shock
pressure loadings are ignored, the normal (HT1) relationships for gas pressure do not
apply.
In general, tests show a more gradual rise time, and burning may take several seconds.
This means that overpressures can be (effectively) static load cases.
Where vents are provided, the vent cover panel should be designed to be weaker than
the weakest structural component within the building to prevent failure of the structure.
12.21.3 Methods for Establishing Design Pressure or Vent Area Required
There are several possible modes of burning/pressure rise, the two clearest situations
being (all based on the fact that burning, not detonation, will take place):



The chamber is robust and has a small or negligible vent, so that when the material
burns there is a significant pressure rise, followed by the removal of the vent’s
frangible panel. The pressure may then continue to rise (if the vent opening is small),
or decay.
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The chamber has a larger vent opening, either with a panel that is very weak, or melts
quickly under the thermal conditions, or is permanently open (no frangible panel).
The combustion products are then vented, from the start, as fast as they are
produced and there is little pressure rise.

The first situation can cause the chamber to be subject to significant heat and pressure.
The form of construction would be likely to be reinforced concrete, which should be
designed to resist the appropriate loading. This load evaluation could be carried out using
suitable testing, by assuming that the HT1 gas pressure relationship applies
(UFC 3-340-02[11], Section 2.14.3 - this will be an upper bound solution), or by carrying
out an assessment based on burning rate. This second situation would require
appropriate burning rate data, which would be provided from suitable tests.
It should be noted that:



The most commonly available burning rate information is provided by strand burning
tests, at elevated pressures. The burning of bulk material, at approximately
atmospheric pressure, is a different situation



Burning rates can be affected by charge shape, mass, particle surface area,
temperature and pressure (amongst other parameters)



Some common computer codes (e.g. BlastX[23]) have a time dependant burning rate
option. Such codes should be thoroughly validated and verified for the particular
configuration proposed.

A proposed methodology for dealing with chambers with large vent openings is given as
Annex N. This approach should mean that pressures can be kept to values of the same
order of magnitude as wind loadings. It should be noted that the quoted parameters are
for a particular composition and form of propellant. Further testing is required to produce
data for a range of propellant compositions and forms. As the deflagration of propellant
is a surface effect, it is particularly sensitive to the form the propellant is in.
It should be possible to consider pyrotechnics in a similar way to propellants, with defined
burning surfaces and burning rates. Whilst some pyrotechnics produce gases just like
propellants, others have gasless reaction mechanisms. Gassy pyrotechnics will produce
overpressures and cause structural damage in the same way as propellants. At first
glance gasless pyrotechnic reactions would be expected to have no pressurisation
issues; this is often not the case, however, due to the high thermal outputs produced,
local heating of the ambient air can produce high overpressures, which then need to be
addressed.
12.21.4 Vent Details
It is clearly preferable to locate vents above deflagration sources, as the combustion
gases are hot. People, and perhaps buildings, will need to be protected from the
directional fireball effects of side-on vents.
Vents panels should have the lowest practicable mass and minimal fixings, so that they
operate within the required timescale. The use of expanded polystyrene may be
appropriate, since this material melts at relatively low temperatures. Environmental
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degradation (due to ultraviolet light exposure for instance) should be considered for the
use of very lightweight plastic films.
For other frangible materials, the failure limit of the materials or the fixings should be less
than the weakest structural component of the building.
12.21.5 Thermal Radiation
With HT3 materials, thermal effects can be significant, and human exposure should be
less than 1,000 s(kW/m2)4/3 as noted in Annex B.
Data is available from trials conducted by HSL[24]. This data could be used to develop a
simple model in respect of thermal radiation levels.
12.22 Design assessment by testing
Confidence in the performance of new and existing explosives facilities may be
demonstrated by testing. The tests should be representative of the loading and
resistance of the explosives facility.
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SECTION 13
13.1

CONSTRUCTION DETAILS FOR EXPLOSIVES FACILITIES

Reinforced concrete

13.1.1 Reinforcement detailing
Typical reinforcement details for UK reinforced concrete explosives facilities are shown
in Figure 4.
72d

72d

CONSTRUCTION
JOINT

300
300 x 300 FILLET
SPLAY BARS TO BE THE SAME
DIAMETER AS THE MAIN STEEL
BUT AT TWICE THE SPACING

72d

300

300
300
CONSTRUCTION
JOINT

72d

Figure 4 Typical reinforcement details [9]
The arrangement of steel reinforcement should be kept as simple as practicable to avoid
errors in construction.
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13.1.2 Blast links details

SECONDARY
REINFORCEMENT

Figure 2 shows that blast links are required in the design and construction of all new
explosives facilities that are designed plastically. These blast links should have a
minimum hook length of the lesser of 20 bar diameters or two-thirds the slab thickness
as shown in Figure 5. For existing facilities, blast links are only required if the intent is to
mobilise the plastic capacity of the members beyond a support rotation of two degrees.

PRIMARY
REINFORCEMENT
EXTERNAL FACE

THE LESSER OF 20d OR
⅔ OF THE SLAB DEPTH

Figure 5 Typical blast link details [9]
UFC 3-340-02[11] provides alternative blast link arrangements to those shown in Figure 5
based on single leg stirrups. UFC 3-340-02[11] provides three different types, which
depend on the intensity of the blast loading and the allowable damage to the structural
component.
If the structural component can be subjected to blast loading from both sides then, for
asymmetric blast link arrangement such as that shown in Figure 5, the blast links are
alternated to ensure that the flexural reinforcement is restrained from buckling (see
UFC 3-340-02[11], Figure 4-101). Alternatively closed links may be used.
Blast links are not required for explosive facilities designed to respond elastically to the
explosion effects. The provision of shear reinforcement may be a separate requirement.
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13.1.3 Lap/anchorage lengths and mechanical couplers
For explosives facilities designed to respond plastically to explosion effects, anchorage
and lap lengths should be 72 bar diameters in length. Laps should be located in regions
of low stress (i.e. not at points of restraint or mid-span) and should be staggered by a
minimum of 300mm[9].
For explosives facilities designed to respond elastically to explosion effects, anchorage
and lap lengths can be reduced to the tension lap length in EC2[25].
Mechanical couplers may be used as an alternative to lap lengths. Only ANCON Bartec
Types A or C and ERICO Lenton Plus Types A12 or P14L coupler types have been tested
and should only be used subject to the following conditions[45]:



Limited to use in conjunction with reinforcement bar diameters of 20, 25, 32 or 40mm



Limited to a maximum strain rate of 6/s



Limited to element maximum plastic hinge rotations of four degrees



The couplers should be located in regions of low stress wherever practicable



Adjacent couplers should be staggered by a minimum of 300mm



The couplers should be located a minimum of 300mm from a restraint or the location
of maximum hinge rotation (normally mid-span)



The specified cover for fire resistance and durability should be provided to the coupler
sleeve



The specified mechanical couplers shall meet the performance requirements for
Class A mechanical splices as defined in the Sellafield specification[46] when used
with reinforcing bars to BS 4449[26] grade B500C.

Other types of coupler may be used subject to demonstrating that they are fit for their
intended purpose.
13.2

Steel

Structural steel members (beams and columns) required to provide resistance to blast
loadings should normally be capable of developing their full plastic capacity during
support rotation, i.e. only plastic sections are to be used. Compact, semi-compact and
slender sections are only permitted for structures designed to remain within the elastic
range. Section classifications are defined in EC3[13] Section 5.5.
The non-destructive test (NDT) regime for steelwork fabrications should be agreed
between the designer, the Licensee/Client and the HSE/ONR inspector. The level of
NDT specified in the National Structural Steelwork Specification may need to be
enhanced to ensure that ductile behaviour of the steel members is maintained under high
strain rates.
13.3

Earth bonding

All steel should be bonded to the earth termination network. To facilitate this for
reinforced concrete structures, steel reinforcement should be wire-tied at every bar
intersection.
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ANNEX A

EXAMPLE STRUCTURAL JUSTIFICATION
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ANNEX B

EXPLOSIVES SAFETY LEVELS OF PROTECTION

B.1 Introduction
The basis of compliance with ER, in consideration of both the HSE publication ‘Reducing
risk, protecting people’[27] and ALARP principles, has been adopted in the following
criteria.
A fundamental principle of explosives safety is to keep at a safe distance from explosives
all those who have no justifiable reason to be closer. Accordingly occupancy in buildings
near explosives (generally within Licence Class D Distance) should be kept as small as
reasonably practicable. Whether people may be present, and where, is usually
dependent upon the person being:



An Explosives Worker or Explosives Area/Site Support Worker and/or



The supervisor / first line manager of an Explosives Worker or Explosives Area
Support Worker and/or



Other people with a reasonable need to be at a particular location.

The following terms have been included in the Glossary:



Explosives Worker



Explosives (Area/Site) Support Worker



Justified Worker



Non-Explosives Area/Site Support Worker



Visitor.

B.2 Protection of people
B.2.1 Process Building Distance
The requirement for process building distance is to provide a reasonable degree of
immunity from severe injury to occupants in addition to preventing the propagation of
fire/explosion.
For the purposes of licensing, the protection criteria for Explosives Workers, Support
Workers and other Justified Workers is defined as one of the following:



Class H (process building) distance from an explosion site



Calculated distance, such that personnel at that distance should not be exposed to
explosion effects in excess of those shown in Table 3.

Table 3 contains criteria that apply equally to Explosives Support and Justified Workers
in compartments and cells. These criteria have been identified by the authors as
providing the standard of protection that delivers an appropriate level of protection, whilst
being reasonably practicable to achieve using current structural design techniques.
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Explosion Effects Parameter
Maximum blast overpressure and impulse
Structural Collapse, spalling, debris, fragments or
missiles of kinetic energy

Magnitude
See Table 5d
15 J
1,000 s(kW/m2)4/3

Thermal dose limit [28]

Table 3 Limiting Explosion Effects Parameters for People in Process Buildings
In practical terms it is easier to design a facility to prevent collapse, spalling, fragments,
etc. rather than limiting impact energy to the value stated in Table 3.
B.2.2 Protected Control Rooms
The requirements for Protected Control Rooms are described in Reference [29]. They
are further defined within JSP 482 [9] (and equivalent US documents).
The protection criteria for people in Protected Control Rooms are defined as one of the
following:



ER Process Building Distance from an explosion site



Calculated distance, such that personnel at that distance should not be exposed to
explosion effects in excess of those shown in Table 4.
Explosion Effects Parameter
Maximum blast overpressure and impulse
Structural Collapse, spalling, debris, fragments or
missiles of kinetic energy

Magnitude
35 kPa
15 J
100 s(kW/m2)4/3

Thermal dose limit [28]

Table 4 Limiting Explosion Effects Parameters for People in Protected Control
Roomse
In practical terms it is easier to design a facility to prevent collapse, spalling, fragments,
etc. rather than limiting impact energy to the value stated in Table 4.

d

Table 5 is based on JSP 482 Edition 4 Chapter 10 Section 2 Table 1D Process Building Distance for explosives quantities greater
than 500kg. For explosives quantities less than 500kg, Process Building Distances is based on 4.8Q1/3. The peak incident overpressure and positive phase impulse are calculated using the Kingery & Bulmash equations for an unmitigated bare hemispherical
surface burst.
e
Where there is a remote processing due to a high residual risk of fire or explosion, risk assessment may determine personnel in a
control room should be afforded a level of protection greater than that delivered by Process Building Distance alone. The levels of
protection in Table 4 are published in other texts [9,29].
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B.2.3 Inhabited Building Distance (Class D External Separation Distance)
The Inhabited Building Distance of an explosives building is defined as one of the
following:



ER Class D External Separation Distance for the relevant building type



Calculated Class D External Separation Distance, such that personnel and buildings
at that distance should not be exposed to:i.

A peak incident blast over-pressure and positive phase incident impulse in
excess of those values shown in Table 6f.

ii.

Spalling, debris, fragments or missiles greater than one in number with a kinetic
energy in excess of 80 J falling within an area of 56 m2 [9].

B.2.4 Vulnerable Building Distance (Class E External Separation Distance)
The Vulnerable Building Distance of an explosives building is defined as one of the
following:



ER Class E External Separation Distance for the relevant building type



Calculated Class E External Separation Distance, such that personnel and buildings
at that distance should not be exposed to:i.

A peak incident blast over-pressure and positive phase incident impulse in
excess of those values shown in Table 7g.

f

Table 6 is based on ER2014 Table 3, which provides the minimum Class D external separation distances from any of the ER2014
tables as there is a low fragmentation hazard for metal-built mounded stores. The peak incident over-pressure and positive phase
impulse are calculated using the Kingery & Bulmash equations for an unmitigated bare hemispherical surface burst.
g
Table 7 is based on ER2014 Table 3, which provides the minimum Class E external separation distances from any of the ER2014
tables as there is a low fragmentation hazard for metal-built mounded stores. The peak incident over-pressure and positive phase
impulse are calculated using the Kingery & Bulmash equations for an unmitigated bare hemispherical surface burst.

Page 59 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Quantity of
explosives (kg)

Peak incident overpressure (kPa)

Positive phase incident
impulse (kPa-ms)

0.1-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100
100-150
150-200
250-250
250-300
300-350
350-400
400-450
450-500
500-550
550-600
600-650
650-700
700-750
750-800
800-850
850-900
900-950
950-1000
1000-1100
1100-1200
1200-1300
1300-1400
1400-1500
1500-1600
1600-1700
1700-1800
1800-1900
1900-2000
2000-3000
3000-4000
4000-5000
5000-10000
10000-15000
15000-20000
20000-25000
25000-30000
30000-40000
40000-50000
50000-60000
60000-70000
70000-80000
80000-90000
90000-100000

46.7
46.6
46.5
46.5
46.3
46.4
46.3
46.3
46.4
46.3
46.4
46.3
46.5
46.5
46.5
46.3
46.4
46.4
46.3
46.2
45.8
45.3
44.8
44.4
43.8
43.1
42.7
42.0
40.8
39.6
38.4
37.2
36.2
35.1
34.1
33.1
32.2
31.3
24.6
20.3
20.3
20.3
20.3
20.3
20.4
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3

133
167
191
210
226
240
253
265
275
285
326
359
387
412
433
452
471
488
502
517
529
539
548
558
565
572
579
584
594
602
609
613
618
622
624
626
627
629
625
610
657
827
947
1042
1123
1193
1313
1415
1503
1583
1655
1721
1783

Table 5; Incident blast parameters allowed at Process Building Distance
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Quantity of
explosives (kg)

Peak incident overpressure (kPa)

Positive phase incident
impulse (kPa-ms)

0.1-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100
100-150
150-200
250-250
250-300
300-350
350-400
400-450
450-500
500-550
550-600
600-650
650-700
700-750
750-800
800-850
850-900
900-950
950-1000
1000-1100
1100-1200
1200-1300
1300-1400
1400-1500
1500-1600
1600-1700
1700-1800
1800-1900
1900-2000
2000-3000
3000-4000
4000-5000
5000-10000
10000-15000
15000-20000
20000-25000
25000-30000
30000-40000
40000-50000
50000-60000
60000-70000
70000-80000
80000-90000
90000-100000

13.5
13.5
13.6
13.3
13.2
13.5
13.5
13.5
13.9
14.1
14.1
13.7
13.1
12.5
11.9
11.3
10.8
10.6
10.4
10.3
10.1
9.8
9.6
9.4
9.2
9.1
8.9
8.7
8.4
8.1
7.9
7.7
7.5
7.3
7.2
7.1
7.0
6.8
6.2
5.8
5.6
5.4
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3

63
79
91
98
105
113
120
125
133
139
159
171
179
183
186
188
189
193
196
200
202
204
205
206
206
208
209
209
210
211
211
212
213
214
215
216
217
218
230
242
255
309
350
384
413
439
483
520
552
581
608
632
654

Table 6 Incident Blast Parameters Allowed at Class D External Separation Distance
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Quantity of
explosives (kg)

Peak incident overpressure (kPa)

Positive phase incident
impulse (kPa-ms)

0.1-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100
100-150
150-200
250-250
250-300
300-350
350-400
400-450
450-500
500-550
550-600
600-650
650-700
700-750
750-800
800-850
850-900
900-950
950-1000
1000-1100
1100-1200
1200-1300
1300-1400
1400-1500
1500-1600
1600-1700
1700-1800
1800-1900
1900-2000
2000-3000
3000-4000
4000-5000
5000-10000
10000-15000
15000-20000
20000-25000
25000-30000
30000-40000
40000-50000
50000-60000
60000-70000
70000-80000
80000-90000
90000-100000

6.7
8.4
9.4
10.0
10.4
11.3
10.9
10.2
9.8
9.3
7.9
7.0
6.4
6.0
5.6
5.3
5.0
4.8
4.6
4.4
4.3
4.2
4.0
3.9
3.8
3.7
3.6
3.6
3.4
3.3
3.2
3.1
3.0
2.9
2.9
2.8
2.8
2.7
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4

36.5
55.0
68.6
79.4
88.2
99.5
101.8
101.7
102.9
102.1
103.0
103.4
103.3
103.9
103.8
103.9
104.2
104.2
104.0
104.0
104.4
104.6
104.6
104.6
104.8
105.0
105.0
105.0
105.2
105.4
105.7
106.2
106.5
106.7
107.3
107.5
108.1
108.4
113.7
No limit
No limit
No limit
No limit
No limit
No limit
No limit
No limit
No limit
No limit
No limit
No limit
No limit
No limit

Table 7 Incident Blast Parameters Allowed at Class E External Separation Distance
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In complex blast environments blast wave reflections may lead to ‘shocking up’, which
could lead to people being subjected to excessive levels of blast pressure and/or impulse.
Hydrocode modelling should be used to accurately quantify the magnitude of the blast
wave in such situations.
B.3 Explosive test facilities
Explosives test facilities where intentional firings are conducted must provide higher
protection (than that at Class D distance) to people from fragments and debris and not
subject them to peak sound pressure (noise) in excess of 135dB(C) (equivalent to
0.112kPa) without hearing protection (with an absolute limit of 140dB(C)).
B.4 Protection of Explosives
In order to prevent the communication of detonation between explosives substances and
articles, an unprotected primary explosives receptor should not be exposed to shock,
explosively generated fragments, flame or significant thermal radiation/flux. Where
Structural Justification is being applied to primary explosives the sensitiveness of the
explosives must be understood and applied to determine appropriate protective
measures to different stimuli.
In order to prevent the communication of detonation between explosives substances and
articles, an unprotected secondary explosives receptor should not be exposed to:a. Peak incident (side-on) blast over-pressure in excess of 20 MPa.
The Ministry of Defence Explosives Regulations, JSP 482[9] Edition 4 (Chapter 6,
paragraph 2.1.2) states that “the sensitivity [of explosives] to blast over-pressure,
structural motion, fire and impact by fragments differs markedly with the type of
explosives stored. Except where extremely high over-pressures occur, most
explosives are insensitive to the effect of blast over-pressure. However, blast overpressure and structural motion could cause translation of explosives which may result
in impact and subsequent initiation.”
In order to address the statement on “extremely high over-pressures”, the
aforementioned limit for exposure to blast has been set, based on calculations
relating to PETN. Explosive withstands for other explosive types can be justified by
testing or calculation.
b. Structural Collapse, spalling, debris, fragments or missiles of sufficient kinetic energy
to cause detonation.
The Ministry of Defence Explosives Regulations, JSP 482[9] Edition 4 (Chapter 6,
Annex A, paragraph 1.1.4) indicates that “major spalling” of the reinforced concrete
elements of a structure should be prevented to avoid detonation initiation of
explosives within. The limiting spall velocities are defined as follows and have been
adopted for all cases of impact:
i. Velocities > 50 m/s – Kinetic Energy no greater than 2500 J
ii. Velocities < 50 m/s – Momentum no greater than 100 N-s.
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At 50 m/s, the momentum constraint implies fragments no greater than 2 kg in mass,
while at 60 m/s (the maximum normal spall velocity indicated by UFC 3-340-01[38]),
the energy constraint implies spall fragments no greater than 1.38 kg in mass.
The limits above are intended for generic types of secondary explosives. These limits
will not prevent initiation of sensitive primary explosives. Alternative limits may be
determined for specific explosives by testing or calculation.
c. Thermal radiation flux: no specific limit
The Ministry of Defence Explosives Regulations, JSP 482[9] Edition 4 (Chapter 6,
Para 2.1.1 (3)) states “Detonation of explosives results in the production of a fireball.
Normally, for explosives of HD 1.1, the radiation from the short-lived flame is of
negligible hazard in comparison with blast and fragment effects. Explosives of HD
1.3 differ from detonating explosives of HD 1.1, in that, unless heavily confined, their
reaction does not result in the generation of high-pressure gases. The energy per
unit mass of HD 1.3 explosives is comparable with that of a detonating explosive, but
whereas the energy of a detonating explosive is released within a few milliseconds,
that from an unconfined propellant is released over a period of seconds. This energy
is released in the form of an intense flame and may cause hazard by the direct
impingement of the flame and by thermal radiation.”
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ANNEX C

BLAST DESIGN PRINCIPLES

This Annex will give Inspectors and Licensees an appreciation of the design methods
for buildings used for the production, storage, testing of explosive materials and for
the protection of personnel involved in such operations. It is not intended to provide
sufficient information to allow Inspectors or Licensees to undertake the structural
analysis of buildings to resist the effects of explosions: this is a task for suitably
qualified and experienced Chartered Civil or Structural Engineers.
C.1

Introduction to blast design

Prior to the late 1960’s, explosive facilities were designed on the basis of the effects
of previous catastrophic events. Since then, further experimental testing permitted a
more reliable approach to the design of structures subjected to a blast load.
Most building structures are designed for static loads i.e. loads that are applied slowly
and for a relatively long duration. A bridge for example has a constantly changing load
as traffic passes over it but the load is applied gradually as the vehicle moves across
and eventually returns to zero.
A detonation of explosive creates a highly dynamic load. The load is characterized by
an instantaneous rise to the peak pressure, which then decays over the duration of,
typically, a few milliseconds. This is termed the positive phase of the blast wave. This
is then followed by an under-pressure with a relatively long duration, the negative
phase, which is generally ignored in the design (see Figure 6).

Figure 6 An idealised blast pressure - time history (UFC 3-340-02, Figure 2-2)
A building element responds relatively slowly to a blast load and will continue to deflect
after the blast wave has passed. For very short duration blast waves, the energy will
be absorbed by the structural element as kinetic energy. The kinetic energy will then
be transferred into strain energy as the element deflects. The majority of the strain
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energy is normally absorbed through plastic deformation. At the point of maximum
deflection there is no kinetic energy in the system and all the energy in the element is
stored as plastic and elastic strain energy. The element then rebounds as the elastic
energy is converted back into kinetic energy. Elements should also be designed to
resist this rebound load.
The detonation of an explosive material (referred to as an explosive) results in blast
over-pressure (referred to as blast pressure), gas pressure (from the change of state
from solid or liquid to a gas), primary fragments (from any casing around the
explosive), secondary fragments (from the equipment dislodged by the blast
pressure), debris secondary fragments (from the building), heat, ground shock and
electromagnetic pulse.
This Annex concentrates on the design to resist the effects of blast and gas pressures
and primary and secondary fragments.
C.2

The blast wave

A detonation is a rapid and stable chemical reaction which proceeds through the
explosive material at the detonation velocity which is supersonic. The detonation
velocity ranges from 6,700 to 8,500 m/s in most high explosives, but will be lower in
less powerful explosives (e.g. chlorate explosives 2,100m/s).
The detonation converts the solid or liquid explosive into a very hot, dense, high
pressure gas. It is this gas that produces the pressure front or blast wave that
propagates radially as a shock wave driven and supported by the hot gases. The
shock front (blast wave) causes an almost instantaneous rise from the ambient
pressure to the peak incident pressure, Pso.
The velocity, U, of the blast wave reduces with increasing distance from the point of
detonation but it is always greater than the speed of sound. The gas molecules move
with a lower velocity than the blast wave and cause a dynamic pressure. As the shock
wave expands, the peak incident pressure decreases but the duration of the pressure
increases and the load becomes quasi-static.
At any point away from the detonation the shock wave arrives at time tA (Figure 6), the
ambient pressure rises to the peak value, Pso, and then decays to the ambient
pressure in time to. This is the positive phase which is followed by the negative phase
with duration to- that is much longer that the positive phase duration and a pressure
that is lower than ambient pressure with a mimimum value of Pso-. In many cases, the
negative phase is ignored in the design but it can provide suction on a building as a
blast wave passes over it. The area under the positive pressure-time curve is the
positive impulse.
The blast load on a structure will depend on whether the explosion is unconfined or
confined.
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C.3 Unconfined explosions
The following instances concern blast pressure from the shock wave on the external
face of a building; gas pressure is dissipated in all directions and does not add to the
blast loading.
A free-air burst explosion is one that occurs above the ground such that the blast wave
expands spherically.
A hemispherical surface burst explosion is one that occurs close to, or in-contact with,
a reflecting surface such that the blast wave expands hemispherically.
When a blast wave impinges on a building structure it will be reflected by the reflecting
surfaces and diffracted around the building. Reflection of the blast wave results in an
increase in the pressure and impulse on those surfaces compared to the incident blast
wave parameters at that point. The blast wave will clear around the edges of the
reflecting surfaces, which will reduce the duration of the blast wave at those edges.
The sides of a building with no line of sight of the explosion will still be loaded due to
the diffraction of the blast wave around the edges of the building. The building will
also be subject to drag loads as a result of the dynamic pressure of the building.
The distance of a building from the point of detonation is the “stand off” (R). The
greater the stand off, the lower the pressure and the longer the duration of the blast
load.
Logarithmic scaled graphs of all blast criteria are plotted against “scaled distance” in
UFC 3-340-02[11]. Scaled distance (Z) is the stand-off divided by the cubed root of the
equivalent mass of TNT (W) as shown in Equation 10.

Z

R
W 1/ 3

(Eqn 10)

The reflecting surfaces of a cubicle structure are exposed to the incident/reflected
shock wave and a dynamic pressure loading. In the free-field, these dynamic
pressures are essentially functions of the air density and particle velocity. The
magnitude of the dynamic pressures, particle velocity and air density is solely a
function of the peak incident pressure, and, therefore, independent of the explosion
size. For design purposes, it is necessary to establish the variation or decay of both
the incident and dynamic pressures with time since the effects on the structure
subjected to a blast loading depend upon the intensity-time history of the loading as
well as on the peak intensity.
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C.4

Confined explosions

These are explosions within a structure and are more relevant to HSE/ONR’s work for
the licensing of explosives buildings.
An explosion in a structure results in extremely high blast pressures that are amplified
by reflections within the structure. Confinement increases the effects of the heat and
gaseous products of the chemical reaction by increasing the pressure and the duration
of the load.
The peak pressure within the building will not be uniform; the building surface closest
to the centre of the explosion will typically experience the greatest load and hence
understanding the possible locations of the explosive within the structure is crucial.
The onset of the gas pressure does not coincide with that of the shock pressure and
hence the peak pressure in the building is not the sum of the maximum shock and gas
pressures.
Venting the structure will reduce the internal pressure and the load duration. The
greater the cross-sectional area of the vents, the greater the reduction in gas pressure
and duration.
Many cubicles have a frangible panel in an external wall that will fail at a low pressure
either by material or fixing failure. For the panel to relieve the pressure effectively it
should be as lightweight as possible and not exceed a unit mass of 25kg/m2 [9].
Consideration needs to be given to the debris that might be produced by a vent panel,
depending on whether or not it hazards an Exposed Site. If necessary, there should
be some means of arresting a frangible panel when it fails, to prevent it becoming
hazardous debris. When the panel fails the escaping shock and gas pressures (the
leakage pressure) will spread in all directions. A traverse around a building will cause
the pressures to spread along the face of the building causing incident blast pressure
on any adjacent structure. A frangible panel on any other cubicle may need to be
designed to resist this pressure that would cause the panel to fail into the cell.
C.5

The applied load

All structural design requires the structure to resist the applied load. In the case of a
structure designed to resist static loading it should also satisfy serviceability criteria
including no excessive cracking or deflection. Buildings that are subjected to dynamic
loads should also satisfy these criteria when supporting the normal static loads (dead
weight, imposed load, wind load and snow load). A dynamic load is assumed to be
an accidental load and in many cases the building might be severely damaged or even
collapse.
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C.6

Fragments

A detonation may create fragments.
Fragments are separated into two categories based on their source.



Primary fragments result from the shattering of a container (e.g. shell casings,
kettles, hoppers, and other containers used in the manufacture of explosives and
rocket engine housings) in close contact with the explosive. These fragments
usually are small, initially travel at thousands of metres per second, and may be
lethal at long distances from an explosion.



Secondary fragments are components from structures and other items (not
containers) in close proximity to the explosion. These fragments, which are
somewhat larger in size than primary fragments and initially travel at hundreds of
metres per second, do not normally travel as far as primary fragments.

C.7

Behaviour of reinforced concrete subjected to blast loading

When a reinforced concrete element is subjected to blast loading, kinetic energy is
transferred to it. The magnitude of the kinetic energy absorbed by the element is
dependent on the intensity and duration of the loading and the structural and inertial
resistance of the element. The element deforms until the kinetic energy is balanced
by the strain energy absorbed by the element. Failure occurs when the kinetic energy
exceeds the strain energy capacity of the element or there are premature failure
mechanisms (e.g. shear failure) that prevent the element deforming plastically.
As the load is applied, the elements resistance is directly proportional to the deflection
until the reinforcement yields. Up to yield of the reinforcement the element behaves
elastically and would return to its original shape. If the blast load causes the
reinforcement to yield, the resistance remains relatively constant as the deflection
increases. At a support rotation of two degrees the concrete cover on the compression
face crushes. For support rotations less than two degrees the concrete is effective in
resisting moment and the concrete cover on both faces remains intact. This is referred
to as a Type 1 section[11].
Figure 7 shows the typical resistance-deflection curve for concrete elements subjected
to bending.
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RESISTANCE

YIELD
FAILURE OF COMPRESSION CONCRETE
BEGINNING OF STRAIN HARDENING

fdu

f dy

X(=2)
NO SHEAR
REINFORCEMENT
MAXIMUM
DEFLECTION

X(=6)

X(=12)

DEFLECTION

TYPE A SINGLE
LEG STIRRUPS
TYPE B OR TYPE C SINGLE LEG STIRRUPS OR LACING

Figure 7 Resistance – deflection curve (UFC 3-340-02[11], Figure 4-1)
Above a support rotation of two degrees, the compression force from the concrete is
transferred to the compression reinforcement which results in a slight loss of
resistance. It is current practice in JSP 482[9] to provide at least 0.1% blast links.
These links tie the compression reinforcement to the tensile reinforcement which
prevents the compression reinforcement buckling once the compression concrete has
crushed. Elements for which the tensile concrete cover will be cracked or crushed but
not disengaged are referred to as Type 2 sections and occur in the range of support
rotations between two and six degrees.
As the element continues to deflect, the concrete cover over the reinforcement on both
surfaces of the element becomes disengaged. This is referred to as a Type 3 section,
which occurs for support rotations between six and twelve degrees[11]. Whereas the
strength of the element is the same as for a Type 2 section [11], the effective mass of
the element is reduced because of the disengagement of the tensile concrete cover.
If the reinforced concrete element has adequate lateral restraint (lap lengths of at least
72 x bar diameter) then the element can form a tensile membrane where all the
reinforcement is in tension. This enables the element to attain maximum support
rotations between six and twelve degrees.
C.8

Dynamic design strength of materials

Materials subjected to high strain rates exhibit an increase in strength. Dynamic
increase factors (DIFs) are applied to material strengths to account for this
phenomenon. For concrete, age increase factors may be used to allow for the longterm strength increase.
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C.9

Principles of dynamic analysis

A statically loaded structure is designed to be in equilibrium i.e. the applied load
deflects the structure which creates sufficient resistance to balance the applied load.
The principle for dynamic loading is essentially the same as for static loading but the
load changes rapidly and so the magnitude of the acceleration, velocity and hence
inertial force and kinetic energy need to be considered using Newton’s equation of
motion as shown in Equation 11.
F–R=Ma
Where:

(Eqn 11)

‘F’ is the applied force as a function of time
‘R’ is the internal force as a function of time
‘M’ is the mass
‘a’ is the acceleration of the mass

All structural design is an iterative process that starts with the determination of the
applied load. For a structure subjected to a blast load, the applied pressure can be
determined from a graph of pressure against “scaled distance. Similar graphs are
used to determine the duration of the load and the positive phase impulse i.e. the area
under the pressure - time curve (see Figure 6).

RESISTANCE

When load is applied to a structure it deflects which creates a resistance within the
structure which is represented by the idealised resistance - deflection function shown
in Figure 8.

XE

2

6

12

SUPPORT
ROTATION

Figure 8 Idealised Resistance – Deflection curve
Figure 8 is a simplistic resistance-deflection curve because it ignores the elasto-plastic
behaviour but it is suitable for most situations.
Tables are provided in UFC 3-340-02[11] for calculating the ultimate unit resistance of
1-way and 2-way spanning elements. A 1-way spanning element is one that is
supported on two opposite sides (e.g. beam) or one end (e.g. cantilever). A 2-way
spanning element is one that is supported on at least two adjacent edges. A two-way
spanning panel with an aspect ratio of less than 0.5 can also be analysed as a oneway spanning panel that spans between the two long supports.
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Dynamic design idealises the structure as an equivalent system that behaves in a
similar way to the actual structure. The distributed mass of an element is idealised to
a concentrated mass supported by a weightless spring such that the concentrated
mass is only allowed to move in one direction. This is a “single degree of freedom”
(SDOF) system (see Figure 9).

Figure 9 Real and equivalent structural systems
A structural element such as a wall will not have uniform motion because each part of
the wall will bend or rotate by a different amount so a wall will have numerous degrees
of freedom. For the wall to be represented as a SDOF system it has to have an
equivalent mass ME, an equivalent spring constant KE and an equivalent load FE.
To simplify the design, transformation factors are used to convert the real system into
the equivalent system. These factors are the Load Factor and the Mass Factor which
are usually combined as a Load-mass Factor KLM, being the ratio of the Mass Factor
to the Load Factor.
The effective Natural Period of Vibration (TN) of the structure when related to the
duration of the blast load and the structural resistance will determine the maximum
deflection of the structure and, hence, the support rotation.
Tn  2

K LM  M
KE

(Eqn 12)

C.10 Pressure design ranges
The design of structural elements to resist blast loading is divided into three groups:


Elements that respond to pressure



Elements that respond to the pressure-time relationship



Elements which respond to impulse.

If elements respond in the low or high pressure regime then the design of elements to
resist blast load can be simplified. For elements in the dynamic regime numerical
methods are recommended.
The high pressure regime exists if:
The low pressure regime exists if:

tm > 3 t d
tm < 0.1 td

Where tm is the time to reach the maximum dynamic displacement.
C.11 Other failure mechanisms
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Breaching or spalling of reinforced concrete elements may occur as a result of being
subjected to a close-in or in-contact detonation of explosives. UFC 3-340-02[11] can
be used to determine if the element is vulnerable to breaching or spalling. Steel plates
are typically used to contain spall where it presents a hazard.
The ultimate flexural resistance of a concrete element can only be achieved if there
are no premature failure mechanisms, such as shear failure. Sufficient shear
reinforcement (shear links) may be required to prevent brittle shear failure.
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ANNEX D

SURVEYING OF LEGACY STRUCTURES

When dealing with legacy buildings there may be occasions where construction
drawings are not available or there is some concern as to whether the building has
been constructed in accordance with the record drawings.
Where there is a lack of information on the design/construction of an explosives facility,
conservative assumptions could be used rather than taking measurements. It is
reasonable to assume that the minimum requirements of the design standards that
existed at the time the facility was constructed were adopted. For example, the
minimum percentage of steel reinforcement in a concrete section is specified in the
concrete standards. Also, structural steelwork is available in a range of strength
grades and the minimum steel grade may be assumed for Structural Justification.
In some circumstances the assumptions will be overly conservative and not allow the
building to be demonstrated to resist the applied loading. In such circumstances
investigation techniques can be used to determine the actual reinforcement and
concrete in the structure allowing a more realistic assessment of the structural
performance to be made. These investigation techniques are described in the
following sections.
D.1 Reinforcement placement
The location, number, size and detailing of reinforcement bars are all fundamental to
the structural strength of a reinforced concrete structure. Ground Penetrating Radar
(GPR) or Ferroscan® technology can be used to visualise the rebar within the concrete.
GPR is a geophysical method that uses radar pulses to image the subsurface. A
number of different antennae frequencies can be deployed with the higher frequencies
providing a greater resolution but lower penetration. Often a number of antennae are
used to maximise the data generated. The GPR output is a series of reflections at
material interfaces and as such it is able to determine the location of voids and other
features in addition to reinforcement, (Figure 10).
Specialist post-processing software can be used to provide a better visual
representation of GPR results, this software can be very useful for a non specialist to
interpret the output from GPR. An example is shown in Figure 11.
The Ferroscan® system is a proprietary Hilti system for the imaging of ferrous
reinforcement (Figure 12). It uses a different technology to the GPR and is only able
to detect ferrous materials within the concrete. The maximum detection depth for the
Ferroscan® is typically up to 200mm and therefore for many explosive process building
scanning from both sides will be necessary to capture all the reinforcement and even
with two sided scanning it may not be possible to detect mid depth reinforcement.
Even with these imaging systems it may be necessary to remove the cover in some
areas to measure the size of reinforcement, and confirm lap lengths and other critical
details, however, this is obviously a balance as this disruption also has the potential
to weaken the structure.
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Figure 10 Example GPR results

Figure 11 Post-processing of GPR results
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Figure 12 Processed 3D data from Ferroscan output (image courtesy of LDM
Scanning)
D.2 Concrete strength
Ideally concrete strength should be determined by the taking and testing of cores from
the structure. To provide a representative result the cores should have:


A diameter of at least twice the maximum nominal aggregate size



A length of between 1.9 and 2.1 times the diameter.

When it is not desirable to cut a core from a structure, or there is a concern that a core
of appropriate size cannot be cut without affecting the rebar then there are two well
established non-destructive techniques that can be employed to give indicative values.
These are the Schmidt hammer and Ultrasonic Pulse Velocity (UPV).
The Schmidt (Rebound) hammer impacts on the concrete surface which causes the
hammer to rebound giving a rebound number. With the assistance of conversion
charts and the knowledge of an experienced technician familiar with the limitations of
the Schmidt Hammer an estimated compressive strength can be determined. This
system is essentially measuring the first 20-30mm from the surface and as a result
can be affected by carbonation of the surface of older concrete.
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The UPV method is based on the "time of flight". The pulse velocity in a material
depends on its density and elastic properties which in turn are related to the quality
and the compressive strength of the concrete. Ideally this method should be carried
out with the probes directly facing each other on either side of a wall, however, it can
also be used indirectly.
These two non-destructive methods can also be used in combination, in which case
the acronym SONREB is used Ultrasonic Pulse Velocity measurement (“SON”) and
Schmidt (Rebound) Hammer (“REB”). Both results are incorporated into curves to give
an estimated compressive strength. It is always recommended that cores are also
removed for verification and calibration of the curves. Using the SONREB method can
decrease the amount of cores required for calibration than if only one of the methods
was performed.
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ANNEX E

MATERIALS USED IN LEGACY STRUCTURES

E.1 Reinforced Concrete
Steel reinforcement in concrete may corrode causing concrete cracking, spalling or
rust staining. Steel corrosion occurs generally due to carbonation, chloride attack or
cracking of the concrete. A range of methods have been developed for protection or
remediation of reinforced concrete[30].
Various technologies exist for identifying the arrangement of steel reinforcement within
a reinforced concrete element. These are discussed in Annex D.
Guidance on the change in design strengths of concrete and steel reinforcement over
time is provided in Reference [31].
E.2 Structural Steelwork
Structural steelwork will corrode when exposed to moisture and oxygen. Poor
steelwork detailing can exacerbate corrosion, such as the presence of moisture or dirt
traps, crevices or the contact with dissimilar metals. Steelwork is normally protected
from corrosion by adequate surface preparation and then the application of paint or
metallic coatings, alternatively steelwork may be encased in concrete. Weathering
steel does not require corrosion protection, as it forms a protective layer when exposed
to weather. A range of methods exist for the remediation of corroded steelwork.
Guidance on the change in the design strengths of steelwork over time is provided in
Reference [32].
E.3 Masonry
The strength of masonry walls is affected by their form of construction (i.e. bond type
and presence of a cavity). Intrusive inspections are often required to verify the
construction of masonry walls. Material strengths may need to be determined by
removing bricks and testing. Mortar strengths may need to be established by chemical
sampling.
Guidance on the strength of historic masonry walls is provided in Reference [33].
E.4 Asbestos
Buildings constructed prior to 2000 may well contain asbestos. The presence of
asbestos must be identified before any work or investigations are undertaken.
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ANNEX F

BLAST RESISTANT DESIGN

F.1 Flowchart
This flowchart outlines the procedure normally used for the assessment of reinforced
concrete cubicle structures to blast effects.

Figure 13 Blast resistance design flowchart for a reinforced concrete element
Examples of a typical sets of calculations used for the design and assessment of
reinforced concrete elements is provided in Annexes F.2 and F.3.
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F.2 Design Example (Design of New Structure)
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F.3 Design Example (Assessment of Existing Structure)
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ANNEX G

UNITISATION ASSESSMENT

G.1 Flowchart
This flowchart outlines the procedure normally used for the assessment of unitisation
between adjacent stores of secondary explosives.

Figure 14 A typical unitisation assessment flowchart for secondary explosives
An example of a typical set of calculations used to demonstrate unitisation of
explosives is provided in Annex G.2.
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G.2 Design example
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ANNEX H

BUFFER COMPARTMENTS
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The fragility curves used for the assessment of masonry walls in ESTC Leaflet 6 Part 3 has
since been superseded by the new assessment guidance given in Section 12.9.

Page 111 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 112 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 113 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 114 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 115 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 116 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 117 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 118 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 119 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 120 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 121 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 122 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 123 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 124 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 125 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 126 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

ANNEX I

ENHANCEMENT OF EXISTING STRUCTURES
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ANNEX J
J.1

PRIMARY FRAGMENT ASSESSMENT

Flowchart

This flowchart outlines the procedure normally used for the assessment of primary
fragment effects.

Figure 15 Primary fragmentation assessment flowchart
An example of a typical set of calculations used to determine primary fragment
generation, throw and penetration is provided in Annex J.2.
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J.2

Design Example

Page 135 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 136 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

Page 137 of 190

The Use of Structural Justification to Underpin an HSE/ONR Explosives Licence

ANNEX K

SECONDARY FRAGMENT ASSESSMENT

K.1 Flowchart
This flowchart outlines the procedure normally used for the assessment of the
secondary fragment hazard.

Figure 16 Secondary fragment assessment flowchart
An example of a typical set of calculations used to determine secondary fragment
translation is provided in Annex K.2.
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K.2 Design Example
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ANNEX L

BUILDING DEBRIS ASSESSMENT

L.1 Flowchart
This flowchart outlines the procedure normally used for the assessment of building
debris hazard.

Figure 17 Building debris assessment flowchart
An example of a typical set of calculations used to determine building debris
generation and throw is provided in Annex L.2.
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L.2 Design Example
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ANNEX M

TRAVERSES

Within the explosives industry the term ‘traverse’ is used to describe any barrier
intended to intercept fragments or debris from an explosive event on one side and
prevent the initiation of explosives stored on the other, and reduce the risk to people.
They are also commonly known as ‘mounds’, when provided as earth mounds, or
‘barricades’, when provided as walls.
M.1 Functions of traverses
In the event of explosion, traverses serve two purposes:



To protect explosives stored in nearby buildings from initiation by fragments



To reduce the risks to people, including the inhabitants of nearby occupied
buildings, from fragments and debris.

Traverses achieve these purposes by:



Intercepting low-trajectory high-velocity primary fragments



Intercepting low-trajectory secondary fragments



Intercepting low-trajectory building debris



Reflecting the blast wave

Traverses can be located close to the explosion site to mitigate the explosion
fragment/debris hazard produced, reducing separation distances.
Traverses can be located close to the protected place to protect it from the
fragment/debris hazard. These are often used to protect vulnerable apertures, such
as doors and windows.
When the traverse is located near to the explosion site and this site contains a large
quantity of explosives, it is accepted that the traverse may be destroyed by the
explosion, i.e. it is sacrificial.
When the traverse is located near to the explosion site, and the site contains a
relatively small quantity of explosives, the traverse may be designed to remain intact
after the explosion, such that the traverse does not form an additional debris hazard.
M.2 Materials for earth mounds
In the event of an explosion at an explosion site, it is possible that the material used
for the construction of a traverse will add to the debris hazard. To assess whether this
is likely to happen, the crater radius should be estimated based on the net explosives
mass at the closest practicable distance from the traverse and the nature of the ESH.
An initial crater diameter estimate of D = Q1/3 [9] (where Q is the net explosives mass
in kg) may be helpful (or more sophisticated methods may be used).
For concrete or concrete-faced traverses, held up by retaining walls, the crater should
not extend beneath the wall foundation.
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For earth-faced traverses, the exposed faces may be subject to blast scour, or the
earth may be projected for other reasons (as might be the case for steep-sloped
reinforced earth traverses). The fill material in this case should be divided into zones,
which will include some compliant material on top of a more general core. If the
traverse is within the crater zone or sections of the traverse are subject to scour, this
fill material should comply with one of the following criteria:



Well-graded sand – All of the material should pass a 6.3mm sieve, with less than
5% clay content



Well graded gravel/sand – Material complying with the grading requirements of
Clause 6F1 of the Department for Transport Specification ‘Manual of Contract
Documents for Highway Works; Volume 1: Specification for Highway Works’



Other inorganic fill with the same characteristics and passing a 75mm sieve may
be acceptable, subject to agreement from the HSE/ONR.

Where fill material is clearly going to be unaffected by an explosion at an explosion
site, then the material specification can be relaxed to include as-dug soils and
demolition rubble.
Where other types of traverse are to be used e.g. Hesco Bastions, water barriers,
Pendine blocks etc. there should be a suitable assessment that the protection provided
is equal to that required by this Section.
The slopes of traverses should be designed to ensure stability of traverse materials
and may incorporate geotextiles. The resulting slope should be shown, using normal
soil mechanics analysis, to be stable for the life of the building and when subject to
erosion by weather and vermin.
To prevent burrowing vermin damaging the traverse, consideration should be given to
incorporating a steel mesh under the topsoil.
The foundations for a traverse should be designed to ensure stability of the traverse
for the life of the structure.
Grass and undergrowth should be kept close cropped; cut vegetation should be
removed without delay.
M.3 Earth over-mounded buildings
The profile of the earth over-mound should ensure that earth cover to the roof and
walls not otherwise traversed, as a minimum, satisfies the dimensions in Figure 18;
otherwise an appropriate engineering justification will be required.
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Figure 18 Minimum earth cover for earth over-mounded buildings
M.4 Earth-mounded buildings
The profile of the earth mound should ensure that earth cover to walls not otherwise
traversed, as a minimum, satisfies the dimensions in Figure 19. The earth mound
should be as high as the eavesh of that building; otherwise an appropriate engineering
justification will be required.

Figure 19 Minimum earth cover for earth mounded buildings
M.5 Free-standing traverses
Earth, wall and earth-backed wall traverses are all types of free-standing traverses,
i.e. they are separate from the explosion site or protected place.
Where there are exposed doors and unprotected sections of wall, i.e. that are not earth
over-mounded or earth mounded, a free-standing traverse may be required, e.g. due
to proximity of a PES and direct line of sight to an ES.
A traverse should be demonstrated to be fit for its intended purpose. Demonstration
of the effectiveness of a traverse must address the following design issues:
M.5.1 Length of traverse
The traverse should not permit line-of-sight, through the opening, to other buildings
from any point in the building where explosives may be stored or processed. The
traverse should be wider than the opening by a minimum of one metre in either
direction, Figure 20.

h
The eaves height of a building should be interpreted as the soffit of roof structure at the location of the
junction between the roof structure and the walls of the building.
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1m

PES
or
ES
1m

Figure 20 Minimum length of traverse
If gaps are necessary to enable people to pass through the traverse, the traverse
arrangement should ensure the no line of sight requirement above is maintained.
M.5.2 Position of traverse
The traverse should be as close to the explosion site or protected place as reasonably
practicable.
M.5.3 Height of traverse
The height of a free-standing traverse may dependent on:



Whether the explosion generates primary fragments



Whether the building breaks up to generate debris



The distance between the building and the free-standing traverse



The height of the explosion site



The maximum height of the explosives within the building



The type of construction of the explosion site.

The flowchart shown in Figure 21 can be used to calculate the minimum height of a
free-standing traverse required to intercept low-trajectory, high-velocity primary
fragments.
The flowchart shown in Figure 22 can be used to calculate the minimum height of a
free-standing traverse required to intercept low-trajectory building debris.
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Figure 21 Flowchart to determine the height of a free-standing traverse required to
arrest low-trajectory, high-velocity fragments

Figure 22 Flowchart to determine the height of a free-standing traverse required to
arrest low-trajectory building debris
Figure 23 illustrates the key dimensions required to calculate the height of a freestanding traverse close to an explosion site.
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Figure 23 Illustration of key dimensions require to calculate traverse height
The traverse heights (H1 to H3) shown in Figures 21 & 22 can be calculated using
equations 13 to 15.



H 1  h  max x  R  T   tan 2 o ,600 mm







(Eqn 14)

 
 

(Eqn 15)

H 2  min H 1, H d  x  tan 2o



 x  tan 3.9o  H max 

H 3  max  H max  
,
H

e
o

 2  tan 3.9  H max 


where:

(Eqn 13)

He is the height of the eaves of the building
Hd is the height of the door opening or He, whichever is the lesser
h is the maximum height of explosive within the explosion site
hav is the average height of explosive within the explosion site
Hmax is ‘hav+R for an RC wall with top restraint and close-in loading, and He
for all other cases

A close-in loading regime is defined as an explosive stand-off distance from the
building wall of no greater than 0.4m/kg1/3. A far-range loading regime is defined as
an explosive stand-off distance from the building wall of greater than 0.4m/kg1/3.
Where there is a primary fragment and building debris hazard, the maximum of H3,
and either H1 or H2 should be used, based on Figure 21.
Heights H1 to H3 identify the minimum heights of traverses required to protect a
separate building at a distance from the explosion site that is less than the maximum
range of low angle primary fragments or building debris as appropriate. Lower traverse
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heights may be adequate to protect unitised explosives from low angle fragments from
another unit of explosives within the same building or building complex when the
protected unit is in the fragment shadow close behind the traverse. It may be
necessary to calculate bounding fragment trajectories, including at low velocity, to
identify the extent of the fragment shadow and justify the unitisation.
M.5.4 Other Secondary Fragment Considerations
There are generally significantly fewer secondary fragments generated by tooling and
equipment than produced by other sources (primary and building fragments). As a
result the hazardous debris density for these secondary fragments is normally
significantly lower.
M.5.5 Thickness of traverse
The required thickness of a traverse depends on the material from which it is
constructed and the function it provides. Traverses at an ES/protected place should
normally only be thick enough to stop fragments and debris. It should be demonstrated
that the traverses at a PES remain in place for a sufficiently long period of time to stop
high velocity fragments and, in the event the traverse fails, that it does not produce an
unacceptable debris hazard itself. The thickness of materials required to prevent
perforation by fragments should be based on the methods described in Reference
[11].
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ANNEX N

HT3 EXPLOSIVES FACILITIES VENT AREA ASSESSMENT

N.1 General
This annex primarily based on propellants, although it should be possible to consider
pyrotechnics in a similar way to propellants, see Section 12.21.3.
The assessment of vent areas required for HT3 explosives does not require a charge
mass safety factor, as normally used for HT1 explosives. The necessary margin of
safety is provided by doubling of the theoretical vent area required, based on the
acceptability of such previous Structural Justifications.
The guidelines assume that the vent is, effectively, fully open before the deflagration.
This is different from the case with HT1 materials where the initial shock pressure load
can reasonably be expected to detach the vent cover panel – in the case of actual HT3
events, where the vent has a weatherproof cover, it is sometimes the case that the
cover melts, because of the heat generated, rather than being removed by pressure.
A number of papers have been written that give parameters for determining the size
of the fireball produced in an HT3 deflagration. A paper by Serena[35] gives a simple
method for estimating fireball volume, assuming an effectively-zero overpressure. This
paper is useful where the venting is effective, but the boundaries for the flame front
need to be determined.
N.2 Venting Analysis
This analysis is based on the results of propellant burning trials. In one of these trials,
180kg of material was burned in an explosion chamber with a 4m2 vent area, the
maximum pressure generated was 5kPa. This was one of three confined burning tests
conducted, and it was decided to base the analysis on this test as it showed the largest
pressure rise.
The pressure rise produced in a vented enclosure containing burning propellant is a
result of the pressure drop across the vent produced by the flow rate required to vent
the volume of gas produced by the burning propellant.
This problem can be solved by a number of methods (including computational fluid
dynamics) and a number of papers have been written on this subject. The gas flow
from an open vent to atmosphere is given by the formula [36]:
Q = K1CdAv(∆P/ρ)0.5
Where:

Q = Volume flow rate
Cd = Discharge coefficient
Av = Vent Area
∆P = Pressure drop across orifice
ρ = Density of gas
K1 = constant
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For the same gas, assuming ∆P is small, compared with atmospheric pressure and if
Cd is considered to be the same for similar geometries, a reasonable approximation
is:
Q = K2Av∆P0.5
Where:

(Eqn 17)

K2 = a constant

For a burning propellant in an enclosure the rate of volume produced can be equated
to Q and if ∆P is small compared with atmospheric pressure and if the hot gases
produced can be assumed always to have a similar temperature, Q can be
approximated to:
Q = K3M
Where:

(Eqn 18)

K3 = constant depending on the type of propellant
M = mass burning rate

It is assumed that the mass burning rate is directly proportional to the mass of
propellant involved:
M = K4ma
Where:

(Eqn 19)

K4 = a constant
ma = adjusted mass of propellant, kg.

Substituting from equations 18 & 19 into 17 and rearranging gives:
∆P = K5 (ma/Av)2

(Eqn 20)

or
K5 = ∆P(Av/ma)2
Where:

(Eqn 21)

K5 = a constant

It is then necessary to carry out some tests (or to be provided with test data) so that
the parameter K5 can be determined.
For a particular intermediate propellant compound, it was determined from tests that
K5 has a value of 0.0025, so equation 20 becomes:
∆P = 0.0025(ma/Av)2

(Eqn 22)

Rearranging this gives:
Av = √(0.0025ma2/ ∆P)
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Due to the limited data on which this analysis is based and the assumptions made it
was considered that this vent area should be doubled to ensure that sufficient vent
area is provided.
The adjusted mass of propellant, ma, is given by
ma = IP I T m
Where:

(Eqn 24)

IP = Increased Pressure Factor, see Section N.3
IT = Increased Temperature Factor, see Section N.4

N.3 Effects of Elevated Pressure and Temperature
If propellant is burned in a confined container the pressure in the container will rise
generally producing a rise in burning rate. For a given propellant the variation of
propellant burning rate with pressure is tuned to provide the required characteristics
for a particular application. In unplatonised propellants the burning rate rises
continuously with pressure. Whilst in platonised propellant the burning rate rises with
pressure until the plateau pressure is attained and then the burning rate remains
constant even if the pressure is increased. In practice, in the accidental burning of
propellant the pressures attained would not approach those at which the pressure
plateau is reached.
When propellants are characterised, their strand burning rates are measured at a
range of elevated pressures (>3MPa). In the region in which the pressure is rising, for
a common propellant type the strand burning rate is given by the formula:
Rs = a P b
Where:

(Eqn 25)

Rs = Strand burning rate, mms-1
P = Pressure, MPa
a = constant depending on propellant type
b = constant depending on propellant – Pressure Exponent

Values of ‘b’ can range from -0.2 to +1.3. A typical value for intermediate
double-based propellants is 0.65. Appropriate values must be assessed based
on whatever data is to hand, including testing.
Based on a highly energetic material, it was decided to use a pressure exponent, 0.65,
to calculate the increased pressure factor, Ip, which if atmospheric pressure is taken
to be 0.1MPa is given by:
Ip = (P/0.1)0.65
Where:

(Eqn 26)

Ip = Increased Pressure Factor
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N.4 Elevated Temperature
When propellant is processed, it can be heated as part of the process. Increasing the
temperature of a propellant increases its burning rate, so this should be allowed for in
any venting calculations.
The British Gas Corporation report[37] gives the following formula for calculating the
increase in burning rate due to elevated temperature:
R = Ro e σ(T-To)
Where:

(Eqn 27)

Ro = Burning rate at temperature To
R = Elevated burning rate at temperature T
σ = Temperature coefficient
e = Euler’s Number, 2.718

For most common propellants, if the temperatures are in degrees Fahrenheit, σ can
be approximated to 0.002, so if the temperatures are in Centigrade degrees, σ
becomes 0.0036. As the calculations are based on a propellant burning trial that was
conducted at an ambient temperature of 5C, To should be taken to be 5ºC. So the
relative increase in burning rate (for temperatures above 5ºC) due to elevated
temperature, IT, is given by:
IT = R/Ro = e 0.0036(T-5)
Where:

(Eqn 28)

T = Propellant Temperature, ºC.
IT = Increased temperature factor (Taken as 1.0 for
temperatures below 5ºC)

N.5 Fireball Dimensions
It is sometimes necessary to evaluate the dimensions of a possible fireball (resulting
from an HT3 deflagration) because of the effects on staff in adjacent areas or the vent
panel itself. Several papers give approximate, but conservative, methods for carrying
this out; for instance, ‘Design of Passive Structural Systems to Resist Hazard Division
(HD) 1.3 deflagrations’, by J.M. Serena (1994)[35] suggests :
DFire = 10 x W1/3

(Eqn 29)

Where (note Imperial Units):

DFire = Fireball diameter (feet)
W = Effective mass of propellant (pounds)

The diameter can be used to estimate a fireball volume, which is then used to work
out the flame front location in a bounded volume.
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N.6 Propellant Type
No attempt has been made to allow for variations in propellant type and form in this
analysis, due to lack of data available on the relevant deflagration parameters.
The analysis is based on a test in which 180kg of material, in crumb form, was burned.
As propellant deflagration is a surface process, it is considered that crumb will be the
most reactive form, giving the highest burning rates and generating the highest
pressures. It is encouraging that, in the three trials in which crumb was burned, the
specific mass burning rates (i.e. kg burnt per kg of propellant) were consistent in the
range 0.28 – 0.34kgs-1kg-1.
N.7 Worked Example
A 25kg mass of propellant is processed in a cell and is held in a drying oven at up to
70C. The failure pressure of the oven has been estimated to be 10kPa and it has
been estimated that the processing cell can withstand an internal pressure of 3kPa.
Calculate adjusted mass of propellant
ma = IP I T m
Where

m = Mass of propellant, kg
ma = Adjusted mass of propellant, kg
IP = Increased Pressure Factor
IT = Increased Temperature Factor

Calculate IP:
Ip = (P/0.1)0.65
Where

P = Pressure, MPa

The increase in pressure due to the confinement of the oven would raise the pressure
by 10kPa to 0.11MPa so:
IP = (0.11/0.1)0.65
IP = 1.06
Calculate IT:
IT = R/Ro = e 0.0036(T-5)
Where T = Propellant temperature, oC.
IT = e0.0036(70-5)
IT = 1.26
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Adjusted mass:
ma = IP IT m
ma = 1.06 x 1.26 x 25
ma = 33kg
Calculate required vent area:
Av = √(0.0025ma2/ ∆P)
Where:

Av = Vent area, m2
∆P = Allowed pressure rise, kPa
Av = √(0.0025x332/3)
Av = 1.0m2

=> Doubling this gives the required vent area of 2.0m2
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ANNEX O

INSPECTION AND TEST PLAN EXAMPLE REQUIREMENTS

Activity description
Approval of method
statement
Approval of construction
drawing pack
Approval of concrete
supplier and mix design
Approval of reinforcement
supplier
Receipt/inspection of
materials

Material certification

Formation approval and
blinding
Pre-concrete checks
Concrete –
receipt/sampling and
placing

Post-concrete survey
Critical items – holding
down bolts, encast items

Control documents
Client specification
Drawings
Concrete specification No.:
BS8500
CARES
BS4449
Materials specification

Mix design
Drawings
Specification
Method statement
Method statement
Record photographs procedure
Method statement BS EN 12350
(testing fresh concrete)
BS EN 12390 (testing hardened
concrete)
Record photograph procedure
Method statement
Record photograph procedure
Method statement
Record photograph procedure
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Verification document
Approved method
statement
Approved for construction
drawings
Material approval forms
Cares certificate
Signed delivery tickets
including concrete,
reinforcement and encast
items
Material certification

Signed pre-concrete notice
Record photographs
Signed pre-concrete notice
Record photographs

Signed pre-concrete review
Record photographs
Installation surveys
As-built drawings
Record photographs
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ANNEX P

ASSESSMENT OF MASONRY WALL PANELS

P.1 CEDAW Methodology for Unreinforced Masonry Wall Panels
The CEDAW methodology for the blast assessment of masonry wall panels is based
on pressure-impulse (P-I) iso-damage curves. These iso-damage curves have been
derived based on SDOF models and blast test data are predicated on unconfined
hemispherical surface burst explosions.
The calculation of the SDOF parameters for unreinforced masonry wall panels and
corresponding scaled pressures and impulses for unreinforced masonry wall panels is
described in Section P.2. The generation of the scaled PI diagrams is described in
Section P.3.
The scaled pressure and scaled impulse data points can be plotted on a scaled PI
diagram to determine the corresponding level of protection provided by the wall panel
being assessed. A description of the range of levels of protection is given in Section
P.3.
An example assessment of an unreinforced masonry wall panel against blast effects
is provided in Section P.4.
For the assessment of unreinforced masonry wall panels against more complex
loading, see Section P.5.
P.2 Scaled Pressure and Impulse
The derivation of the SDOF parameters for unreinforced masonry wall panels is
described below. These SDOF parameters are then used to calculate scaled peak
blast over-pressure and scaled positive phase impulse for plotting on PI diagrams.
Tensile strength of masonry, ft:

0.1

(Pa)

(Eqn 30)

Where: fm = compressive strength of masonry (Pa)
Modulus of elasticity, E:
Second moment of area, I:

1000

(Pa)

(m4/m)

(Eqn 31)
(Eqn 32)

Where: T = Thickness of wall (m). For cavity walls the effective wall
thickness should be used, derived using conventional design
methods.
Elastic section modulus:
Moment capacity:

(m3/m)
(Nm/m)

(Eqn 33)
(Eqn 34)

The SDOF parameters for unreinforced masonry wall panels are shown in Table 8.
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L/B
Ru
Ke
1.0
24.00 /
252 /
0.9
24.24 /
230 /
0.8
24.84 /
212 /
0.7
26.04 /
201 /
0.6
27.48 /
197 /
0.5
30.00 /
201 /
<0.5 (one-way
384 /5
8 /
spanning)
Table 8 SDOF parameters for unreinforced masonry wall panels

KLM
0.68
0.70
0.71
0.73
0.74
0.75
0.78

Where: L = Vertical span of panel (m)
B = Width of panel (m)
L/B = Aspect ratio of panel
Ru = Flexural resistance of panel (Pa)
Ke = Elastic stiffness of panel (Pa/m)
KLM = Load-mass transformation factor
Elastic deflection limit of panel:

(m)

Arching resistance of panel:

(Eqn 35)
(Pa)

(Eqn 36)

Where: Pw = Axial load on wall panel (N/m)
m = Areal mass of wall (kg/m2)
g = Gravitational acceleration (m/s2)
Scaled pressure, Pbar:

(Eqn 37)

,

Where: P = Peak pressure (Pa)
0.38

0.038

1

,

(Eqn 38)
(Eqn 39)

,

Scaled impulse, Ibar:

(Eqn 40)

Where : i = Positive phase impulse (Pa-s)
0.1

(Eqn 41)
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.

.

.

(Eqn 42)

.

.

(Eqn 43)
Pa = Atmospheric pressure (Pa)
P.3 Scaled PI Diagrams
Equations 44 & 45 define the shapes of the iso-damage curves on the scaled PI
diagrams.
for

(Eqn 44)

for

(Eqn 45)

The curve-fitting parameters ‘A’ to ‘G’ in Equations 44 & 45 are listed in Table 9.
MLOP
Eqn 17
A
1.70
B
0.36
C
Eqn 20
D
80
E
Eqn 22
F
-0.03
G
Table 9 Curve-fitting parameters

LLOP
Eqn 18
1.60
0.36
Eqn 21
80
Eqn 22
-0.05

0.0096

VLLOP
Eqn 19
1.00
0.36
Eqn 21
80
Eqn 22
-0.10
0.039

0.047

(Eqn 46)

1.6

(Eqn 47)

3

(Eqn 48)

0.47

0.89

0.236

(Eqn 49)
(Eqn 50)
(Eqn 51)

’

⁄

(Eqn 52)

Table 10 describes the relationship between the magnitude of damage to the wall
panel and the level of protection provided by the wall panel to building occupants.
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Level of
Protection

Component Damage

The component is overwhelmed by the blast load causing
failure and debris with significant velocities
Very Low
A portion of the component has failed, but there are no
(VLLOP)
significant debris velocities
The component has not failed, but it has significant permanent
Low
deflections causing it to be unrepairable. The component is not
(LLOP)
expected to withstand the same blast load again without failing.
The component has some permanent deflection. It is generally
Medium
repairable, if necessary, although replacement may be more
(MLOP)
economical to withstand the same blast load again without
failing.
Table 10 Component damage descriptions
Blowout

Scaled PI diagrams can be generated based on Equations 44 to 52 and Tables 8 and
9 based on specific ratios of arching and flexural wall panel resistances. Figure 24
shows a scaled PI diagram for a low value of Ra/Ru (i.e. a non-load bearing wall panel).
Figures 25 shows a scaled PI diagram for a high value of Ra/Ru (i.e. a wall panel
supporting a large vertical load).
Ra/Ru=0.05
1000

MLOP
LLOP
VLLOP

Pbar

100

10

VLLOP
MLOP
or
Greater

1

Blowout

LLOP

0.1
0.01

0.1

Ibar

Figure 24 Scaled P-I curve fits for wall panels with low Ra/Ru
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Ra/Ru=1.0
1000
MLOP
LLOP
VLLOP

Pbar

100

10

VLLOP
MLOP
or
Greater

1

Blowout

LLOP

0.1
0.01

0.1

1

Ibar

Figure 25 Scaled P-I curve fits for wall panels with high Ra/Ru
P.4 Example
This example assesses the component damage for a specific construction of two-way
spanning unreinforced masonry wall panel subjected to the blast loading produced by
100kg TNT at 25m stand-off.
Width of wall panel:

B = 4.0 m

Height of wall panel:

L = 3.5 m

Thickness of wall:

T = 0.215 m

Compressive strength of brick:

fm = 20 MPa

Tensile strength of brick:

ft = 2 MPa

Modulus of Elasticity:

E = 20 GPa

Second moment of area:

I = 8.282e-4 m4/m

Elastic section modulus:

S = 7.704e-3 m3/m

Moment capacity:

M = 15,408 N-m/m

Aspect ratio:

L/B = 0.875

Flexural resistance:

Ru = 26,843 Pa

Elastic stiffness:

Ke = 2.178e+7 Pa/m
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Load-mass factor:

KLM = 0.7025

Elastic deflection limit:

Xe = 1.232e-3 m

Density of masonry:

b = 1,875 kg/m3

Areal mass of wall:

m = 403 kg/m2

Axial load on wall:

Pw = 5,000N/m

Arching resistance:

RA = 1,664 Pa

Figure 26 ConWep output for 100kg TNT charge at 25m from wall panel
Peak reflected pressure:

P = 84,180 Pa
RF = 0.062
Cp = 0.996

Scaled pressure:

Pbar = 3.123
Rbar = 0.265
Y = 0.4315

Positive phase reflected impulse: i = 533.8 Pa-s
Scaled impulse:

Ibar = 0.059

This combination of scaled pressure and scaled impulse is plotted on a scaled PI
diagram based on a value of RA/Ru of 0.062, as shown in Figure 27. This figure shows
that the masonry wall provides a medium level of protection.
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1000
MLOP
LLOP
VLLOP

Pbar

100

10

Blowout
MLOP
or
Greater

1

VLLOP

LLOP

0.1
0.01

0.1

1

Ibar

Figure 27 Plot of scaled pressure and impulse data point on PI chart
P.5 Assessment of unreinforced masonry wall panels against complex
loading
For the complex blast loading produced by partially confined or full-confined
explosions, the use of pressure-impulse diagrams is not applicable. For such
scenarios, a single-degree-of-freedom analysis can be performed. The resistancedeflection function for an unreinforced masonry wall is illustrated in Figure 28.
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Figure 28 Resistance-deflection profile for unreinforced masonry with brittle flexural
response and axial load
Where:

RA = Arching resistance of panel
Ru = Flexural resistance of panel
Xe = Elastic deflection limit of panel based on flexural response
Xa = Elastic deflection limit of panel based on arching response
Ke = Elastic stiffness of panel
T = Overall wall thickness

An SDOF model will enable the calculation of the maximum deflection of a wall panel
to a specified blast loading to be calculated. The maximum deflection can then be
converted into a maximum support rotation based on an assumed deformed shape
for the panel. The maximum support rotation can then be used to determine the
level of protection provided by the wall panel. The CEDAW limiting support rotation
for a Medium Level of Protection is 1.5 degrees and for a Low Level of Protection is
4.0 degrees.
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ABBREVIATIONS
ALARP
CARES
CBI
COMAH
CQC
DBA
DSEAR
ER
ES
GPR
HD
HE
HMX
HSE HID
HSE
HSWA
HT
IATG
IBD
ISS
JSP
MCE
MHSWR
NEWQD
NDT
ONR
PES
QA
QC
QD
QSP
RDX
SDOF
SRSS
TATB
TNT
UFC
UN
UPV
UR

As Low As Reasonably Practicable
Certification Authority for Reinforcing Steels
Confederation of British Industry
Control of Major Accident Hazards Regulations 2015
Complete Quadratic Curvature
Design Basis Accident
Dangerous Substances and Explosive Atmospheres Regulations 2002
Explosives Regulations 2014
Exposed Site (acceptor/receptor building/protected place)
Ground Penetrating Radar
Hazard Division
High Explosives
Octogen / Tetramethylene tetranitramine
Health and Safety Executive Hazardous Installations Directorate
Health and Safety Executive
Health and Safety at Work etc Act 1974
Hazard Type
International Ammunition Technical Guidelines
Inhabited Building Distance
In-Structure Shock
Joint Services Publication
Maximum Credible Event
Management of Health and Safety at Work Regulations 1999
Net Explosive Weight Quantity Distance
Non-Destructive Testing
Office of Nuclear Regulation
Potential Explosion Site (donor site/building)
Quality Assurance
Quality Control
Quantity Distance / Separation Distance
Quasi-Static Pressure
Hexogen / Trimethylene trinitramine
Single Degree of Freedom
Square Root of Sum of the Squares
Triamino trinitrobenzene
Trinitrotoluene
Unified Facilities Criteria
United Nations
Ultrasonic Pulse Velocity
Utilisation Ratio
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GLOSSARY
Item

Description

1 way spanning

A concrete element that is supported on two
opposite ends (e.g. beam), one end (e.g.
cantilever) or a two-way spanning slab with an
aspect ratio of less than 0.5.

2 way spanning

A concrete wall or slab that is supported on at least
two adjacent edges.

Bending strength

The development of tensile and compressive
stresses in a structural element to resist out of
plane loads.

Blast (shock)
pressure

The overpressure generated by an explosion. The
difference between the blast pressure and the
ambient air pressure.

Blast links

Steel bars in the form of links that tie together the
tension and compression reinforcement to prevent
buckling of the compression reinforcement. They
are uniformly distributed through a reinforced
concrete structure.

Breaching

Severe spalling can lead to perforation of a
concrete wall (i.e. a hole is generated through the
wall). Perforation of a wall by an explosive charge
is termed breaching.

Buckling
reinforcement
failure

When the maximum plastic hinge rotation exceeds
four degrees the concrete crushes and becomes
ineffective at resisting moment. The compression
force is then transferred to the compression
reinforcement. If this reinforcement is not
adequately restrained by blast links then the
compression reinforcement may buckle resulting in
a sudden loss in element bending strength.

Class A

Class A external separation distance is the
minimum distance that bridleways, footpath,
footways, lightly used roads and waterways should
be located to an explosives building.

Class B

Class B external separation distance is the
minimum distance that docks, jetties, minor roads,
piers, railway lines, reservoirs, river walls, aircraft
runways and sea walls should be located to an
explosives building.
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Item

Description

Class C

Class C external separation distance is the
minimum distance that major roads and places of
public resort should be located to an explosives
building.

Class D

Class D external separation distance is the
minimum distance that a non-explosives occupied
building should be located to an explosives
building.

Class E

Class E external separation distance is the
minimum distance that a vulnerable building should
be located to an explosives building.

Class H

Class H is the minimum distance that a Process
Building Distance should be located to an
explosives building.

Compression face

The surface of a structural element that is
compressed when the element bends.

Compression
reinforcement

The steel bars close to the compression face of a
concrete element that provides resistance to
compressive force.

Concrete age
increase factor

A factor applied to the concrete strength to reflect
the fact that concrete gains strength with age.

Concrete cover

The thickness of the concrete from the outer face
of the concrete element to the nearest face of the
steel reinforcement. Concrete cover is a durability
requirement as defined in BS EN 1992-1-1 [25] and
the National Annex.

Debris

The term debris is used for pieces of building
structure which have become detached and are
thrown relatively short distances by the blast
pressure wave. They can include doors, roof
sheeting and furniture for example.

Deflection

The out-of-plane displacement of an element.
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Item

Description

Diagonal shear
failure

When the shear capacity of an element is
insufficient to resist the shear forces then diagonal
cracks form at the supports and can result in
sudden loss of element strength. This is known as
diagonal shear failure. This mode of failure is also
found in reinforced concrete elements subject to
static loads.

Direct shear failure

When a reinforced concrete element is subjected
to dynamic blast loads and there is insufficient
shear capacity available at the supports then direct
shear failure may occur at the supports. This is
characterised by cracks forming normal to the
plane of the slab and sudden loss in element
resistance.

Ductility ratio

Ratio of the total deflection to the deflection at the
elastic limit (Xm/Xe).

Dynamic increase
factors

An increase in the specified yield or ultimate
strength caused by high strain rates.

Dynamic response

When the magnitude of element response is
dependent on the magnitudes of the peak blast
over-pressure and the blast impulse.

t m < 3 td
and
tm > 0.1 td

Elastic deflection

The limit of deflection at which the material is on
the threshold of yielding and forming a plastic
hinge.

Xe

Elastic response

If the element deflection remains below the elastic
limit then the element response is described as
elastic.

Elasto-plastic
deflection

The limit of deflection at which successive yield
lines develop in the element.

Xep

Equivalent elastic
deflection

For elements with multiple yield lines, the
equivalent elastic deflection is the limit of elastic
response for the idealised bilinear resistancedeflection history of the element. The value of XE
is such that the energy up to the plastic regime is
maintained.

XE

Execution Class

Specification of the level of quality control for the
execution of the works as a whole, of an individual
component or of a detail of a component.
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Item

Description

Explosives Worker

Explosives Workers have hands-on contact with
explosives. Such contact work includes storage,
packing/unpacking, loading/unloading, transport
(on-site), manufacture, processing, testing,
research and use of explosives. Immediate
supervisors of those explosives workers with
hands on contact with explosives are also
explosives workers.

Symbol

The term Explosives Worker, as used in this
document, only applies to a worker whilst
conducting hands-on explosives (work). At other
times the person would not be considered an
Explosives Worker, but they may be a Support
Worker or Justified Worker.
Explosives Support
Worker

Explosives (Area/Site) Support Workers do not
work directly on explosives, but their work supports
current storage, packing/unpacking,
loading/unloading, transport (on-site), manufacture,
processing, testing, research and use of
explosives. Explosives support workers include:
those people assessing, managing and controlling
explosives work; and those involved in routine
inspections, maintenance and breakdown repair of
supporting buildings, plant, equipment and other
infrastructure of the explosives site.
The term Support Worker, as used in this
document, only applies to a worker whilst
conducting work requiring their presence within the
explosives area/site hands-on explosives (work).
At other times the person would not be considered
a Support Worker, but they may a Justified Worker.

Factored charge
mass

The TNT equivalent charge mass plus a 20%
Factor of Safety.

Flexural behaviour

When out-of-plane loads are resisted by tension in
one face and compression in the opposite face
then this is termed ‘flexural behaviour’.

Frangible panel

A lightweight panel intended to vent internal gas
pressures.

Fully confined
cubicle

A cubicle without openings.
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Item

Description

Fully vented cubicle

A cubicle with sufficiently large vents such that
there is no build up of internal gas pressure.

Gas pressure

The pressure generated by the change of state of
a combustible material.

Hinge rotation

The rotation at a plastic hinge in an element.

Impulsive response

When the magnitude of element response is
sensitive purely to the magnitude of the blast
impulse. Typically when the time to maximum
deflection is greater than three times the duration
of the load.

t m  3 td

Incident pressure

The unreflected blast over-pressure.

Ps

Justified Worker

A Justified Worker is: an explosives worker or
support worker or their supervisor whose office
accommodation has been justified within Licence
Class D distance, i.e. those people are allowed to
remain resident in Licence Class D distance when
not working on explosives or work physically
supporting the infrastructure; or additional
management supporting / managing explosives
operations co-located with their staff; or people
working with specialist equipment sited in an
explosives area, though (the relevant) work does
not involve explosives (e.g. experiments involving
laboratory analysis, lasers etc.)

Lap length

The length of over lap of a connecting steel
reinforcing bar to ensure the load in one bar is
transferred to the lapped bar via the bond strength
between the bar and the concrete.

Legacy building

An existing building of which there may be a
substantial lack of information on the building
construction (e.g. no steel reinforcement
drawings).

Lethal fragments

A fragment having in excess of 80 Joules of
energy.

Lever arm

The distance between the centroids of the tension
force and the compression force in a section.

d

Load duration

The time to decay from the peak blast
over-pressure to ambient atmospheric pressure.

td
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Item

Description

Loading density

The ratio of explosive charge mass to the cuberoot of the volume of a cubicle (Q/V1/3). This is
required to calculate the peak gas pressure in a
cubicle.

Maximum blast
overpressure

The highest of the incident pressure, the incident
pressure plus the dynamic pressures, or the
reflected pressure.

Maximum deflection

This is the peak transient deflection of an element.

Xm

Modular ratio

The ratio of the modulus of elasticity of reinforcing
steel to concrete.

n

Natural period of
vibration

The time of the duration of one cycle in a repeating
event, i.e. the time for a spring to return to its
original position after an extension and shortening
cycle.

Negative phase

The time that the blast pressure is less than the
ambient atmospheric pressure. This phase follows
the positive phase. The value of the pressure is
typically lower than the positive pressure but has a
longer duration.

Non-Explosives
Area/Site Support
Worker

A non-explosives area/site support worker is a
person working inside the explosives area/site, or
inside the Licence Class D distance where that
extends beyond the explosives site, and that work
is non-routine, such as new construction, major
modification or refurbishment; or the work involves
specialist maintenance or repair by a person owed
the same duty of care as the public.

Partially vented
cubicle

A cubicle with small openings.

Permanent
deflection

If the element deflection exceeds the elastic limit
then there will be permanent deformation, which
will be less than the maximum deflection.

Plastic capacity

The limit of the element’s ability to absorb energy
through plastic response. This is normally defined
as a support rotation or ductility limit.

Plastic response

If the element deflection exceeds the elastic limit
then the element response is described as plastic.
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Item

Description

Positive phase

The time that the blast pressure is greater than
atmospheric pressure.

Positive phase
impulse

The area under the pressure-time profile during the
positive phase of the loading.

Primary fragments

Primary fragments result from the shattering of a
container (e.g. shell casings, kettles, hoppers, and
other containers used in the manufacture of
explosives and rocket engine housings) in close
contact with the explosive. These fragments
usually are small, initially travel at thousands of
metres per second, and may be lethal at long
distances from an explosion.

Quasi-static
response

When the magnitude of element response is
sensitive purely to the magnitude of the peak blast
over-pressure. Typically when the time to
maximum deflection is less than ten times the
duration of the load.

Quetta bond walls

Quetta bond walls are typically 1.5 bricks thick laid
to leave hollow pockets in the wall that are
reinforced by vertical bars. Traditionally the bars
or a starter are cast into the footing and the Quetta
bond is laid around the bars. The pockets are then
filled with grout or fine concrete to bond the bars to
the wall.

Reflected pressure

The over-pressure at a reflecting surface.

Resistance

The capacity of an element to resist an applied
force.

Response time

The difference between the arrival time of the
shock front and the time of maximum response of
an element.

Scabbing

Failure of concrete cover due to large structural
deformations.

Scaled distance

Stand-off divided by the scaling factor.

Z

Scaling factor

The cubic root of the TNT equivalent charge mass.

W1/3
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Item

Description

Secondary
fragments

Secondary fragments are components from
structures and other items (not containers) in close
proximity to the explosion. These fragments,
which are somewhat larger in size than primary
fragments and initially travel at hundreds of metres
per second, do not normally travel as far as
primary fragments.

Shear

The force perpendicular to the plane of the
element.

Shear behaviour

When out-of-plane loads are resisted by shear
transfer mechanisms (e.g. shear reinforcement,
concrete compressive struts, concrete shear
capacity) this is termed ‘shear behaviour’.

Shear
reinforcement

Steel bars in the form of links or inclined bars to
resist the shear loads at or near the supports of a
concrete element.

Simply supported or
pin-jointed element

A structural element that has zero fixity at the
support and will rotate about its support.

Single degree of
freedom

A simple single degree of freedom system is an
equivalent mass, M, of a structure suspended on a
spring of stiffness, K.

Spall plates

Steel plates fixed to a wall to mitigate the effects of
concrete spalling caused by tensile stress.

Spalling

The reflection of a shock wave off the rear face of
a concrete element will generate a tensile stress
wave that propagates back through the thickness
of the element. If the magnitude of this tensile
stress exceeds the tensile strength of the concrete
then the concrete cover on the protected side of
the element may break off. The concrete
fragments produced by this mechanism are termed
‘spalling’.

Splay

A thickening of a wall at its supports to improve its
shear capacity.

Stand-off

The distance from the centre of the detonation to
the surface being considered.
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Item

Description

Starter bars

Steel reinforcement cast into and protruding from a
foundation slab to which wall reinforcement is
lapped.

Stiffness

The resistance of an elastic body to deformation by
an applied force.

Strain hardening

An increase in the strength of an elastic material
due to its plastic deformation.

Structural
Justification

A document that demonstrates that an explosives
facility provides the minimum levels of protection
required to explosives and people.

Support rotation

The rotation at the support.

Tension face

The surface of a structural element that is
stretched when the element bends. Generally, the
surface remote from the blast load.

Tension membrane
action

When the deflection of a structural component
exceeds the flexural capacity and providing there is
sufficient lateral restraint then the component can

Tension
reinforcement

The steel bars close to the tension face of a
concrete element to provide resistance to tensile
force.

Terminal velocity

The free-fall velocity of an object.

Threat

The mass of a specific type of explosive.

Time of arrival

The time of arrival of the shock front.

TNT equivalence

The power of an explosive relative to that of TNT.
The TNT equivalence of a specific explosive may
vary dependent on the parameter being
considered.

Traverse

A barrier intended primarily to intercept low angle,
high velocity fragments.

Type 1 section

Elements where the concrete is effective at
resisting moment, limited to maximum support
rotations of less than 2 degrees.
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Item

Description

Type 2 section

Elements with crushing of the concrete cover on
the compression face and cracking, but not
disengagement of the concrete cover on the
tension face. Generally, elements with maximum
support rotations between 2 and 6 degrees.

Type 3 section

Elements with loss of concrete cover on both
faces. Generally, elements with maximum support
rotations between 6 and 12 degrees.

Unfactored charge
mass

The TNT equivalent charge mass.

Vented cubicle

A cubicle with one or more openings or frangible
panels.

Visitor

A person who visits a Company, but is not
employed by or contracted to that Company for the
purposes of carrying carry out work on the
Company’s site.

Vulnerable building

A vulnerable building is defined as either:



A building of more than three storeys above
ground or 12m in height constructed using
continuous non-load bearing curtain walling
with individual or frangible panels larger than
1.5m2 and extending over more than 50% or
120m2 of the surface of any elevation



A building of more than three storeys above
ground or 12m in height with solid walls and
individual glass panes or frangible panels larger
than 1.5m2 and extending over at least 50% of
any elevation



A building of more than 400m2 plan area with
continuous or individual glazing panes larger
than 1.5m2 extending over at least 50% or 120
m2 of the plan area



Any other structure that, in consequence of an
event such as an explosion, may be susceptible
to disproportionate damage such as
progressive collapse.
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Item

Description

Wrap around
pressure

The diffraction of a blast wave around an obstacle
to load surfaces that are not within the direct line of
sight of the explosion source.

Yield strength

The stress at which ductile material strain changes
from elastic deformation to plastic deformation,
causing it to deform permanently.
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COMPUTER PROGRAMS
A range of software has been developed to facilitate the design of structures to resist
explosion effects. Much of this software is of US origin and is difficult to access by
non-US citizens (and particularly the most recent versions). A brief description of
common software used for the design and assessment of explosives facilities is
provided below.
All software must be used with caution to ensure that it is not used outside of its range
of validity.
ConWep
ConWep is a collection of conventional weapons effects calculations from the
equations and curves of TM 5-855-1, "Design and Analysis of Hardened Structures to
Conventional Weapons Effects". ConWep performs a variety of conventional
weapons effects calculations including an assortment of airblast routines, fragment
and projectile penetrations, breach, cratering, and ground shock.
SHOCK
SHOCK is used to automate the manual process in UFC 3-340-02[11] to calculate the
internal shock pressure loading on the internal surfaces of cubicle structures.
The distribution of the computer program SHOCK is described in Section 2.4 of
UFC 3-340-02[11].
FRANG
FRANG is used to calculate the internal gas pressure loading on the internal surfaces
of cubicle structures.
The distribution of the computer program FRANG is described in Section 2.4 of
UFC 3-340-02[11].
TRAJ
TRAJ is a 2-dimensional trajectory analysis software used to determine the fragment
or projectile throw distances.
DISPRE2
DISPRE2 was developed in support of the TP-13 methodology for determining
inhabited building distances for explosive facilities containing relatively small
quantities of explosives. The computer program incorporates three separate computer
programs SHOCK, FRANG and MUDEMIMP.
SBEDS
SBEDS is a Microsoft Excel based tool for design of structural components subjected
to dynamic loads using single degree of freedom (SDOF) methodology.
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SBEDS is available from the US Army Corps of Engineers Protective Design Center
website and is approved for public release, distribution unlimited.
CEDAW
CEDAW is a Microsoft Excel based tool for generation of pressure-impulse (P-i) and
charge weight-standoff (CW-S) damage level curves for structural components.
CEDAW is available from the US Army Corps of Engineers Protective Design Center
website and is approved for public release, distribution unlimited.
SPAn
SPAn facilitates single degree of freedom design and analysis of structural members
subject to dynamic loading from blast, impact, or any other source that can be
approximated by a uniform pressure-time relationship on the face of the member.
Structure options include one- and two-way reinforced concrete members, one and
two-way steel members, and a general user defined SDOF system.
BlastX
The software performs calculations of the shock wave and confined detonation
products pressure and venting for explosions either internal or external to a structure.
The software can treat explosions in parallelepipeds, L-shaped rooms, cylinders, and
a general room composed from rectangular panels. A clearing model that produces
rarefactions from the edges of walls has been implemented for direct shocks.
MUDEMIMP
MUDEMIMP calculates the projection and dispersion of building debris and calculates
the hazardous debris density in order to determine inhabited building distance.
Hydrocodes
There are several hydrocodes that can be used calculate the airblast loading in
complex environments. Examples include PROSAIR and SHAMRC.
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