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ABSTRACT
The ability to predict the consequences of an explosion accurately is essential for assessing the vulnerability of critical assets
and for designing protective solutions that can serve to mitigate such risks. The complex physical phenomena associated
with explosions include extreme pressures from blast waves and fragments from cased weapons. These phenomena can
be quantified with tools ranging from simple analytical methods to high-fidelity computational fluid dynamics software. It
is important to validate such predictive methods and numerical simulation models with quality experimental data obtained
from explosive tests. This article describes how DSTA performs research and leverages R&D collaborations to advance
capabilities in modelling explosion effects, including vapour cloud explosions and combined blast and fragment loading.
Such capabilities are used in the conceptualisation, design and implementation of protective solutions in facilities.
Keywords: blast prediction, protective design, vulnerability assessment

INTRODUCTION
Explosion hazards include blast and fragments that can injure
people and damage building infrastructure and equipment. It
is hence necessary to develop protective systems and plans
to mitigate the effects of explosions and ensure the continued
function of operational systems. The ability to analyse blast
effects is a key enabler for the development of protective
systems and response plans.
The phenomenon of blast as it interacts with the environment is
a complex one. As blast waves reflect off surfaces, their effects
can become amplified; on the other hand, when blast waves
expand into large volumes, their effects become attenuated.
The type of explosion can also result in very different effects.
For example, vapour explosions produce different explosion
loads from that of high explosives, while military ordnances
will break up into fragments upon exploding that add to the
damage inflicted by the blast.
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This article describes how DSTA performs research and
leverages R&D collaborations to advance capabilities in
analysing explosion effects.

FRAMEWORK FOR DEVELOPING
BLAST ANALYSIS AND PROTECTION
CAPABILITY
The framework for analysis and protection against explosion
effects starts with threat identification (see Figure 1). The
propagation of explosion hazards in different environment
are then quantified. These quantified explosion loads provide
the means to assess how building systems may be damaged
by these hazards and how people can be injured. Protective
solutions that are commensurate to the explosion loads can then
be developed. Such protective solutions include creating larger
standoffs through implementing vehicle barriers, developing
hardened systems such as thicker walls for protection of the
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Figure 1. Framework for blast analysis and protection

building envelope, or blast doors for protection of access
ways into the building, as well as implementing blast valves or
passive blast attenuation systems for protection of ventilation
pathways.

blast and fragmentation. Each study follows the framework to
validate models against experimental results, with the eventual
aim being to develop simplified fast-running procedures that
provide analytical capability to a larger community of engineers.

Quantifying Blast Loads

BLAST PROPAGATION IN CONFINED
ENVIRONMENT

The ability to quantify explosion loads is crucial to the
development of protective systems. Physics-based numerical
models as well as analytical and semi-empirical methods are
important tools for the quantification of such loads and much
research has gone into their development over the years.
Physics-based numerical modelling requires deep technical
expertise as computational fluid dynamics and finite element
analysis are not easy to master. This limits analytical capability
to only a small group of experts. Analytical and semi-empirical
methods to quantify blast loads have the advantage of being
fast. However, there are trade-offs in accuracy. It is also crucial
that the basis of the analytical and semi-empirical methods
are well understood and the application of these methods are
within interpolation bounds. Finally, it is important that these
tools are well validated.
The subsequent sections outline DSTA’s ongoing efforts to
develop the capability to: (a) predict how blast propagates
in complex confined environments; (b) to develop a blast
protection system for ventilation openings; (c) to understand
vapour cloud explosions; and (d) predict the effects of combined

Blast effects within confined areas can be amplified compared
to a blast in an open environment due to reflections from the
walls or internal surfaces and a lack of space for expansion.
The ability to evaluate blast loads in a confined environment
is thus necessary for the vulnerability assessment of critical
systems in confined areas and to facilitate protective systems
design.

Prediction Methodology – Look-up Charts
Design guides potentially offer a quick and simplified
methodology for predicting air blast propagation in confined
environments such as tunnel systems. One such design guide
is the Swiss Design Manual for Airblast Phenomena Due to
Nuclear and Conventional Explosives LS2000 (Anet & Bingelli,
2000). The LS2000 air blast prediction methodology for blast
in tunnel systems is based on a limited number of smallscale explosive tests augmented by numerical simulations.
Propagation of air blast through different geometrical features
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is predicted using a series of look-up charts. The look-up
charts take reference from explosions in straight tunnels to
derive the peak pressure and impulse loads (see Figure 2).
Correction factors for different geometric features are derived
from individual manual look-up charts as shown in Figure 3.
To account for multiple geometric features, these correction
factors from the different geometric features are multiplied
together and then applied to the charge weight. The pressure
and impulse loads are then derived from the reference look-up
chart for straight tunnels.

Validation of LS2000 Methodology
A series of large-scale explosive tests were conducted by DSTA
in collaboration with the Swedish Defence Research Agency.
The tests involved detonations of 100kg TNT just within the
entrance of the test tunnel facility (see Figure 4).

The LS2000 methodology was applied to the test
set-up. Numerical simulations were also performed using the
hydrodynamics1 software AUTODYN 2D. The results indicated

that LS2000 predicted the peak pressure within 7% of the test
results while the AUTODYN 2D prediction was within 5%. For
peak impulse, LS2000 predicted within 20% while AUTODYN
2D predicted within 2%. The comparisons are made in Table 1.
The comparisons showed that the AUTODYN 2D predictions
were able to predict both pressure and impulses to within
5%, instilling confidence in its use. A rigorous study was then
carried out to compare LS2000 predictions for the different
geometric features against AUTODYN 2D and it was observed
that LS2000 predictions were generally within 30% of those
in AUTODYN 2D. Bearing in mind that LS2000 is a simplified
model, the trade-off between faster analysis time against
accuracy is acceptable. The study provided insights into when
the LS2000 methodology can be used with confidence as well
as the acceptable margins of error.

Figure 2. Reference look-up chart for a straight tunnel

Figure 3. Sample of look-up charts associated with various geometries
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when the LS2000 methodology can be used with confidence as well as the
acceptable margins of error.

(a)

(b)

Figure 4. (a) Experimental set-up of large scale tunnel tests (b) Geometric representation of
large-scale test in LS2000
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Figure 6. Screenshot of the graphical user interface of the fast-running tool

The development of the fast-running tool provides DSTA with
the ability to predict blast loads in complex confined spaces.
It saves time and effort in analysis and reduces error in the
traditional use of look-up charts. This will contribute to a more
efficient blast protection design and vulnerability assessments
of critical facilities.

DEVELOPMENT OF BLAST
PROTECTION SYSTEM FOR
VENTILATION SYSTEM – A
MODULAR APPROACH
Thus far, the discussion has been focused on developing the
capability to analyse explosion effects in confined spaces.
However, the end goal of a building and infrastructure
protective systems engineer is to develop blast protection
systems for implementation in protective buildings. A common

challenge in designing such protective buildings lies in the
protection of ventilation openings through which air is brought
in and out. Smaller openings might be fitted with active blast
protection devices such as blast valves to reduce blast ingress.
To protect larger openings, an alternative solution to blast
valves, comprising modular passive blast attenuation systems,
was conceptualised and developed. Such a passive blast
attenuation system does not include moving parts and can be
considered to be almost free from maintenance.

Passive Blast Attenuation System Concept
It was observed that geometrical features designed to deflect,
entrap or expand the blast waves can effectively attenuate
blast pressures. A passive blast attenuation system (BAS)
which entailed attaching an attenuation space to an opening of
the protected area was therefore conceptualised (see Figure 7).

Figure 7. Concept of modular passive blast attenuation system

68

DSTA HORIZONS | 2016

DEVELOPMENT OF CAPABILITY TO ASSESS EXPLOSION EFFECTS FOR PROTECTIVE
BUILDING AND INFRASTRUCTURE DESIGN

Numerical modelling was performed using AUTODYN to
analyse the blast from a charge located outside the opening,
propagating through the blast attenuation space and into the
protected area. Geometric features were incorporated into the
attenuation space iteratively to reduce the blast leakage into
the protected area to an acceptable level. To illustrate, Table 2
shows the level of blast attenuation that can be achieved with

Flow Resistance Considerations
As the passive blast attenuation system is applied to the
protection of ventilation openings, there is a need to design
mechanical ventilation systems to bring air into and out of the
facility. It is hence necessary to characterise flow resistance
of the passive blast attenuation system. Computational fluid
dynamics modelling using OpenFOAM2 was performed by

Table 2. Table of percentage differences and pressure contour snapshots

the incorporation of geometric features into the attenuation
space, Where outlet refers to the internal opening linking the
BAS interior to the protected building space and inlet is the
external opening linking the environment to the BAS interior.

(a)

DSTA and an experimental programme was carried out in
collaboration with the National University of Singapore to
validate the model. Figure 8 illustrates the experimental
test set-up and numerical simulation validation. Once the
OpenFOAM model was validated, it was used to determine the
flow resistance (in terms of the flow resistance coefficient )
through the different blast attenuation system designs.

(b)

Figure 8. (a) Experimental set-up (model lying on its side) (b) Computational model for flow resistance validation
DSTA HORIZONS | 2016

69

Development of Modular Design Tool
To facilitate rapid design process by protective engineers, a
Modular Design Tool was developed that allowed the selection
of an appropriate passive blast attenuation system that would
meet the requirements of air flow, design threat and space
constraints. The Modular Design Tool, as shown in Figure 9,
was developed based on parametric blast attenuation and
flow resistance studies for different air flow, physical size and
internal geometric configurations. Even as threats evolve and
flow requirements change, these stated procedures can be
performed to produce revised standard designs to cater for
these changes. The larger the number of standard designs, the
greater the flexibility designers have to choose the appropriate
modular passive attenuation system for ventilation opening
protection.

allowing design recommendations for standard cases to be
made quickly, hence reducing the requirement for custom BAS
design.

PREDICTING BLAST EFFECTS FROM
VAPOUR CLOUD EXPLOSIONS
Thus far, the developments discussed have been based on
TNT charges. However, it is also necessary to investigate how
blast arising from other explosive sources such as vapour cloud
explosions (VCE) can be modelled, as the blast phenomenon
could be different. A VCE occurs when a flammable, explosive
gas is mixed in air to release a large amount of energy. The
vapour cloud can either detonate (explode) or deflagrate (burn),
depending on how fast the combustion wave propagates
through the unburned fuel-air mixture.

Achievement

Small-scale VCE Tests

A set of predefined and pre-modelled standardised BAS
designs was developed and made available to designers for
efficient incorporation into facilities without the need to go
into complex numerical simulation processes. Selection from
this set of designs can be made with the use of the Modular
Design Tool which was created based on the parametric
blast and flow analyses. Estimates of air flow losses are
also presented as it needs to be accounted for in ventilation
design. This development has helped increase productivity by

In order to understand the blast effects from a VCE, a series
of small-scale VCE tests were performed in collaboration with
the Swedish Defence Research Agency. The fuel used for the
tests was Propylene Oxide (PO) that was contained in a plastic
canister. The tests were conducted near the opening of a shock
tube that was closed at the other end. The fuel was detonated
at varying standoff distances from the shock tube. The test
set-up is shown in Figure 10.

9. Snapshotofofaapart
part of
Design
Tool Tool
FigureFigure
9. Snapshot
ofthe
theModular
Modular
Design
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Even as threats evolve and flow requirements change, these stated procedures
can be performed to produce revised standard designs to cater for these
changes. The larger the number of standard designs, the greater the flexibility
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Figure 10. (a) Schematic diagram of test set-up (b) Actual test set-up on site

The fuel detonation was accomplished in two stages. In
Stage 1, PO fuel was dispersed to form the vapour cloud using
a small amount of burster charge in the fuel mix. In Stage 2,

(a)

the vapour cloud was ignited using a secondary charge placed
near the canister (see Figure 11).

(b)

(c)

Figure 11. (a) At time = 0 (b) Stage 1 – Dispersion phase (c) Stage 2 – Ignition Phase
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Analysis of Small-scale VCE Tests
Outside the shock tube, the test results indicated that 5L of PO
resulted in blast loads that were equivalent to 16 kg of TNT. One
of the ways to predict the equivalent TNT is based on equation:

A second blast prediction method was based on the TNO3
Multi-Energy curves for hemispherical explosions, consisting of
a family of curves indicating different blast strength or severity.
The curves are based on indicative explosion strengths from
low deflagration (strength 1) to high detonation (strength 10)
(see Figure 12). Predictions from the TNO curves with explosive
strengths 6-8 correlate well for the detonation cases observed.

The explosive test indicated that the use of this simplified TNTequivalency method based on energy equivalency of the fuel is
too simplistic as the percentage of fuel actually consumed in
the explosion/combustion process is not known. This factor is
normally expressed as ∝e, and publications such as Guidelines

Inside the shock tube, analysis of the pressure recordings
showed that there was no single TNT equivalence that could
represent the loads along the whole tube. The equivalent TNT
varied from 4.5kg to as high as 11.5kg for the 5L of PO fuel
tested.

for Vapor Cloud Explosion, Pressure Vessel Burst, BLEVE and
Flash Fire Hazards (2010) and Handbook of Fire Protection
Engineering (1995) indicate that quantities between 1% and
10% are expected in industrial VCEs. The tests indicated
that the percentage of fuel actually consumed in the tests is
substantially more than the 1% to 10% indicated.

(a)

Appreciation Gained from the Analysis
The tests indicated that an explosion involving PO can result
in a much larger equivalent TNT as the energy density of PO
is considerably higher. The tests also provided an indication

(b)

Figure 12. (a) TNO positive scaled overpressures versus scaled distance for various explosion strengths
(b) Scaled positive duration versus scaled distance for various explosion strengths
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of the explosive strengths to be applied in predicting blast
pressures and impulses for VCE. The effects of vapour cloud
explosion propagation into a tunnel are currently not well
understood. Applying a single equivalent TNT for an external
blast propagagating into the tunnel system will result in
inconsistencies in pressure and impulse estimates at different
locations in the tunnel. From the limited tests performed, such
a method would result in over-conservative estimates of load.

APPROACH TO COMBINED BLAST
AND FRAGMENTATION MODELLING
The previous section dealt with the effects of ‘bare’ explosives
or explosive without casing. However, military ordnances
and improvised explosive devices can be encased in metallic
casing. The blast waves and fragments produced from such
cased explosives can result in synergistic effects, whereby
the linear combination of blast and fragment loading leads to
non-linear target damage. While it is important to be able to
characterise such combined blast and fragment effects for the
design of protective measures, this is a complex phenomenon
that is highly dependent on weapon and target parameters.

casing fragmentation, to blast and fragment propagation and
to structural behaviour – are computationally expensive and
sometimes infeasible. An approach to performing hydrocode
simulations of combined blast and fragment loading has been
developed. Calculations of blast and fragment loading are
decoupled from structural response analysis – the loading on
a non-responding target surface can be subsequently applied
in a finite-element analysis software to model the response of
the target.

Modelling Approach
In this decoupled approach described in Figure 13, the
detonation, casing breakup and propagation of the blast waves
and fragments are simulated first. The loading time histories
are then applied onto the target in a finite element model to
evaluate the structural response.
The initial phase of the simulation models the expansion of the
ordnance casing upon detonation of the encased explosive
material. The expansion velocity of the casing material is
tracked until it reaches a theoretical initial fragment velocity vo
predicted using Gurney’s equation for cylindrical charges:

Traditional engineering analysis of terminal weapon effects
typically treats the blast loading and fragment impact
separately, and does not account for such synergistic effects.
Numerical simulations can be used to quantify the combined
effects of blast and fragments. However, fully coupled analyses
that simulate the entire phenomenon – from detonation and

Figure 13. Framework for combined blast and fragment modelling
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The simulation is then halted when the initial fragment
velocity is attained, and the casing material is converted into
computational particles that represent fragments. The number
and mass distribution of the generated fragments are calculated
using the Mott equations (DDESB Technical Paper 16, 1991).

Various simulations with different casing thicknesses and
standoff distances were performed and the comparison
between the simulation and experimental results are shown in
Table 3. The deviation of the simulated combined momentum
from experimental results is shown in parentheses.

Subsequently, the propagation of blast and fragment loads
against the target is modelled. The particles interact with the
flow field through drag, and are treated as spheres with a given
mass, radius and velocity.

The simulation results reflect the overall trends that were
observed in the experiments, namely that thicker cased charges
produced larger momentums and that increased standoff
distances resulted in smaller momentums simulated. The
simulations showed good agreement with experimental results
at a smaller 1m standoff, and fairly reasonable comparisons at
a further standoff distance of 2m.

This modelling approach was developed by DSTA through a
research collaboration with the Agency for Science, Technology
and Research’s Institute of High Performance Computing.
It was also observed that the relative contribution of fragments
Comparison of simulation results with experimental data was
modelled.
particles
interact with thetoflow
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drag, andincreased
are treatedwhen casing thickness
thefield
overall
momentum
also performed to validate the
accuracyThe
of the
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mass increased,
greater afraction
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Comparison of Simulation
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Against
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Experimental Data of High Performance Computing. Comparison
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kinetic energy
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Simulations were performed to compare the calculated
Comparison of Simulation Results Against Experimental Data

loading against experimental data from previously conducted
Simulations
to compare
the the
calculated
loading
against
In addition,
simulations
were able
to capture the differences
momentum plate experiments
(Tan & were
Lam, performed
2004). In the
experimental data from previously conducted momentum plate experiments
in
arrival
time
of
blast
and
fragments
with a change in the
experiments, cylindrical cased
explosives
detonated
and
(Tan
& Lam, were
2004).
In the experiments,
cylindrical cased explosives were
casing thickness.
At locations
close
to the detonation point,
detonated
and amoving
momentum
plate mounted
onto a freely
moving sled
was
a momentum plate mounted
onto a freely
sled was
subjected to the combined blast and fragment
loading.
The
velocity
of the
plate before the fragments
the
blast
wave
was
expected
to
arrive
subjected to the combined blast and fragment loading. The
was measured using high speed cameras and multiplied by the mass of the
the fragments were expected to arrive first at locations
velocity of the plate was measured
usingtohigh-speed
cameras
target plate
determine the
transferredwhile
momentum.
far from the detonation point. Such trends can be seen in the
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plots shown in Figure 14.
transferred momentum.
were performed and the comparison between the simulation and experimental
results are shown in Table 3. The deviation of the simulated combined
momentum from experimental results is shown in parentheses.
Casing
Thickness
(mm)
5
10

Standoff
Distance
(mm)
1000
1000

Blast
185
144

5

2000

68

10

2000

59

Momentum (kg.m/s)
Simulation
Fragment
Combined
172
357 (-2.5%)
424
568 (+6.0%)
163
95
(+12.4%)
225 (166
12.8%)

Experiment
Combined
366
536
145
258

Table 3. Comparison of combined momentum

Table 3. Comparison of combined momentum

The simulation results reflect the overall trends that were observed in the
experiments, namely that thicker cased charges produced larger momentums
and that increased standoff distances resulted in smaller momentums
simulated. The simulations showed good agreement with experimental results
at a smaller 1m standoff, and fairly reasonable comparisons at a further standoff
distance of 2m.
It was also observed that the relative contribution of fragments to the overall
momentum increased when casing thickness was increased. As the ratio of
casing mass to explosive mass increased, a greater fraction of the detonation
energy was expected to be transferred to break up the casing and converted
into kinetic energy of the fragments, thus increasing the momentum contribution
as well.

14
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Figure 14. Effect of casing thickness on time of arrival

Moving Forward – Target Response
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