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Executive summary

In conventional structural design, any time variation of force is usually neglected, and loads
are treated as though they were static. Although in reality most loads are dynamic, i.e.,
they vary with time, since they must be applied to the structure in some manner, it remains
a good assumption as long as the magnitude of the forces varies slowly enough. The
parameter which deﬁnes ”slowly enough” for a particular structure is its natural period,
which is the time required for the structure to go through one cycle of free vibration, i.e.,
vibration after the forces causing the motion have ceased to vary.
In structures or components subject to blast loading, time variation of forces is very signiﬁcant, and hence a static analysis becomes unacceptable. One factor is that magnitudes
of loading and stresses are diﬃcult to predict and may be signiﬁcantly higher than under
static conditions because of inertia eﬀects. Also, the response of the materials under high
strain rate loading conditions may be diﬀerent from conventional slow loading.
The Piper Alpha disaster in 1988 showed that existing design and manufacturing methods were insuﬃcient to prevent such disasters occurring. Although substantial research
programmes have been carried out in these areas, the wide range of scenarios which are
possible in blast loading has meant that there is still little agreement on how to assess the
acceptability of a design for the multiple load scenarios to which a structure may be exposed. Disagreement occurs also in the analysis of failure conditions, selection of adequate
economic materials and eﬀective design of connections.
This project reviewed existing methodologies and a series of dynamic analyses of a range
of problems was undertaken. A simpliﬁed tool for the analysis of response of a structure
to blast was developed. This tool, named BlastSTAR, was used to carry out multiple
analyses of simple structures which were loaded by blast type pulses of diﬀerent geometries,
durations and peak pressures. The tool uses the results of a static FE analysis in order to
ﬁnd the force-displacement and equivalent mass characteristics of an equivalent simpliﬁed
system. The results of the analyses are then compared against non-linear full model FE
analyses.
The results explored the maximum displacements obtained for multiple loading scenarios
on a range of structures. The level of displacement is indicative of the level of damage
arising from a particular pulse load, and can be used to predict levels of plastic strain in
the structure. Calculations of the reaction forces at the supports as well as forces in the
connections are also carried out and the results compared.

2
2.1

Blast loading overview
Characteristics of explosions

The term explosion is commonly used to describe any of a number of situations in which the
rapid release of energy occurs from a chemical, mechanical or nuclear source. Although
occasionally the term is applied exclusively to circumstances where the rate of energy
release is especially rapid such as in the detonation of high explosives, in this document
the term will be applied to all explosion events irrespective of the rate of energy release.
The principal mechanisms driving an explosion are signiﬁcantly diﬀerent, depending upon
the source. However, from the point of view of the eﬀects of explosions upon structural
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systems, there exists a set of fundamental characteristics which must be deﬁned and considered, irrespective of the source.
These characteristics deﬁne a transient pulse of pressure which rapidly radiates out from
the source of the explosion. In general terms the transient pulse will consist of a positive
phase, during which the incident pressure in the medium signiﬁcantly exceeds the ambient
pressure, often followed by a negative phase during which the incident pressure falls below
ambient. It is the interaction between this transient pulse and an aﬀected structure which
governs the dynamic response of that particular structure.
Some of the key characteristics of a range of explosion sources are considered next.

2.2

High explosives

High explosive materials combine with a given oxidiser, typically oxygen in the air or
a dedicated additive, in a very rapid exothermic reaction. The supersonic propagation
of this reaction front through the quiescent portion of the explosive mass is known as
detonation, typically initiated by the input of a critical amount of energy within the body
of the explosive mass, normally through the use of a detonator.
As detonation proceeds through the explosive mass, substantial quantities of combustion
products are produced and rapidly expand. This expansion of products establishes large
pressure gradients in the surrounding medium, resulting in the propagation of a shock
wave. The essential characteristics of the shock wave, as it passes undisturbed through
the surrounding medium, are illustrated in Fig. 1. Although the transient pressure pulse
deﬁning the shock wave is seen to have a ﬁnite rise time t r during which the peak positive
overpressure p0 is reached, in order to facilitate mathematical abstraction, t r is often taken
as zero in the case of high explosive shock waves. The rapid reaction and expansion of
the combustion products which gives rise to the initial positive overpressure also results
in a subsequent negative overpressure phase, generally of lower peak magnitude than
the positive overpressure. For both phases of the overpressure transient, it is the peak
overpressure p0 and phase durations (tdp and tdn ) which deﬁne the impulse associated
with each phase.

p

0

Pressure

+ve impulse

pa

-ve impulse

t a t a+t r

t a+t dp

t a+t dp +t dn

Time

Figure 1: Typical Overpressure at a ﬁxed distance from explosion caused by a high explosive
As will be discussed later, the peak over-pressures and associated impulses are parameters
central to the assessment of any structural system exposed to blast loading.
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2.3

Vapour clouds

The mixture of air and ﬂammable gases, or accumulations of atomised liquid, result in
vapour clouds. Vapour clouds occur during many types of industrial accident, notably in
the petrochemical and oil & gas industries, often as the result of leakages from pressurised
systems.
If the vapour cloud formed from the release is not within the ﬂammability limits, or if
a source of ignition is lacking, the gas cloud may be diluted and disperse. Ignition may
occur immediately, in which case a ﬁre will occur, or may be delayed, which often results
in a deﬂagration.
Under certain conditions, the deﬂagration process (subsonic propagation of the ﬂame
front), may transition to detonation, with the subsequent supersonic propagation resulting
in signiﬁcantly more energetic explosions.
In an accidental gas explosion of a hydrocarbon-air cloud, the ﬂame will normally start
out as a slow laminar ﬂame with a velocity of the order of 3-4 m/s. If the cloud is truly
unconﬁned and unobstructed (i.e. no equipment or other structures are engulfed by the
cloud) the ﬂame is not likely to accelerate to velocities of more than 20 − 25ms −1 , and
over-pressures may not be signiﬁcant, but in the case of a detonation wave, propagation
velocities of 1500 − 2000ms−1 and peak pressures of 15 to 20bar are common [2].
The factors which aﬀect the intensity of a vapour cloud explosion are as follows:
• Fuel and its concentration: The concentration of fuel in the vapour cloud must lie
between the ﬂammability limits for an ignition to occur. Also, for many but not all
fuels, the closer the mixture is to the stoichiometric concentration, the more vigorous
is the resulting explosion.
• Conﬁnement: Increasing the conﬁnement surrounding an exploding vapour cloud
and thereby restricting the propagation of combustion products will result in greater
over-pressures.
• Congestion: Congestion describes the extent to which objects (pipework, cable trays,
vessels, structural elements, etc) are available with the potential to increase the
turbulent ﬂow of the expanding ﬂame front. Increasing turbulence has the eﬀect of
extending the surface area of the ﬂame front as well enhance the entrainment of air
within the mixture. Turbulence is a major contributor to transition to detonation.
• Location of ignition point: In many cases, the vapour cloud resulting from the
accidental release of a fuel may extend over a signiﬁcant area. If ignition occurs, the
magnitude of the resulting explosion is signiﬁcantly aﬀected by the location of the
ignition source, in particular its position in relation to vents or openings. Information
inferred from accidents and gathered during test programs reveals that, in general
terms, the greater the distance between the ignition source and a dominant vent,
the greater the magnitude of the explosion.
• Ignition energy: The ﬁnal energy released by some vapour cloud explosions is inﬂuenced by the strength of the ignition source.
Vapour cloud deﬂagrations give rise to a characteristic pressure transient which diﬀers
signiﬁcantly from that of high explosives. The duration of both positive and negative
phases is often longer, with longer rise times, typically similar in duration to the decay
time. Whereas the detonation of a given quantity of high explosive will result in a sharp,
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Pr e s s u r e

high intensity overpressure pulse, an energy-equivalent vapour cloud explosion may exhibit
much lower peak overpressure but larger impulses, due to the longer durations associated
with each phase. The characteristics of the blast wave as it passes undisturbed through
the surrounding medium are illustrated in Fig. 2. In cases where transition to detonation
occurs, the rise time (tr ) will tend to be much shorter than for a deﬂagration (approaching
zero) and peak over-pressures will be signiﬁcantly higher. In such cases, the analytical
treatment of the transient as a shock wave is common practice.
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Figure 2: Typical Overpressure at a ﬁxed distance from explosion caused by vapour cloud

2.4

Dust explosions

Dust explosions occur when a mixture of air and suspended particles possessing the required ”explosibility” characteristics is ignited. The explosibility characteristics are:
• Particle size: The limiting size of particle capable of suspension and explosive combustion
• Moisture content: The limiting amount of moisture in the material to permit explosive combustion
• Oxygen concentration: The limiting concentration of oxygen needed to sustain combustion
• Minimum explosible concentration: The minimum quantity of dust that must be
suspended in the air to form an explosive mixture
• Minimum ignition energy: A measure of the sensitivity of a dust cloud to ignition
by electrostatic discharge
• Minimum ignition temperature: A measure of the sensitivity of a dust cloud to
ignition by hot surfaces, friction sparks, hot electrical plant, etc.
After ignition, the mixture rapidly combusts, giving rise to increases in temperature and
pressure. The factors which determine the intensity of the explosion include:
• The materials involved - suspended aluminium dust, for example, is much more
energetic than suspended sugar dust.
• The levels of congestion (turbulence generation) and conﬁnement within the aﬀected
plant.
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• The availability of atmospheric oxygen for combustion.
• The extent to which explosion over-pressures can be relieved by venting.
Dust explosions give rise to a pressure transient of similar characteristics to that created
from vapour cloud explosions. The maximum over-pressures which may be encountered
in an accidental dust explosion vary greatly with the materials involved and the plant
conﬁguration.

3

SDOF structural blast response analysis

The objective of a structural blast response analysis is to determine the deﬂection-time
and the force-time histories on a structural component and its supports which result from
the application of an explosion impulse, as well as to establish whether the maximum
values obtained are acceptable.
There are two basic methods:
• Single Degree Of Freedom (SDOF) method.
• Multi Degree Of Freedom (MDOF) method.
Unlike the MDOF method, the SDOF method does not require the use of sophisticated
software, and for simple structures it is easier to apply. A limitation in its application
is that there is no commercially available software to support its use, which creates a
disadvantage in quality assurance terms. The main problem with the SDOF method is
that it is only feasible to apply to structures which can be characterised by a single stiﬀness
(load-deﬂection) curve and the loading applied as a single time varying quantity.
The MDOF method has no such limitations and it can be implemented by commercially
available software such as the explicit dynamic non-linear FE programs ABAQUS/Explicit
and LSDYNA3D. These programmes are expensive to purchase because they can handle
a wide variety of complex structures. They can also be applied eﬀectively to simple
structures and are economic for use in multitudes of small tasks.
Designing a structure and its supports so that it can deform plastically, without breaking,
leads to great economies and increased explosion capacity. Although the application of
the SDOF method to structures working in a ductile response regime has limitations as
described above, in practice most loading conditions (including drag loading) are largely
conﬁned to one direction, and many equipment s can be idealised as suitable simple structures.
Because the variability of applied loads is a particular feature of equipment loadings, the
SDOF method has a very big advantage over the MDOF method in that it can be used
for a large number of diﬀerent load scenarios. This can be used to support more accurate
MDOF analyses, which can in turn help calibrate the SDOF analysis and the probability
distribution of response updated accordingly.

3.1

Numerical analysis of a SDOF system

The system illustrated in Fig. 3 consists of a mass mounted on a spring attached to a
viscous damper. Use of this idealised system is intended as the representation of an actual
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Figure 3: Simple One-Degree of Freedom System
structure, hence in order for the system to perform in the same way as the actual structure,
it is necessary to make a proper selection of the system parameters. The spring constant
k can be determined from an analysis of a model of the structure, as it is merely the ratio
of force to deﬂection. If the mass of the original structure is distributed, a factor has to
be used in order to calculate the equivalent mass of the SDOF system.
A SDOF system is one in which the position of the system at any instant can be deﬁned in
terms of a single coordinate. Since the spring is assumed massless, the motion of the mass
resulting from the application of a time-varying force can be determined by isolating the
mass and then applying the external forces. Neglecting the damping force, the external
forces are the applied force F (t) and the spring force ky (for a linear spring). The gravity
force does not appear in the ﬁgure, which implies that the displacement y is measured
from the neutral position.
Having isolated the mass, the equation of motion may be rewritten by simply applying the
elementary formula F = M a. F is the net sum of the forces acting on the mass, and the
positive direction of the force is the same as that for displacement or acceleration. Thus,
the equation of motion for the undamped system is:
F (t) − ky = M ÿ

(1)

This diﬀerential equation may be solved to determine the variation of displacement with
time once the loading function, the initial conditions, and the other parameters are known.
Numerical integration
This is a procedure by which the diﬀerential equation of motion is solved step by step,
starting at zero time, when the displacement and velocity are presumably known. The time
scale is divided into discrete intervals, and the displacement is successively extrapolated
from one time station to the next. One of this methods is the constant-velocity procedure.
Suppose an analysis for the determination of the displacement-time variation for a dynamic
system was in progress as indicated in Fig. 4. Suppose that the displacements y (s) at time
station s and y (s−1) at the preceding time station s-1 had been previously determined. The
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(a) Displacement - Time

(b) Acceleration - Time

Figure 4: Numerical integration - constant velocity procedure. (From Biggs [1])
acceleration ÿ (s) at time station s can then be determined using the equation of motion.
The problem is to determine the next displacement, y (s+1) , by extrapolation. This can be
done by the following formula:
y (s+1) = y (s) + ẏav ∆t

(2)

where ẏav is the average velocity between time stations s and s+1, and ∆t is the time interval between stations. The average velocity may be expressed by the following approximate
formula:
y (s) − y (s−1)
ẏav =
(3)
+ ÿ (s) ∆t
∆t
where the ﬁrst term is the average velocity in the time interval between s-1 and s, and the
second term is the increase in velocity between the two time intervals, assuming that ÿ (s) is
an average acceleration throughout that time period. The assumption stated is equivalent
to approximating the acceleration curve by a series of straight lines and, in addition,
replacing the area under these lines by a series of pulses concentrated at the time stations.
Thus the shaded area represents an impulse applied at station s which equals the change
in average velocity between the two adjacent time intervals. Substituting Eq. 3 into 2, the
following recurrence formula is obtained:
y (s+1) = 2y (s) − y (s−1) + ÿ (s) (∆t)2

(4)

With this equation one is able to extrapolate to ﬁnd the displacement at the next time
station. ÿ (s) may be determined since it depends only upon the displacement, y (s) , which
was previously obtained, and F (t), which is known.
The recurrence formula in Eq. 4 is approximate, but it gives accurate results provided the
time interval ∆t is small in relation to the variations in acceleration. As ∆t → 0, the
solution becomes exact. It has been shown that accurate results are obtained provided
that the time interval taken is no larger than one-tenth the natural period of the system.
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Damping
For purposes of analysis, structural damping may be assumed to be of the viscous type; i.e.
damping is opposite but proportional to the velocity. Hence the damping force applied to
a lumped mass may be expressed as equal to −cẏ, where c is a numerical constant and ẏ is
the velocity of that mass. Since the magnitude of the coeﬃcient c is extremely diﬃcult to
determine, the concept of critical damping is usually used. This is the amount of damping
that would completely eliminate vibration, and it is often easier to specify damping as a
percentage of the critical than arrive at the numerical value directly. For a SDOF system,
the critical value of c is given by:
√
ccr = 2 kM
(5)
where k and M are the stiﬀness and mass of the system. Using the concept of dynamic
equilibrium, the equation of motion can be written as:
ky + M ÿ + cẏ − F (t) = 0

(6)

Hence the equation of motion has an additional term, and involves velocity, besides acceleration and displacement.
The velocity at time station s is approximately expressed by the following equation:
y˙ (s) =

y (s) − y (s−1)
∆t
+ y¨(s)
∆t
2

(7)

where the ﬁrst term is the average velocity in the preceding time interval, and the second
term is an estimate of the amount by which that average must be increased to give the
velocity at the next time station. Substituting Eq. 7 into 6 and rearranging, the following
equation is obtained:
�
�
F (s) − ky (s) − c y (s) − y (s−1) /∆t
(s)
ÿ =
(8)
M + c∆t/2
The eﬀect of damping on the ﬁrst peak of response is not very signiﬁcative, although it
becomes considerable at the second positive peak, and subsequently becomes greater as
time increases. Biggs [1] suggests that damping in most actual structural systems does not
generally exceed 10 percent of critical, which corresponds to a maximum 13.5% diﬀerence
in the response. In the case of blast analysis, damping is generally not of great importance
with respect to the maximum stress in the structure, which usually occurs with the ﬁrst
peak of response. Exceptions to this are multi-degree systems and SDOF systems with
irregular load-time functions. Table 1 shows typical damping ratios as well as the diﬀerence
in response when damping is accounted for.
Elasto-plastic systems
The dynamic response of a structure may extend through the elastic and into the plastic
range. Although plastic behaviour is not generally permissible under continuous operating
conditions, it is quite appropriate for design when the structure is subjected to a severe
dynamic loading only once or at most a few times during its life. This is normally anticipated in the design of blast-resistant structures and to a lesser extent in the design of
structures for earthquake loading.
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Damping
ratio (ζ)
0.003
0.01
0.01 - 0.03

Diﬀerence in
response (%)
0.5 - 1.5
1.5 - 4.5

0.03 - 0.05

4.5 - 7.3

0.05 - 0.07

7.3 - 10

0.07 - 0.1

10 - 13.5

0.1 - 015

13.5 - 19

Structure type
Steel, reinforced or prestressed concrete at stress levels
below 1/4 of yield point
Welded steel, prestressed concrete at stress levels not exceeding 1/2 of yield point
Welded steel, prestressed concrete at stress levels around
yield point; reinforced concrete at stress levels not exceeding 1/2 of yield point
Bolted steel at stress levels not exceeding 1/2 of yield
point
Welded steel, prestressed concrete at stress levels beyond
yield point, reinforced concrete at stress levels around
yield point
Bolted steel at stress levels around and beyond yield
point, reinforced concrete at stress levels around yield
point

Table 1: Typical damping ratios and percentage diﬀerence in response due to damping [4] [7]
The resistance function shown in Fig. 5 is an idealisation of that of an actual structure.
A real structure has a curved transition in the region of y el rather than the sharp break
seen in a bilinear resistance function. The equation of motion can be simply written as:
M ÿ + R − F (t) = 0

(9)

Approximate design methods
Given that rigorous dynamic analysis of structures with continuous mass-distribution is
extremely complex, it is prudent to adopt approximate methods which permit rapid analysis of even complex structures with reasonable accuracy. Hence it is frequently possible
to reduce the system to a single degree of freedom.
The most common approximate method used in industry for blast loading was originally
proposed by Biggs [1]. This method uses a series of factors to evaluate the parameters
of the system to be analysed, namely M , k and F , so that a model SDOF system is
equivalent to the structure to be analysed.

3.2

Model analysis: SDOF

A simple FE model was created for analyses of a series of SDOF models. The system
consists of a rod that is 0.1m in length and 0.04m in diameter. A mass of 1000 kg is
attached at node 1. The rod is fully ﬁxed at node 2 and is only allowed to move at node
1 in direction 2. The FE model is shown on Fig. 6.
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Figure 5: Resistance function for elasto-plastic system (from Biggs [1]).

21

1

2

2

3

Test model
ODB: sdofs-freq.odb

1

Step: Step-1
Mode
1: Value =

ABAQUS/Standard 6.2-6

2.63894E+06 Freq =

258.54

Fri Aug 29 15:19:29 BST 2003

(cycles/time)

Figure 6: FE model of SDOF system
Elastic system
The material model used is a steel with a Young’s Modulus E = 2.1E11N m −2 , a Poisson’s
ratio ν = 0.3 and a density ρ = 7, 800kgm −3 .
A script was written to carry out multiple analysis runs on the system. These runs
subjected the structure to a series of triangular pulses. In order to examine the importance
of the rise time tr , this was kept constant as a proportion of total duration t d , so that
the analyses were carried out for values of t r /td of 0.0, 0.15, 0.3 and 0.5. For each of
these groups of analyses, the peak force F1 was kept constant, and the proportion between
the pulse duration and the natural period of the structure t d /T ranged from 0.1 to 15.0.
The peak maximum displacement y max was then obtained for each of the analyses and the
maximum dynamic load factor (DLFmax ) was obtained by dividing ymax by the equivalent
static displacement ystat for the same value of F1 . The DLFmax is plotted against td /T in
Fig. 7.
The 3D plot shown on Fig. 8 was created in a similar manner, and shows DLF max values
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Figure 7: Maximum response for SDOF system (undamped) subjected to triangular load
pulses with diﬀerent rise times
obtained from multiple analyses where t r /td ranges between 0.0 and 0.5, and td /T between
0.0 and 4.0. The importance of the rise time in changing the value of DLF max can be
appreciated. For a pulse with a very small rise time, the DLF max increases towards a
value of 2 as the duration increases. For a pulse with a signiﬁcant rise time, the DLF max
increases as the duration increases until it reaches a peak, and then decreases and oscillates
about a value of 1 as the duration of the pulse keeps increasing.

DLF

2

Figure 8: 3D plot of maximum response for SDOF system (undamped) subjected to
triangular load pulses with diﬀerent rise times

Elasto-plastic system
Material nonlinearity was then introduced in the form of a bilinear stress-strain distribution where the yield stress σy is 275M P a and the slope of the plastic region is 0.1E. The
elastic limit deﬂection yel is 1.309 · 10−4 m and the elastic resistance Rel is 3.456 · 105 N .
A series of triangular pulses where t r = 0.0td was applied to the structure. Four groups
of analyses were then carried out, where for each F 1 was kept constant as a proportion of
Rel , so that F1 /Rel is 0.5, 0.75, 1.0 and 1.25. In each of the series of analyses t d /T ranged
from 0.1 to 10.0. The maximum response was plotted in terms of the ductility ratio µ and
td /T , where the ductility ratio µ is deﬁned as the ratio of the maximum deﬂection y max
over the elastic limit deﬂection y el .
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Figure 9: Maximum response for elasto-plastic SDOF system (undamped) subjected to
triangular load pulse where tr /td = 0.0 and tr /td = 0.5
The ductility ratio µ is commonly used as a design criterion because in some respects it
is a better indication of structural damage than is the actual deﬂection. A proper µ value
depends on the function of the element, the amount of damage which can be tolerated,
and the number of times the design load is expected to occur. If there are many load
applications and no damage can be tolerated, µ may not exceed 1.0 so that the element
remains elastic. If the purpose of the design is to prevent collapse from a single load
application, µ values of up to 20.0 may be acceptable. A commonly used criterion for
moderate damage is µ = 3.0, which would result in considerable yielding of steel but no
severe impairment of resistance to future loading [1].
It can be seen on Fig. 9(a) how when the peak pressure is increased by a small amount
in the nonlinear range, the ductility ratio increases by a very large amount. For zero rise
time, as the pulse duration increases, the DLF max is 2.0, hence F1 /Rel = 0.50 results in a
µ value of 1.0. Hence only the curve for F1 /Rel = 0.50 remains in the linear range of the
material, and as such it is the only curve to have the same shape to the DLF max plots
shown before.
The same analysis was carried out, where in this case t r /td is 0.5. The results are shown
in Fig. 9(b), where the oscillations typical of a ductility plot for a system with a large
rise time can be seen. For tr /td = 0.50, the maximum DLFmax is approximately 1.50.
Hence for the curves shown only the curve representing F 1 /Rel = 0.50 remains fully in
the linear range of the material, and as such it is the only curve to have the same shape
as the DLFmax plots shown before. It can be seen how, as the value of F 1 /Rel increases,
the part of the curves lying above µ = 1.0 is deformed when compared to a system with
a linear material. It should also be noted how the ﬁrst peak in the ductility plot tends to
’move back’ as material nonlinearity becomes more signiﬁcant.
Calculation of ductility ratio values to be used in design
Although it has been mentioned before that a commonly used criterion for moderate
damage is usually taken to be µ = 3.0, a more accurate way to determine an appropriate
ductility ratio value to be used for a particular structure is shown as an example on Fig. 10.
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µ=10
(µ=10)

εp(µ=10)
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Figure 10: Example plot showing resistance and plastic strain associated with a particular
value for the ductility ratio µ (µ = 10.0 in this case).
The plot shows the resistance vs displacement and plastic strain vs displacement relationships for a given structure or component, such as a blast panel. This relationships
can be obtained by carrying out an FE analysis of the structure when subjected to an
increasing pressure loading that is applied in a quasi-static manner. The pressure acting
on the surface is applied so that the distribution resembles the way in which it will applied
on the real structure under blast loading. In many cases this is assumed to be uniformly
distributed. The resistance represents the internal force which resists the external forces
being applied, hence a good way to obtain the value of resistance is by assuming that it
is equal to the vertical reaction force at the supports. The plastic strain represents the
highest level of plastic strain occurring in the structure or in a particular component at a
given level of displacement.
The particular example ﬁgure shows the resistance R and plastic strain ε p associated with
a particular value of displacement, in this case 10 times the elastic limit deﬂection y el . If
the plastic strain at this level of displacement is below the maximum permissible plastic
strain for the material, then a maximum displacement y max under dynamic loading up to
this value so that µ = ymax /yel < 10 may be considered safe for design. Hence the use of
a graph like the one shown allows the designer to determine the level of plastic strain ε p
associated with a particular displacement and consequently judge the maximum value for
the ductility ratio µ that may be considered acceptable for a given design.
Pressure-Impulse curves
Pressure-Impulse curves are also sometimes referred to as Iso-Damage curves. Each curve
plotted represents a certain value for the ductility ratio µ. The process used to generate
these curves is iterative, so that for a certain value of pulse duration t d , a series of analyses
needs to be carried out to determine the peak pressure F 1 that will result in the chosen
value of the ductility ratio (or viceversa).
The advantage of using iso-damage curves is that “back-ward” calculations are possible.
The diagram is established on the basis of the resistance curve and shape of the pressure
pulse. The information may be used to screen explosion pressure histories and eliminate
those that lie within the admissible domain. This helps reduce the need for large complex
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Figure 11: Pressure-Impulse curves for elastic SDOF System (undamped) subjected to
triangular load pulse where tr /td = 0.0 and tr /td = 0.5
simulation of explosion scenarios [6].
A script was written to carry out these analyses in ABAQUS. The script repeats this
process for several values of td until enough points have been gathered. The pressureimpulse graph is then plotted, where pressure is represented as a relationship between peak
pressure F1 and elastic resistance Rel , and impulse is represented as I/(Rel T ). Pressureimpulse combinations to the left and below of the iso-damage curve represent admissible
events (i.e. the value of µ chosen as a maximum is not reached), and those to the right
and above inadmissible events (i.e. maximum acceptable ductility is exceeded).
The same elasto-plastic material properties as before were used in these analyses. The
iso-damage curve for tr /td = 0.0 is shown in Fig. 11(a). The values of µ plotted are 1, 3,
5 and 10. Fig. 11(b) shows results for t r /td = 0.5. The oscillations of the curves for low
values of ductility can be seen, which are equivalent to the oscillations seen in DLF max
plots when the rise time is signiﬁcant (see Fig. 7).
The 3D pressure-impulse plot shown on Fig. 12 was generated in a similar manner as
described before, but the variation in the ratio of rise time to pulse duration t r /td ranges
from 0.0 to 0.5. The analyses were only carried out for a ductility ratio value of unity
(i.e. the system remains fully elastic). The signiﬁcance of the rise time can be clearly
appreciated. When the system is subjected to a pulse with zero rise time, the pressure
required for yield to occur (µ = 1) as the impulse increases is 0.5 times the elastic resistance, whereas in all other cases it tends to 1.0. In other words, if the rise time is
not zero, as the pulse duration increases, the solution becomes quasi-static and hence the
pressure required for yield to occur is equal to the elastic resistance. The diﬀerent peaks
and troughs seen before on the pressure-impulse curve for t r /td of 0.5 can be seen on this
plot, and it can be appreciated how as the value of t r /td decreases, they tend to “move
back” (i.e. occur at higher values of t d /T ).
Veriﬁcation of DLFmax plots - BlastSTAR
A computer program was written for the assessment of SDOF systems and compared to
the results obtained from a full dynamic analysis using ABAQUS. The program, which is
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Pressure F1/Rel
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Figure 12: 3D Pressure-Impulse plot for SDOF System (undamped) subjected to triangular
load pulses with varying rise times
from here on referred to as BlastSTAR was written in PERL, and follows the numerical
integration procedure described in Section 3.1.
BlastSTAR allows for multiple analyses to be carried out, as well as having the ability
to generate DLFmax plots. Similarly as before, a series of pulses with varying rise-times
was analysed using BlastSTAR and the results plotted alongside those obtained using
ABAQUS. These results are plotted in Fig. 13. It can be seen that both methods provide
virtually identical results, both for the DLF max and DLFmin (maximum displacement in
opposite direction, i.e. rebound).
Signiﬁcance of the negative phase
Using the same method as before, a series of pulses where t r /td = 0.5 was taken and
analysed both in ABAQUS and BlastSTAR. In this case, the positive phase for each of
the analyses was identical. However, a negative phase was added each time after the
positive phase. This negative phase is equal in shape to the positive phase (i.e. in this
case it is an isosceles triangle), but the value of the duration of the negative phase t dn as
well as the peak negative pressure P0− is scaled by a factor of 0.5 and 1.0. The results are
plotted in Fig. 14.
It can be observed how the DLFmax tends to unity as the duration of the pulse is increased.
Likewise, it can be seen how the DLFmin tends to the value by which P0− is scaled with
respect to P0+ . This shows how as the duration of the pulse increases, the pressure
is applied in a quasi-static manner, and hence the displacement is proportional to the
applied pressure.
It is noticeable how the signiﬁcance of the negative phase is very considerable for short
pulse durations. For a given pressure pulse with an isosceles triangular positive phase
followed by a negative phase of equal duration and pressure magnitude but diﬀerent direction (P0− = −P0+ ), the corresponding maximum values for the DLF max and DLFmin
are increased by about 75%. It must also be noted that the peak value occurs at a lower
value of td /T of about 0.6, compared to the 0.9 at which the peak would occur if there
was no negative phase present.

15

Figure 13: DLF for SDOF System subjected to triangular load pulses with diﬀerent rise
times

3.3

Nonlinear-geometry and BlastSTAR

The preceding section has dealt with the behaviour of a SDOF system subjected to different types of triangular load pulses. Material nonlinearity has been introduced and the
assessment of the structural response both by ABAQUS and BlastSTAR has shown good
agreement.
In the following sections the focus of the investigation is shifted towards simple real structures, in which case the eﬀects of distributed mass and nonlinear geometry need to be
accounted for.
As noted previously, one of the most common approaches in design is the Biggs method [1],
which idealises a structure into a SDOF system by approximating the stiﬀness and mass
of the real system through the use of a series of transformation factors. To use this model,
one must calculate the static resistance curve of the structure in order to determine the
static stiﬀness and maximum resistance of the panel including the eﬀect of membrane
action. Biggs provides tables which list these transformation factors for beams and slabs.
These factors for beams are expanded in the SCI/FABIG Technical notes [8].
Using the Biggs method, stiﬀened plates can be idealised as beams, but some studies have
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Figure 14: DLF for SDOF System subjected to equilateral triangular load pulse with
negative phase of diﬀerent magnitudes
indicated that the use of static non-linear FE analysis to establish the static resistance
curves substantially improved the correlations [5].
For the purpose of this study, several simple structures were analysed and the results
compared. The study would use both the SDOF as well as MDOF methods. For the
MDOF method, the tool chosen was ABAQUS/Explicit. A series of PERL scripts was
written to allow for multiple analysis to be carried out. In this way, maximum response
(DLFmax ) plots could be easily generated. An iterative step also allowed for PressureImpulse curves to be obtained.
For the SDOF method, BlastSTAR was used. BlastSTAR had proved accurate for modelling a true SDOF system, but in order to be able to analyse a real structure, the resistance function and eﬀective mass had to be established. It was decided that the resistance
function would be calculated using static FE analysis as opposed to the more common
Biggs method. This was considered to be more accurate as well as to provide a better
basis for comparison. The static FE analysis was carried out using ABAQUS/Standard,
using an option for non-linear geometry which would capture the quasi-static resistancedisplacement characteristics of the structure.
Whereas the resistance curve obtained from the static FE analysis represents quite accurately the non-linear material and non-linear geometry characteristics of the structure, a
question arose regarding whether the unloading should follow a straight line parallel to the
initial linear section of the loading curve. This presents some problems if membrane eﬀect
is signiﬁcant, since the stiﬀness in that section of the curve under membrane eﬀect may
be a lot greater than that in the initial linear section, and the slope of the curve (i.e. the
stiﬀness) would be less steep during the unloading of the structure, leading to erroneous
results.
The option which was considered to provide better results involved using the linear material, non-linear geometry loading curve for the unloading. This was deemed to provide an
accurate representation of the unloading behaviour when converting a MDOF structure
to a SDOF equivalent.
Whereas Biggs [1] uses transformation factors to convert the distributed mass of the structure to be analysed into a concentrated mass to be used in the SDOF equivalent, it was
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deemed convenient and accurate for BlastSTAR to calculate the mass of the system M e
based on the natural period T as well as the stiﬀness k of the initial section of the resistance
curve of the original structure. This is done by applying the following formula.
�
Me = k

�2

T
2π

The following sections show the results from multiple analyses carried out on two simple
structures. The analyses were carried out side by side in ABAQUS/Explicit and BlastSTAR. Initial static FE analyses were carried out in ABAQUS/Standard, which were then
used as input into BlastSTAR. Both maximum response as well as pressure-impulse plots
were prepared.

3.4

Model analysis: One-way spanning panel subjected to blast

The system is an inﬁnitely long plate of 1m width between supports. The thickness of the
plate is t = 0.01m.
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Figure 15: FE model of one-way spanning plate
The corresponding FE model is shown in Fig. 15. Edges 1-21 and 201-221 have boundary
conditions of symmetry about plane 3 (ZSYMM in ABAQUS), while edge 21-221 has
boundary conditions of symmetry about plane 1 (XSYMM in ABAQUS). Edge 1-201 is
modelled with three diﬀerent boundary conditions, namely simply supported, encastre
and encastre on rollers (the supports have rotational constraints but are free to move
horizontally in the plane of the panel).
The material model is a steel with a Young’s modulus E = 2.1E11N m −2 , a Poisson’s
ratio ν = 0.3 and a density ρ = 7, 800kgm −3 . Material nonlinearity is assumed in the form
of a bilinear curve where the yield stress σ y = 2.75E8N m−2 and the tangent Modulus
Et = 2.1E10N m−2 .
Treating the plate as a beam, the equations for the pressure required for yield to occur and
the maximum elastic deﬂection y el were derived and the results of the hand calculations
are shown on Table 2. The results obtained from equivalent analyses using ABAQUS with
allowance for nonlinear geometry are also shown.
Similarly, treating the plate as a simple beam the natural frequency of the panel with
diﬀerent boundary conditions is shown on Table 3. The mass per unit area m = 78kgm −2 .
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Support
conditions
Simply
Supported
Encastre
Encastre on
rollers

Pressure to cause yielding Py
Calculation [9] ABAQUS
36, 666N m−2
41, 400N m−2
[4/3 · σy t2 /L2 ]
55, 000N m−2
96, 500N m−2
2
2
[2 · σy t /L ]
55, 000N m−2
72, 400N m−2
2
2
[2 · σy t /L ]

Elastic limit deﬂection yel
Calculation [9]
ABAQUS
−0.02728m
−0.0277m
4
3
[−5/32 · Py L /(Et )]
−0.00818m
−0.00855m
[−1/32 · Py L4 /(Et3 )]
−0.00818m
−0.00971m
[−1/32 · Py L4 /(Et3 )]

Table 2: Pressure to cause yielding Py and elastic limit deﬂection yel for one-way spanning
panel with diﬀerent boundary conditions at the supports
Support
conditions
Simply Supported
Encastre
Encastre on rollers

Constant Kn [9]
9.87
22.4
22.4

Calculation
Formula �
[9]
Kn /(4π)�Et3 /(3mL4 )
Kn /(4π)�Et3 /(3mL4 )
Kn /(4π) Et3 /(3mL4 )

ABAQUS
Frequency Frequency
23.52Hz
24.74Hz
53.38Hz
56.3Hz
53.38Hz
56.3Hz

Table 3: Natural frequency f for one-way spanning panel with diﬀerent boundary conditions at the supports
Fig. 17 shows the resistance versus displacement relationship for the system, obtained
from several quasi-static analyses of the panel carried out using ABAQUS. The resistance
is equal to the vertical reaction force at the supports while the displacement is measured at
the centre of the panel. Figs 17(a) and 17(b) are for the simply supported case. Figs. 17(c)
and 17(d) are for the encastre case and Figs. 17(e) and 17(f) are for the encastre on rollers
case.
The ﬁrst ﬁgure for each of the cases (Figs. 17(a), 17(c) and 17(e)) show resistance versus
displacement for each system when subjected to a single load cycle of loading and unloading
followed by loading in the opposite direction for diﬀerent maximum/minimum pressure
values. These pressure values are given as a proportion of the elastic resistance R el .
Figs. 17(b), 17(d) and 17(f) show resistance versus displacement for the system under
increasing quasi-static loading. There are two curves in each ﬁgure, one of which results
from the use of material nonlinearity, while the second results from the use of a linear
material. Geometric nonlinearity is allowed for in both cases. The curve obtained for the
nonlinear material is used as the resistance input used in BlastSTAR for the loading, while
the linear material curve is be used for the unloading. In this way the unloading curve is
shifted to the right to take account of the plastic deformation and the overall resistance
vs displacement behaviour is a close representation of that observed in the cyclic loading
analyses shown on Figs. 17(a), 17(c) and 17(e) described previously.
Several Pressure-Impulse curves are plotted on Fig 18 for the system for the three diﬀerent
support boundary conditions studied and two diﬀerent ratios of rise time to pulse duration
(tr /td = 0.0 and tr /td = 0.5). These P-I curves show the results of multiple iterative
analyses obtained using both ABAQUS and BlastSTAR.
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Support
conditions
Simply
Supported
Encastre
Encastre on
rollers

Pressure to cause yielding Py
Calculation [9] ABAQUS
95, 685N m−2
95, 000N m−2
[σy t2 /(βb2 )]
89, 344N m−2
122, 000N m−2
2
2
[σy t /(β1 b )]
109, 000N m−2
89, 344N m−2
2
2
[σy t /(β1 b )]

Elastic limit deﬂection yel
Calculation [9]
ABAQUS
−0.02023m
−0.0147m
4
3
[−α · Py b /(Et )]
−0.00587m
−0.00655m
[−α1 · Py b4 /(Et3 )]
−0.00587m
−0.0067m
[−α1 · Py b4 /(Et3 )]

Table 4: Pressure to cause yielding Py and elastic limit deﬂection yel for two-way spanning
panel with diﬀerent boundary conditions at the supports

3.5

Model analysis: Two way spanning panel subjected to blast

The system is a 1m x 1m square plate with a thickness t of 0.01m.

Figure 16: FE model of two-way spanning plate
The corresponding FE model is shown in Fig. 16. Edge 1-21 has boundary conditions
of symmetry about plane 3 (ZSYMM in ABAQUS), while edge 21-2021 has boundary
conditions of symmetry about plane 1 (XSYMM in ABAQUS). Edges 1-2001 ans 20012021 were modelled with diﬀerent boundary conditions to represent diﬀerent types of
support.
The material model is a steel with a Young’s modulus E = 2.1E11N m −2 , a Poisson’s
ratio ν = 0.3 and a density ρ = 7, 800kgm −3 . Material nonlinearity is assumed in the form
of a bilinear curve where the yield stress σ y = 2.75E8N m−2 and the tangent Modulus
Et = 2.1E10N m−2 .
The results of hand calculations to determine the pressure to cause yield P y and the elastic
limit deﬂection yel are shown on Table 4. For the simply supported case α = 0.0444 and
β = 0.2874 (Roark [9], Table 26, Case 1a). For the encastre and encastre on rollers cases
α1 = 0.0138 and β1 = 0.3078 (Roark [9], Table 26, Case 8a).
The calculations for the natural frequency are shown on Table 5 for the simply supported
case (Roark [9], Table 36, Case 16) as well as the encastre and encastre on rollers cases
(Roark [9], Table 36, Case 15). The value of the constant D = Et 3 /12(1−ν 2 ) = 19, 322N m
and the mass per unit area m = 78kgm−2 .
Fig. 19 shows resistance versus displacement relationships for the system with diﬀerent
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Support
conditions
Simply Supported
Encastre
Encastre on rollers

Constant K [9]
19.7
36
36

Calculation
Formula�[9]
K/(2π)�D/(ma4 )
K/(2π)�D/(ma4 )
K/(2π) D/(ma4 )

ABAQUS
Frequency Frequency
49.34Hz
49.13Hz
90.16Hz
89.85Hz
90.16Hz
89.85Hz

Table 5: Natural frequency f for two-way spanning panel with diﬀerent boundary conditions at the supports
support boundary conditions. Figs. 19(a) and 19(b) are for the simply supported case,
Fig. 19(c) and 19(d) are for the encastre case and Figs. 19(e) and 19(f) are for the encastre
on rollers case.
Figs. 19(a), 19(c) and 19(e) show the results obtained when each system is subjected to a
single load cycle of loading and unloading followed by reverse loading for diﬀerent values of
maximum and minimum pressure values non-dimensionalised against the elastic resistance
Rel . Similarly, Figs. 19(b), 19(d) and 19(f) show resistance versus displacement for each
system under static loading, with two curves in each of the graphs, one using material nonlinearity and the other using linear material properties. Geometric nonlinearity is allowed
for in both cases. The nonlinear material curve is used as the resistance curve input for the
loading in BlastSTAR, while the linear material curve is used for the unloading, shifting it
to the right so that the behaviour closely resembles that obtained in the unloading shown
for the cyclic loading.

3.6

Discussion

Pressure-impulse plots have been presented for the structures analysed. ABAQUS and
BlastSTAR show good correspondence in the results obtained.
For a structure subjected to an isosceles triangular pulse the pressure proportional to the
elastic resistance F1 /Rel required to achieve a ductility of one should tend to unity as
the impulse increases in a pressure-impulse plot. In the case of a structure subjected to
a triangular pulse with zero rise time, the pressure proportional to the elastic resistance
F1 /Rel required to achieve a ductility of 1 for an elastic system should tend to 0.5 as
impulse increases in a pressure-impulse plot.
Boundary conditions
The eﬀect of the boundary conditions on the behaviour of the systems analysed can be best
appreciated by looking at the static case. When membrane eﬀects are more signiﬁcant,
such as in the encastre case, a static resistance-displacement curve shows how stiﬀness increases signiﬁcantly for increasing values of displacement. Another factor which is worth
noting in these curves is how the loading and the unloading curves follow more similar
paths than they do if membrane eﬀects are not as signiﬁcant. This behaviour can be appreciated in Figs. 17(c) and 19(c), where the loading and unloading resistance-displacement
curves are “packed in” together. This helps to show the tensile behaviour characteristic
of membrane-dominated structures.
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(a) Simply supported; non-linear material
and non-linear geometry: Subjected to single load cycle

(b) Simply supported; linear and non-linear
material and non-linear geometry: Loading

(c) Encastre; non-linear material and nonlinear geometry: Subjected to single load cycle

(d) Encastre; linear and non-linear material
and non-linear geometry: Loading

(e) Encastre on rollers; non-linear material
and non-linear geometry: Subjected to single
load cycle

(f) Encastre on rollers; linear and non-linear
material and non-linear geometry: Loading

Figure 17: Static resistance-displacement curves for one-way spanning plate with diﬀerent
support conditions
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(a) Simply supported: tr /td = 0.0

(b) Simply supported: tr /td = 0.5

(c) Encastre: tr /td = 0.0

(d) Encastre: tr /td = 0.5

(e) Encastre on rollers: tr /td = 0.0

(f) Encastre on rollers: tr /td = 0.5

Figure 18: Pressure-Impulse curves for elasto-plastic one-way spanning plate subjected to
triangular load pulses
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(a) Simply supported; non-linear material
and non-linear geometry: Subjected to single load cycle

(b) Simply supported; linear and non-linear
material and non-linear geometry: Loading

(c) Encastre; non-linear material and nonlinear geometry: Subjected to single load cycle

(d) Encastre; linear and non-linear material
and non-linear geometry: Loading

(e) Encastre on rollers; non-linear material
and non-linear geometry: Subjected to single
load cycle

(f) Encastre on rollers; linear and non-linear
material and non-linear geometry: Loading

Figure 19: Static resistance-displacement curves for two-way spanning plate with diﬀerent
support conditions

24

SIMPLY
SUPPORTED
SYMMETRY

ENCASTRE

SIMPLY
SUPPORTED

SYMMETRY

ENCASTRE

F1

F(t)

F(t)

F1

SYMMETRY

SYMMETRY

2

3

Time

1

td

tr

Time

td

(a) Simply supported: tr /td = 0.0

(b) Simply supported: tr /td = 0.5

(c) Encastre: tr /td = 0.0

(d) Encastre: tr /td = 0.5

Figure 20: Pressure-Impulse curves for elasto-plastic two-way spanning plate subjected to
triangular load pulses
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The cases where encastre on rollers boundary conditions are used show how the resistancedisplacement curves are further “spread out” than in the simply supported case. This can
be appreciated in Figs. 17(e) and 19(e), and suggests that membrane eﬀects are less
signiﬁcant and most of the stiﬀness comes from the bending resistance of the plate.
In the dynamic case, membrane eﬀects can be appreciated in the pressure-impulse plots.
For a given structure, when membrane eﬀects are more signiﬁcant such as in the encastre
case, curves for increasing values of ductility ratio are displaced upwards and to the right by
a much more noticeable amount in the cases when membrane eﬀects are more signiﬁcant.
Shape eﬀects
The static resistance-displacement curves for the diﬀerent structural shapes analysed show
how their behaviour diﬀers depending on the shape of the panel analysed, particularly
depending on whether double or single curvature is involved. For the square panel, the
resistance increases greatly for increasing values of displacement when compared to the
one way spanning panel. This is particularly so in the cases where simply supported and
encastre on rollers boundary conditions are used. In these cases, the greater bending
resistance of the square panel over the one way panel is more apparent.
It must be noted that for very high values of displacement, the resistance of the oneway spanning plate with both the simply supported and the encastre on rollers boundary
conditions (Figs. 17(b) and 17(f)) increases dramatically as membrane eﬀects become
dominant and the structure becomes completely tension-dominated. However, for the
levels of loading used in these analyses, it can be appreciated in the pressure-impulse
curves how, except in the encastre case where values are similar, the value of pressure to
elastic resistance required to achieve a given value for the ductility ratio is greater in the
square plate.

3.7

Concluding remarks

This section has shown how the SDOF method for response analysis of structures subjected to blast-type loading can provide quite accurate results provided the SDOF system
analysed is an accurate equivalent representation of the real structure being considered.
The ﬁrst parts in this section showed the principles behind the numerical integration
method of analysis for SDOF systems, which form the basis for the analysis program
later described, named BlastSTAR. A series of analyses provided an introduction as to
how SDOF systems behave when subjected to pulse-type loading, and the concept of
DLFmax plots was introduced. These analyses were repeated with non-linear material
properties, and both maximum response and pressure-impulse curves have been explained.
A series of analyses has been carried out using both ABAQUS and BlastSTAR, which helps
demonstrate how the two provide corresponding results.
The next stage involved the analysis and veriﬁcation of two simple structures subjected to
pulse-type loading, namely an inﬁnitely long plate one-way spanning panel and a square
panel. Three types of support conditions have been looked at:
• Simply Supported: Supported only in the vertical direction.
• Encastre: Supported in all directions and against rotation.
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• Encastre on rollers: Supported in the vertical direction and against rotation, but
allowed horizontal movement.
As described previously, static FE analysis was used to obtain the resistance-displacement
curves which was then used by BlastSTAR. The curves obtained represent:
• Loading with non-linear material and non-linear geometry: This was used as the
loading curve by BlastSTAR.
• Loading with linear material and non-linear geometry. This was used as the unloading curve by BlastSTAR.
The equivalent mass of the SDOF system was back-calculated based on the natural period
and the stiﬀness of the original structure.

4

Calculation of reaction forces in structural blast response
analysis

The previous section dealt with simpliﬁed methods for the assessment of structural response based on ductility ratios. The current section provides information on assessing
the acceptability of the supports.
This section outlines an expansion to the code of BlastSTAR so that calculations of reaction forces and moments for a given structure can be performed. Furthermore, a series of
analyses carried out using both ABAQUS and BlastSTAR are described, and diﬀerences
between the two methods are assessed. The overall purpose of this is to give information
to design connections at supports.
Two panel geometries equal to those described in the previous section are analysed. One
of the plates spans in one direction while the second spans in two directions. Diﬀerent
boundary conditions including simply supported and encastre are investigated for each of
the plates. Also, the response to both instant rise and isosceles pressure pulses is looked
at.

4.1

Calculation of reaction forces using BlastSTAR

Similarly as in the previous section, several simple structures were analysed using both the
SDOF as well as MDOF methods in order to calculate reaction forces at the supports. For
the MDOF method, the tool chosen was ABAQUS/Explicit. A series of PERL scripts was
written to allow for multiple analyses to be carried out. In this way, maximum response
(DLFmax ) plots could be generated.
For the SDOF method, BlastSTAR was used. BlastSTAR has proved accurate in previous
studies for calculating displacement values for diﬀerent plate analyses using the resistance
function from a static FE analysis. This provided very accurate results in the past for the
calculation of maximum displacement values for several structures.
In order to be able to calculate reaction forces and moments in BlastSTAR, the code was
expanded so that the input could include reaction-force vs displacement relations for a
structure obtained from a quasi-static calculation in either one, two or all three directions.
In a similar way, reaction-moment vs displacement relationships can be inputted if required
in any direction. BlastSTAR stores these relationships into an array, and hence it can
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calculate forces and moments in the directions speciﬁed by simultaneously keeping track
of them and comparing them with the resistance-displacement speciﬁed.
The following section looks at the results obtained for multiple analyses carried out on a
one-way spanning plate. Three types of boundary conditions were investigated, namely
simply supported, encastre and encastre on rollers. Because of the diﬀerent boundary
conditions used in these analyses, some of the analyses require the calculation of reaction
forces in a single direction whereas others require reactions in multiple directions.

4.2

Model analysis: Support reactions on one way spanning panel

The system is an inﬁnitely long panel of 1m width between supports so that the panel
deforms into a single curve, under uniform pressure loading. The corresponding FE model
is shown in Fig. 15 in the previous section. The thickness of the panel is t = 0.01m.
The material model in this case was a steel with a Young’s modulus E = 2.1E11N m −2 , a
Poisson’s ratio ν = 0.3 and a density ρ = 7, 800kgm −3 . The material is elastic-perfectlyplastic and the yield stress σy = 275M P a.
Three diﬀerent support boundary conditions were analysed. These are simply supported,
encastre and encastre on rollers (the supports have rotational constraints but are free to
move horizontally in the plane of the panel).
The resistance-displacement relationships for each of the three boundary conditions was
obtained by carrying out quasi-static analysis of the structure using ABAQUS, when
subjected to a uniformly distributed pressure. Nonlinear geometry was speciﬁed for the
analysis. The resulting vertical reaction force vs displacement relationship is the resistance
function to be used as the input in BlastSTAR.
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Figure 21: Vertical reaction force (RF2) vs displacement at the centre of the plate for
simply supported plate
This resistance (vertical reaction at the supports) vs displacement curve is shown on
Fig. 21 for the simply supported case, Fig. 22(b) for the encastre case and Fig. 23(a) for
the encastre on rollers case.
In the case of the simply supported and encastre on rollers it can be appreciated that the
relationship between the reaction force and the displacement is quite steep initially, but
the curve ﬂattens after signiﬁcant yielding has occurred so that the reaction force does
not signiﬁcantly increase for increasing values of displacement. As the displacement values
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Figure 22: Reaction force vs displacement for encastre panel
get larger, the slope of the curve starts to increase so that the reaction forces signiﬁcantly
increase for increasing displacement as the panel exhibits membrane action. It must be
noted though that in these cases this membrane eﬀect is only apparent when displacements
are very large.
In the encastre case the relationship between resistance (RF2) and displacement is quite
steep throughout. It can be observed how membrane eﬀects become apparent at an early
stage and the slope of the curve increases for increasing values of displacement. This is to
be expected given the fact that the supports do not allow horizontal movement and the
structure experiences catenary eﬀects as displacements increase.
The other force relationships shown are used by BlastSTAR to calculate all other forces
in the structure simultaneously once the vertical reaction forces and displacement values
have been calculated.
In the encastre case on Fig. 22, the slope of the horizontal reaction force (RF1)-displacement
curve also increases as membrane eﬀects become signiﬁcant but the curve then ﬂattens
somewhat at increasing levels of displacement. The reason for this is that as displacements
increase, the angle of the net force pulling at the supports increases and the horizontal
force is hence somewhat reduced. The reaction moment RM3 increases linearly for increasing displacement and then decreases. This occurs when a plastic hinge is formed at the
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(a) RF2

(b) RM3

Figure 23: Reaction force vs displacement for encastre on rollers panel
support. Because the boundary conditions do not allow any movement of the supports,
the structure becomes tension dominated and the amount of bending happening at the
supports is reduced. Hence the reaction moment decreases after this point for increasing
values of displacement.
In the encastre on rollers case on Fig. 23 the reaction moment at the supports RM3
increases linearly with increasing displacement until hinges are formed at the supports.
The reaction moment then stays more or less constant for increasing displacement - in
contrast with the fully encastre case. The reason for this is that in this case the supports
are not restrained against horizontal movement and as such, the panel is much more
dominated by bending than in the fully encastre case. Because an elastic-perfectly-plastic
material model is used, once the plastic hinges are formed, the resistance of the supports
against rotation is constant. For very high values of displacement, the reaction moment
shows an increase due to membrane eﬀects taking place.
The response of the structure to diﬀerent types of pulse loads was then investigated. The
tools used to carry out the analyses were ABAQUS/Explicit and BlastSTAR.
Multiple analyses were carried out, where the eﬀects of diﬀerent boundary conditions, rise
times, peak pressures and pulse durations were investigated. Only a selection of these is
shown in this section in an attempt not to show where good correspondence was achieved
but rather to point out where disagreements may arise and explain the reasons behind
these disagreements.
The analyses were grouped in runs of 50 individual analyses where for a given boundary
condition, the rise time and peak pressure were kept constant but the pulse durations
varied from td /T = 0.1 to 5.0. The values shown are non-dimensionalised by dividing by
the equivalent value of force or displacement that would be achieved if the peak pressure
was to be applied statically.
Simply supported: Dynamic loading cases
One such run is shown on Fig. 25 for the simply supported boundary conditions, where
the rise time tr is equal to 0.5td and the peak pressure used is equal to 2.0 times the elastic
static resistance for the structure.
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Figure 24: Resistance vs displacement for case study: t r /td = 0.5, F1 /Rel = 2.0, td = 4.5T
Fig. 25(a) shows excellent agreement of displacement ratios between BlastSTAR and
ABAQUS, with both curves showing an oscillatory response with increasing t d /T . A
similar oscillatory behaviour is shown in the BlastSTAR response to reaction force in
Fig. 25(b) but the ABAQUS response shows less smooth curves over the range t d /T .
The agreement on reaction force prediction in this case is reasonable although it is worth
noticing that for large values of displacements the solutions start to diverge.
As discussed before, this occurs when the displacements are very large. Fig. 21 shows
that at very large values of displacement, the membrane eﬀect that is experienced in the
quasi-static analyses and which is used to carry out the analyses in BlastSTAR, tends to
overestimate reaction forces in the dynamic analyses. This can be appreciated in Fig. 24,
where the resistance/displacement curves for dynamic ABAQUS and BlastSTAR analyses
are plotted corresponding to td /T = 4.5 from Fig. 25. It can be seen that the curves are in
excellent agreement up to displacements of 0.15m and the diﬀerences between the curves
in Fig. 25(b) only arises at the large displacements.
It is important to realise that caution must be exercised when using the resistance curve
obtained from the quasi-static analyses to carry out the dynamic analyses using BlastSTAR
since the resistance curve obtained from ABAQUS for the dynamic cases diﬀers from the
static one for large values of displacement. In particular, the membrane eﬀect observed in
the quasi-static analyses is not seen in the dynamic analyses and using the static resistancedisplacement relation leads to an overestimation of the reaction forces at the supports. It
is also apparent, however, that the use of the static resistance-displacement relationship
does not lead to an overestimation of the values obtained for the displacement - in fact,
the values obtained for the displacement at large deformations are still very accurate
(Fig. 25(a)).
Encastre: Dynamic loading cases
Three runs are looked at in detail in this section. Two runs are shown where the rise time
tr is 0.0td . The results when the peak pressure is F1 /Rel = 1.00 are shown on Fig 29 while
those when the peak pressure is F1 /Rel = 7.00 are shown on Fig 30.
As with the results for the simply supported panel case, the agreement between the general pattern of results between BlastSTAR and dynamic ABAQUS results is encouraging
varying from excellent to reasonable. The results for relative displacement (Figs. 29(a)
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Figure 25: Triangular pulse with t r /td = 0.5 and F1 /Rel = 2.00 for diﬀerent ratios of td /T
and 30(a)) and for horizontal reaction force RF1 (Figs. 29(b) and 30(b)) remain in excellent agreement over the range of values of t d /T for both values of F1 /Rel shown. The
vertical reaction force results (RF2) for BlastSTAR are some 20% higher than ABAQUS
at F1 /Rel = 1.0 but come closer together with increasing F 1 /Rel at 7.0. Because the horizontal reaction forces RF1 are much larger than the vertical reaction forces RF2 at the
same displacement, the combined resultant force RFMAG is dominated by RF1 results
and the BlastSTAR results for RFMAG remain in excellent agreement with ABAQUS.
It can be seen how both ABAQUS and BlastSTAR show that the relative resultant force
RFMAG reduces for the higher pressure ratio of F 1 /Rel .

Figure 26: Resistance vs displacement for case study: t r /td = 0.0, F1 /Rel = 1.0, td = 1.0T
To explore the small diﬀerence in the calculation of the vertical reaction force under a
sudden pulse at F1 /Rel = 1.0, as in Fig. 29, a case study from this was analysed for load
displacement behaviour at td /T = 1.0 and is shown in Fig. 26. It shows how the reaction
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force in ABAQUS shoots up almost instantaneously from initial zero displacement whereas
in BlastSTAR it increases proportionally with increasing displacement. This is due to
the fact that because the load is applied almost instantaneously, the reaction forces will
increase very suddenly because not enough time has passed for movement to occur or the
load to propagate through the structure. Because BlastSTAR uses the relationship from
a quasi-static analysis this is not seen in the results it produces.
It can also be appreciated how the forces are then reduced as the displacement increases
so that the forces in ABAQUS become less than those in BlastSTAR as the loads are
distributed through the structure. It can be seen that the diﬀerence in the displacement
obtained through both ABAQUS and BlastSTAR is very small, which suggests that it is
not aﬀected by the net diﬀerence in the resistance between both methods.

Figure 27: Reaction moment vs displacement for case study: t r /td = 0.0, F1 /Rel = 7.0,
td = 1.0T
It is worth noting that the reaction moments calculated by ABAQUS are larger than those
calculated by BlastSTAR. An example of this can be seen in Fig. 30 for F 1 /Rel = 7.0 and
a case study has been analysed to explore the reason behind this with results shown in
Fig. 27.
As described before, the reaction moment in the static case reaches a peak at which,
once yielding has occurred, it starts to decrease. If a sudden dynamic load is applied
the reaction moment rises much more steeply to a peak that is higher and then decreases
below that for the static case for increasing values of displacement.
Fig. 31 illustrates the results obtained for a rise time t r value equal to 0.5td and peak
pressure value of F1 /Rel = 5.0. As for the simply supported panel case with isosceles blast
pulses, the agreement in general shape and magnitude of the curves between BlastSTAR
and dynamic ABAQUS is remarkable. The key parameters of maximum displacement
ratio, resultant reaction force ratio and moment ratio are well predicted in BlastSTAR
throughout.
When a pulse is applied that is longer in duration than the natural period of the structure,
the reaction force may increase to a peak point, then decrease, then increase again past
this previous peak point. It is important to realise that the curve followed during the
unloading will not be equal to the loading curve and this will lead to energy absorption.
Fig. 28 illustrates the loading and unloading of the structure for a particular case when
unloading and loading is signiﬁcant. For these analyses in BlastSTAR, the curve used for
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Figure 28: Resistance vs displacement for case study: t r /td = 0.5, F1 /Rel = 5.0, td = 1.6T
the unloading is obtained from a quasi-static ABAQUS analysis in which, as for the loading
curve, non-linear geometry has been speciﬁed but the material properties are linear. This
has been shown in these and previous experiments to provide a good approximation to the
real behaviour. If the same curve was to be used for the loading as well as the unloading,
the energy in the system would be greater in the SDOF model and the peak reaction force
and displacement would be greater. It is very important that this behaviour is properly
simulated in the SDOF approximation.
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Figure 29: Triangular pulse with t r /td = 0.0 and F1 /Rel = 1.00 for diﬀerent ratios of td /T

35

ENCASTRE

F1

F(t)

SYMMETRY

SYMMETRY

2

3

Time

1

SYMMETRY

td

(a) U2

(b) RF1

(c) RF2

(d) RFMAG

(e) RM3

Figure 30: Triangular pulse with t r /td = 0.0 and F1 /Rel = 7.00 for diﬀerent ratios of td /T
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Encastre on rollers: Dynamic loading cases
The response to pulses with an instant rise time (t r /td = 0.0) and maximum peak pressure
F1 equal to 2.5Rel is shown in Fig. 33. In general the agreement between BlastSTAR
and ABAQUS is excellent for displacement and moment results. The agreement between
BlastSTAR and ABAQUS is reasonable for the vertical reaction RF2. This is similar to
the simply supported case, with the slope of the RF 2 max / td /T curve increasing for high
values of F1 /Rel for BlastSTAR but not for ABAQUS.

Figure 32: Resistance vs displacement for case study: t r /td = 0.0, F1 /Rel = 2.5, td = 4.5T
Thus as displacements get very large, the reaction forces calculated with both ABAQUS
and BlastSTAR start to diverge, although the calculated displacements do not. This can
be seen particularly in Fig. 33(b).
The results of a case study taken to explore this are shown on Fig. 32. It can be seen
that the reaction force in the ABAQUS dynamic case increases very rapidly as the load
is applied suddenly and the structure has not had time to move. It then follows the
BlastSTAR curve until a point at which the BlastSTAR curve begins to increase as the
membrane eﬀects discussed for the static analyses become signiﬁcant. In the ABAQUS
dynamic case, the reaction forces tend to stay at a value approximately equal to the
maximum reaction force that would be calculated had a static pressure of value equal to
the peak value in the dynamic case been used.

38

ENCASTRE
ON ROLLERS

F1

F(t)

SYMMETRY

SYMMETRY

2

3

SYMMETRY

1

td

Time

1.6

1.4

1.4

1.2

1.2
1
1
RF2max

U2max

0.8
0.8

0.6
0.6
0.4
0.4
0.2

0.2
ABAQUS
BlastSTAR

ABAQUS
BlastSTAR

0

0
0

0.5

1

1.5

2

2.5
td/T

3

3.5

4

4.5

5

0

0.5

1

1.5

(a) U2

2

2.5
td/T

3

3.5

4

4.5

5

(b) RF2

1.2

1

RM3max

0.8

0.6

0.4

0.2
ABAQUS
BlastSTAR
0
0

0.5

1

1.5

2

2.5
td/T

3

3.5

4

4.5

5

(c) RM3

Figure 33: Triangular pulse with t r /td = 0.0 and F1 /Rel = 2.50 for diﬀerent ratios of td /T

4.3

Calculation of nodal reaction forces

In the following section, the analyses focus on a structure which spans in two directions
and as such the distribution of the reaction forces and moments around the perimeter
becomes a signiﬁcant issue.
It is also of vital importance for the designer to be able to determine how the reaction
forces vary along the perimeter in a dynamic event.
A further modiﬁcation to the BlastSTAR code was carried out which allows the input of
reaction-force vs displacement distributions at a nodal level. A series of Python scripts
were developed which extract data from quasi-static ABAQUS analyses and arrange them
into arrays for easy input into BlastSTAR. These contain displacement values for the
structure, a minimum of one and up to three parameters for reaction forces (depending
on how many are required for the particular case), and up to three reaction moment
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(a) Sum of vertical reaction forces around
perimeter vs. displacement

(b) Reaction forces at nodes along edge 14001

Figure 34: Vertical reaction forces (RF2) for simply supported two way spanning panel
parameters for each of the nodes under consideration.
BlastSTAR can then calculate nodal as well as overall reaction forces and moments in the
structure when subjected to a dynamic pressure pulse by simultaneously keeping track of
the nodal data obtained for the quasi-static ABAQUS analyses and comparing it with the
overall resistance-displacement relationship.

4.4

Model analysis: Support reactions on two way spanning panel

The system is a 1m x 1m square panel with a thickness t = 0.01m so that in this case the
panel deforms in double curvature under uniform pressure loading. Because of symmetry,
only one quarter of the panel was modelled. The corresponding FE model is shown in
Fig. 16 in the previous section.
The material model in this case was a steel with a Young’s modulus E = 2.1E11N m −2 ,
a Poisson’s ratio ν = 0.3 and a density ρ = 7, 800kgm −3 . An elastic-perfectly-plastic
material model was assumed where the yield stress σ y = 275M P a.
Similarly as before, three diﬀerent support boundary conditions were prescribed to the
model. These were simply supported, encastre and encastre on rollers.
For each of the boundary conditions, the panel was analysed in a quasi-static manner using
ABAQUS by applying a uniform pressure loading. Non-linear geometry was speciﬁed and
multiple time increments were used in the analyses. The results for the sum of the vertical
reaction forces around the perimeter (RF2) are plotted against increasing displacement at
the centre of the panel (U2) for each of the boundary conditions.
For the simply supported case this is shown on Fig. 34(a), for the encastre case on Fig. 35(a)
and for the encastre on rollers case on Fig. 36(a). These curves are used as the loading
curve in BlastSTAR to calculate the dynamic response of the structure in dynamic blast
analyses.
It can be seen from Figs. 34(a), 35(a) and 36(a) that as the pressure increases the slope
of the vertical reaction force vs displacement curve increases for all of the boundary conditions, including the simply supported. This occurs because signiﬁcant bending is taking
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place in the panel which limits the displacement as pressure values increase. It can also be
seen that the level of displacement for a given resistance is smaller for the encastre panel
when compared to the encastre on rollers and this in turn when compared with the simply
supported case.
The distribution of the vertical reaction forces at the nodes along edge 1-4001 when the
panel is loaded to diﬀerent pressure values as a proportion of the elastic resistance (F 1 /Rel )
are shown on Fig. 34(b) for the simply supported case. Similarly the results for the encastre
case are shown on Fig. 35(c) and those for the encastre on rollers case on Fig. 36(b).
It can be seen how in the simply supported case the nodal reaction force toward the
corner of the panel increases in value and is opposite in direction to most nodal reaction
forces around the perimeter as this force is required to hold the corners of the panel at
zero displacement. This is not the case for the encastre and encastre on rollers boundary
conditions.
In the case of the encastre panel results shown on Fig. 35 additional parameters are plotted:
the horizontal reaction force at right angles to the supported edge (RF1), the horizontal
shearing reaction force along the edge RF3, the net vector sum of RF1, RF2 and RF3,
called RFMAG, and the moment about the support (RM3). This latter one also being
plotted for the encastre on rollers case on Fig. 36.
Multiple analyses were carried out using both ABAQUS and BlastSTAR for the calculation
of reaction forces along the perimeter for each of the support boundary conditions, pulse
shapes, peak pressures and pulse durations. Similarly as for the one way spanning panel
these were arranged in runs of ﬁfty analyses where the pulse shape and peak pressure
values were kept constant and the pulse durations ranged between t d /T = 0.1 and 5.0.
Simply supported: Dynamic loading cases
One such run is shown on Fig 37 where the rise time t r is equal to 0.5td and the peak
pressure is F1 /Rel = 3.00.
The output parameters plotted are the maximum relative nodal vertical force (RF 2 max )
along edge 1-4001 for both ABAQUS and BlastSTAR for diﬀerent values of t d /T which
are shown in 3D plots. Also, the maximum nodal reaction forces for both ABAQUS and
BlastSTAR are compared and the maximum vertical displacement at the centre of the
panel (U 2max ) is plotted.
Displacement values have been non-dimensionalised by dividing by the maximum value
obtained from a quasi-static analysis where the pressure applied is equal to the peak
pressure applied in the dynamic analyses.
The results obtained from ABAQUS and BlastSTAR show excellent agreement for the
isosceles triangular pulse load cases. The general shape and magnitude of the curves for
reaction force and displacement ratios are similar for BlastSTAR and ABAQUS and follow
similar trends to the one-way spanning panel.
A slight overestimation of the reaction forces is appreciated in the BlastSTAR results when
compared to the ABAQUS results. This is not of tremendous signiﬁcance as using these
results would be slightly conservative and therefore safe to use. The results obtained for
the maximum displacement at the centre of the panel give very good agreement between
the two methods.
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Encastre: Dynamic loading cases
Similarly as for the simply supported case, the results for a run for the encastre boundary
conditions for a series of pulses of isosceles triangular shape with t r /td = 0.5 and peak
pressure equal to F1 /Re l = 3.0 are shown on Fig. 38.
As before, the output values were all non-dimensionalised by dividing the results with the
values obtained if quasi-static analyses were to be carried out where the pressure applied
was to be equal to the peak pressure in the dynamic analyses.
The results show remarkable agreement for the values of the maximum displacement at
the centre of the panel for the analyses. The values for the reaction forces tend to be
slightly higher in the BlastSTAR analyses than in the ABAQUS ones. This however is
conservative and hence would be safe to use for design purposes.
Encastre on rollers: Dynamic loading cases
Again, the response of the panel to isosceles triangular pressure pulses with t r /td = 0.5
and peak pressure values of F1 /Rel = 3.0 is shown on Fig. 39.
It can be seen from Fig. 39(e) that the values for the maximum vertical reaction forces
RF 2max are slightly overestimated in BlastSTAR when compared to the results obtained
from ABAQUS. although the results obtained for the displacement for both ABAQUS
and BlastSTAR show remarkable agreement. This can be seen on Figs. 39(f ) where the
maximum displacement U 2max is plotted against the ratio td /T .
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(a) Sum of vertical reaction forces around
perimeter vs. displacement

(b) Reaction forces RF1 at nodes along edge
1-4001

(c) Reaction forces RF2 at nodes along edge
1-4001

(d) Reaction forces RF3 at nodes along edge
1-4001

(e) Reaction forces RFmag at nodes along
edge 1-4001

(f) Reaction moment RM3 at nodes along
edge 1-4001

Figure 35: Reaction forces and moments for encastre two way spanning panel
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(a) Sum of vertical reaction forces (RF2)
around perimeter vs. displacement

(b) Vertical reaction force RF2 at nodes
along edge 1-4001

(c) Reaction moment RM3 at nodes along
edge 1-4001

Figure 36: Reaction forces and moments for encastre on rollers two way spanning panel
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Figure 37: Simply supported two way spanning panel subjected to triangular pulse with
tr /td = 0.5 and F1 /Rel = 3.00 for diﬀerent ratios of td /T
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Figure 38: Encastre two way spanning panel subjected to triangular pulse with t r /td = 0.5
and F1 /Rel = 3.00 for diﬀerent ratios of td /T
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Figure 39: Encastre on rollers two way spanning panel subjected to triangular pulse with
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4.5

Design of perimeter welded connections

The purpose of determining the reaction forces around the perimeter of the panels is to
enable the design requirements for the welded connections at these positions to be explored.
Depending on the geometrical conﬁguration, four types of welded joint may be considered
as follows, depending on whether the plane of the blast panel is parallel or perpendicular
to the supporting structural component:
• Lap joint - single ﬁllet weld
• Lap joint - double ﬁllet weld
• Perpendicular joint - double ﬁllet weld
• Perpendicular joint - T-Butt weld.
The ﬁgures in the previous sections give results for reaction forces around the perimeter
of the panel under static and dynamic conditions for diﬀerent types and levels of blast
loading. These reaction forces are determined as forces at the nodes of the mesh and hence
it is necessary to convert them into forces to be carried by continuous welds. The best
way of doing this is to convert the nodal forces into forces per unit length of the perimeter.
Thus, if the nodal force to be considered at a point is F , and the nodal spacing is d, the
force per unit length in that region is F/d.
For ﬁllet welds, the basis of design is normally taken to be the permissible design stress
on the weld throat area. The weld throat dimension t w is the minimum distance from
the root of the weld to the surface and in a normal triangular ﬁllet weld is taken to be
0.7 times the leg length of the weld, w. The ﬁllet weld size in UK practice is speciﬁed in
terms of the leg length. If the permissible stress in the weld is f w , then the permissible
force per unit length for a weld of leg length w, F per /L is given by:
Fper /L = 0.7w · fw
Thus for design purposes, it is necessary to choose the weld size w such that the applied
value of F/d does not exceed the resistance value of F per /L. If the connection is a double
ﬁllet weld, then, provided both ﬁllet welds are loaded equally and at the same time, they
may be assumed to share the loading and the applied loading can be divided between
them.
The results of the various dynamic analyses given earlier in the Section show that the
reaction forces are complex and there are components in diﬀerent directions. For the
simply supported case, the applied reaction force to be used for the design of the welds
should be the resultant sum RFMAG. This is usually dominated by the force in one
direction but nevertheless it is necessary to take account of the total eﬀect.
For the encastre case, in addition to the reaction forces, there is a reaction moment to
consider. The eﬀect of this on the welds should be calculated separately and then added to
the eﬀect of the direct forces RFMAG as a bending component (i.e. added to one side and
subtracted from the other). In the case of twin ﬁllet welds, the moment can be assumed
to be carried by equal and opposite forces at the centre of each of the two ﬁllet welds,
and hence the magnitude of this force per unit length due to the moment found from
RM 3/(s · d) where s is the spacing between the ﬁllet welds and d is the nodal spacing.
The results show that the magnitudes of RFMAG and RM3 vary around the perimeter
of the panel and in principle it would be possible to vary the resultant weld sizes at
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diﬀerent positions around the perimeter to match. In practice, it may be better to specify
a standard type of weld around the whole perimeter for a given set of design assumptions.
As a check on the reasonableness of the weld design, the results for the weld size should
be compared against the thickness of the panel itself. The reaction forces and moments
have to be carried by the panel immediately adjacent to the connection and there should
not be a major disparity between the total weld throat thickness and the panel thickness
when adjusted for their respective permitted design stress levels. This is discussed further
in the case of the stiﬀened panel in Section 5.3. It should be noted that local high spots
of stress will cause yielding but this can be acceptable if it is contained by surrounding
elastic material so that the high spot is relieved by a local spread of a yield zone.
Example calculation of perimeter welded connections
The calculations for the perimeter welded connections can be carried out as follows. The
case investigated is the worst case scenario for the encastre square panel when subjected to
an isosceles pressure pulse with a peak pressure equal to three times the elastic resistance
so that F1 /Rel = 3.0. These results are shown in Fig. 38.
The direct force which is taken for design is the net resultant force RFMAG. The highest
nodal force value for RFMAG occurs at the centre of the panel, and the dynamic ampliﬁcation predicted by BlastSTAR is 2.35 times the value obtained statically as shown in
Fig. 38(e). The maximum static nodal force when the same pressure (F 1 /Rel = 3.0) is
applied statically is 11, 900N and can be seen in Fig. 35(e). Hence the maximum direct
force can be calculated to be 2.35 · 11, 900 = 27, 965N .
In a similar manner the maximum nodal moment about the supports is found from
Figs. 38(d) and 35(f ) to be 1.8 · 164, 000 = 295, 200N mm.
√
Assuming the permissible stress in the weld f w is equal to 355N mm−2 / 3 = 205N mm−2 ,
for a weld size of 16mm, the permissible force per unit length F per /L is equal to 0.7 · 16 ·
205 = 2, 295N mm−1 .
Since the nodal spacing d used in these analyses is equal to 12.5mm, the direct force
applied over this length F/d is equal to 27, 965/12.5 = 2, 237N mm −1 , which in the case of
twin ﬁllet welds the force per unit length on each weld will be 2, 237/2 = 1, 118.6N mm −1 .
In a similar manner, assuming twin ﬁllet welds are used, the magnitude of the force
resulting from the applied moment per unit length is equal to RM 3/(s · d), where s is the
spacing between the ﬁllet welds and d is the nodal spacing. The spacing between the ﬁllet
welds s can be assumed equal to the sum of the plate thickness t, which in this case is
10mm, and twice the distance from the surface of the plate to the centre of each weld.
Hence the forces due to the applied moment RM 3, which are equal in magnitude but acting
in opposite directions are found to be 295, 200/(12.5 · (10 + 2/3 ∗ 16)) = 1, 143N mm −1 .
For the worst loaded case, the maximum force per unit length that the weld will have to
carry will be the sum of the direct forces and the forces due to the applied moments and
equal to 1, 118.6 + 1, 143 = 2, 261N mm −1 , which is acceptable since it is smaller than the
permissible force per unit length Fper /L.
Given that the weld size is relatively large, it would probably be better to specify full
penetration T-butt welds rather than ﬁllet welds. If the forces are even larger such as
when even larger pressure values are applied, it would be wise to ensure the speciﬁcation
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for the T-butt welds includes additional reinforcing ﬁllets. Additionally, it must be ensured
that the weld metal over-matches the strength of the panel.

4.6

Concluding remarks

The present section has shown that a single degree of freedom tool like BlastSTAR can be
useful in the calculation of reaction forces as well as maximum values for deﬂections for a
panel subjected to blast type loading.
Two diﬀerent panel geometries were studied, and they were analysed using both BlastSTAR and ABAQUS. A panel spanning in one direction was looked at ﬁrst, while a second
panel spanning in two directions and hence deforming in double curvature was looked at
afterwards. Each of the panels was analysed using three diﬀerent boundary conditions
around the perimeter, namely simply supported, encastre and encastre on rollers.
Each panel was loaded with a series of pulses of diﬀerent rise time durations and diﬀerent
peak pressures (in the case of the two way spanning panel only one pulse shape and peak
pressure is shown). Multiple analyses were carried out for these peak pressure values but
for diﬀerent pulse durations. The pulse durations t d varied as a proportion of the natural
period of the structure T between 0.1 and 5.0 for each series.
BlastSTAR has been shown to give good estimate of ABAQUS for reaction forces. It
predicts some trends for dynamic ampliﬁcation at diﬀerent blast levels against the ratio
td /T . The results can be used as a basis for designing supports and connections for blast
resistant panels.
Although some limitations have been exposed, if one understands the underlying theory
and follows a few steps, satisfactory results should be expected.
When undertaking a structural assessment using a simpliﬁed tool such as BlastSTAR,
it is fundamental that one understands the importance of using an accurate resistancedisplacement function. It is strongly recommended that such curve is obtained from a
quasi-static FE analysis or a method that allows for nonlinear geometry so that the it
accurately represents the structure being modelled. Failure to obtain an accurate relationship between reaction force and displacement will simply result in erroneous results
being produced.
In terms of calculation of reaction forces other than in the vertical direction, care must be
taken equally in ensuring adequate reaction force vs displacement and reaction moment
vs displacement curves are obtained from the quasi-static analyses.
The way BlastSTAR calculates the equivalent mass for the SDOF representation of a structure is by back-calculating it based on the initial slope of the resistance vs displacement
curve (stiﬀness) and the natural frequency of the ﬁrst mode of vibration of the structure.
This is most accurately calculated by doing an eigenvalue analysis of the structure using an FE package such as ABAQUS, although a simple formula approach can produce
satisfactory results.
It must be noted that care must be taken when the reaction force vs displacement or
reaction moment vs displacement curves obtained show the reaction reaching a peak value
and then decreasing for increasing displacement. An example of this occurs in the reaction
moment (RM3) for the encastre one-way spanning panel. A case study for a pressure pulse
with zero rise time (tr /td = 0.0) applied to this structure is seen on Fig. 27 where it can
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be seen how in the dynamic case the peak reaction moment is higher than that obtained
in the static case and leads to larger reaction moments obtained in the dynamic ABAQUS
analyses when compared with the dynamic BlastSTAR analyses.
Another factor that needs to be understood is the boundary conditions of the structure
to be analysed. When a structure is analysed and non-linear geometry is speciﬁed in
the analyses, membrane eﬀects may become apparent in the quasi-static analyses for
large values of displacement. The best example for this is seen in the one-way spanning
panel with simply supported boundary conditions. It is important to understand that this
membrane eﬀect for very large displacements seen on the quasi-static analyses is not seen in
the dynamic ABAQUS results for the reaction forces. Although displacement calculations
are still accurate, the analyses should be stopped before these very large deformations are
reached if accurate results for the reaction forces are to be achieved.
The shape of the pressure pulse is also signiﬁcant. When a pressure pulse with zero rise
time is applied to the structure, large values for reaction forces are obtained in the dynamic
ABAQUS results for zero displacements. This is because the pressure has been applied
suddenly and the structure has not had time to deform. Since this does not occur when
the structure is loaded in a quasi-static manner, the resistance builds up gradually in the
SDOF analyses and tends to reach greater values in the SDOF analyses when compared
to the ABAQUS analyses.

5

Calculation of blast panel connection forces

The work described in this section involves the assessment of a blast-wall on a modern
oﬀshore platform installed in the North Sea in the 1990s. The platform combines quarters,
production and drilling facilities and supports both local and tied-back production from
a number of small satellite ﬁelds.
The blast wall studied is of stiﬀened plate construction and fully integrated within the
surrounding structure. The wall is of 9.0m height between supports. The plate was
25mm thick. The panel is stiﬀened at 2.5m intervals by a vertical I-beam. The I-beam
is 892.8mm deep and 306.7mm wide at the ﬂanges. The beam ﬂange thickness is 30mm
and the web thickness is 18.4mm. The panel is cross stiﬀened at 500mm intervals by
T-stiﬀeners of 234.4mm depth and 191.3 mm width at the ﬂanges. The plate thickness
of the T-stiﬀeners is 16mm for the ﬂanges and 9.9mm for the webs. This is illustrated in
Fig. 40 (one half of the panel height and a width of half panel between I-beams are drawn
because of symmetry).
Three steel material models were used in the structure, named Type-2, Type-5 and Type9. These are according to BS-7191:1989 [3]. Type-2 was used for the plate, Type-5 was
used for the T-stiﬀeners and Type-9 was used for the I-beam. The three material models
have equal properties for the elastic range with a Young’s modulus E = 205kN mm −2 , a
Poisson’s ratio ν = 0.3 and a density ρ = 7, 850kgm −3 .
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(a) Isometric view of panel

(b) Plan view of panel

(c) Cross section details

Figure 40: Drawing of Blast panel
The yield stress σy for Type-2 and Type-5 was 205N mm−2 , while for Type-9 it was
410N mm−2 . The stress-strain relationships for the three material models are shown in
Fig. 41.
A model was created using ABAQUS/CAE. The model is shown in Fig. 43. The elements
chosen for the model were reduced integration four-noded quadrilateral shell elements
(S4R). The main I-beam and half of the panel between I-beam stiﬀeners on each side were
modelled because of symmetry. Boundary conditions of symmetry about plane 3 (ZSYMM
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Figure 42: Static resistance-displacement curves for encastre blast panel
in ABAQUS) were applied at these boundaries. Likewise, only half of the length of the
panel between supports was modelled. At the plane of symmetry boundary conditions of
symmetry about plane 1 (XSYMM in ABAQUS) were prescribed.
The remaining edge of the panel is the supported edge, and several boundary conditions
were applied at this edge for diﬀerent analyses to be carried out. Those shown in this
report are for the encastre case, i.e. not allowed rotation or movement.
One of the main objectives of this study was to investigate the forces at the connections in
the panel. The main connections can be placed into three groups: connections between the
I-beam and the plate, connections between the plate and the T-stiﬀeners and connections
between the I-beam and the T-stiﬀeners.
In order to be able to output connection forces, intermediary elements needed to be placed
in between the elements at which boundary connection forces were to be obtained. The
chosen element for the connections is CONN3D2, a connector element in space between
two nodes. Another possibility considered was the use of springs with very high stiﬀness,
but among other things, connecting springs cannot be used with the explicit formulation,
so it was decided against this.
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Figure 43: FE model of blast panel showing connector locations
The connectors were given pre-assembled property type weld. A weld connector property
in ABAQUS is a combination of properties join and align. Join ﬁxes the position of two
nodes in space while align aligns their local directions.

5.1

Static calculations

Preliminary calculations can easily be carried out by assuming that the resistance against
bending is provided entirely by the beam. Hence the pressure to cause yield P y and the
maximum elastic deﬂection yel were calculated as follows:
Py =

12σy I
12My
=
2
wl
wcl2

and

yel =

Py wl4
384EI

which gives Py = 259, 046N m−2 and yel = 0.0113m.
A subsequent ABAQUS analysis allowing for non-linear geometry eﬀects showed that
yielding occurs for a slightly lower pressure value so that P y = 210, 500N m−2 and a
slightly larger displacement so that y el = 0.0133m. These values were used in subsequent
analyses.
Fig. 42(a) shows resistance at the supports versus vertical displacement at the centre of
the panel (resistance) under slowly increasing pressure loading when the panel is loaded to
ratios of F1 /Rel of 2.0, 3.0 and 4.0 and then unloaded. Fig. 42(b) shows reaction forces at
the supports (resistance) versus displacement at the centre of the panel under increasing
pressure loading, both when linear and non-linear material properties are used.
The connection forces along the beam to plate path for diﬀerent values of peak pressure
are shown on Fig. 44. It can be seen how the highest loading is at the position where it
meets the T-stiﬀeners.
In a similar way, the connection forces along the highest loaded plate to T-stiﬀener connection are shown on Fig. 45. The T-stiﬀeners are numbered from T1 to T9, where T1 is
nearest the support and T9 is nearer the centre of the plate.
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Figure 44: Static plate to beam connector forces for diﬀerent ratios of F 1 /Rel

5.2

Comparison of single DOF and two DOF BlastSTAR models

For the overall model frequency calculation a modal analysis was carried out on the structure. The ﬁrst mode of frequency was obtained from ABAQUS to be 35.79Hz. The mode
is shown in Fig. 46.
The use of a single degree of freedom method has been shown to produce good agreement
for reaction forces and displacements in the previous section but it has limitations and
some of the higher order behaviour may not be captured when using a single degree of
freedom formulation. It was then decided to write a revised version of BlastSTAR with
a two degree of freedom analyses. This version is from hereon referred to as BlastSTAR
(2DOF).
A two degree of freedom system is one in which two types of motion are possible, such as
in the system shown on Fig. 47. It consists of two masses (M 1 and M2 ) attached to springs
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Figure 45: Static plate to T-stiﬀener connector forces for diﬀerent ratios of F 1 /Rel
with stiﬀness k1 and k2 . The two masses M1 and M2 have displacements associated with
them which are y1 and y2 . Likewise external forces F1 (t) and F2 (t) need to be known.
The equations of motion for the system can be written as:
M1 ÿ1 + k1 y1 − k2 · (y2 − y1 ) − F1 (t) = 0
M2 ÿ2 + k2 · (y2 − y1 ) − F2 (t) = 0
or alternatively if the resistance against movement is represented by R(y) as opposed to
ky for ease in carrying out non-linear analyses:
M1 ÿ1 + R1 (y1 ) − R2 (y2 − y1 ) − F1 (t) = 0
M2 ÿ2 + R2 (y2 − y1 ) − F2 (t) = 0
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Figure 46: First mode of vibration of encastre blast panel (Frequency = 35.79 Hz)
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Figure 47: Two degree of freedom model
Using the constant-velocity method, the acceleration for each of the time steps can be
calculated as:
F1 + R2 (y2s − y1s ) − R1 (y1 )
M1
s − ys)
F
−
R
(y
2
2
2
1
as2 =
M2
as1 =

and the displacements:
(s+1)

= 2y1 − y1

(s)

(s−1)

+ ÿ1 (∆t)2

(s+1)

= 2y2 − y2

(s)

(s−1)

+ ÿ2 (∆t)2

y1
y2

(s)

(s)

In order to investigate the improvements of using a two degree of freedom system (2DOF)
over a single degree of freedom system (SDOF), modal analyses were carried out to determine the frequencies of interest for the prescribed type of loading on the structure.
These frequencies of interest were identiﬁed as the free vibration of the beam with no plate
attached to it and the vibration of the panel with respect to the beam. The frequencies
were obtained to be 68.37Hz and 168.06Hz respectively. The modes are shown in Fig. 48.
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Figure 48: Frequency of vibration of panel and beam for encastre blast panel
From these frequencies the natural period T and the equivalent mass M e of each component
can be obtained by applying the formula M e = k(T /2π)2 , where T = 1/f . The stiﬀness k
was calculated by dividing the resistance by the relative displacement of each component.
For the beam, the relative displacement is the displacement of the centre of the beam
relative to the supports, whereas for the panel it is the displacement of the centre of the
panel relative to the displacement of the centre of the beam.
Isosceles triangular blast pulse with peak pressure of F 1 /Rel = 1.0
The panel was then subjected to an isosceles pressure pulse so that t r /td = 0.5. The peak
pressure was ﬁrstly set equal to the pressure required to cause yield statically so that
F1 /Rel = 1.0. Multiple pulse durations were analysed that ranged between t d = 0.1T and
td = 5.0T . The results are shown in Figs. 49 to 52. BlastSTAR (SDOF) results are shown
for all cases and BlastSTAR (2DOF) results are shown for selected cases.
The results obtained from both ABAQUS and BlastSTAR for the displacements and reaction forces show good agreement as can be seen in Fig.49.
In terms of the connection forces between the plate and beam, the results show good
agreement between ABAQUS and BlastSTAR for the maximum horizontal and vertical
forces (CF1, CF2 and CF3). It is worth noting that the ABAQUS results for these forces
show a smaller peak for lower values of t d /T than that at which the main peak occurs.
Since the ratio of the frequencies between the two modes identiﬁed is approx. 2.5, it can
be expected to see a peak corresponding to the vibration of the plate with respect to the
beam occurring before that corresponding to the vibration of the beam with respect to its
supports (the 2.5 ratio need not be seen exactly however because of nonlinearities).
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Figure 49: Reaction and displacements for encastre panel subjected to triangular pulse
with tr /td = 0.5 and F1 /Rel = 1.00 for diﬀerent ratios of td /T (all SDOF)
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Figure 50: Plate to beam connector maximum forces for encastre panel subjected to
triangular pulse with tr /td = 0.5 and F1 /Rel = 1.00 for diﬀerent ratios of td /T (SDOF
plus 2DOF for CM1)
In terms of the moment (CM1), BlastSTAR somewhat overestimates the forces when
using a single degree of freedom formulation and ABAQUS shows higher frequency eﬀects.
When a two degree of freedom formulation is used, the results obtained for the moment
are signiﬁcantly improved for both magnitude and frequency. The results are shown in
Fig. 50.
In the case of the plate to T-stiﬀener connections shown in Fig. 51, the results show good
agreement between ABAQUS and BlastSTAR, particularly for the transverse forces (CF3).
BlastSTAR slightly underestimates the longitudinal forces (CF1). For the vertical forces
and moment (CF2 and CM3), BlastSTAR overestimates the results when using a SDOF
formulation and ABAQUS shows higher frequency eﬀects. Using a 2DOF formulations
signiﬁcantly improves the results.
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Figure 51: Plate to T-stiﬀener maximum connector forces for encastre panel subjected to
triangular pulse with tr /td = 0.5 and F1 /Rel = 1.00 for diﬀerent ratios of td /T (SDOF
plus 2DOF for CF2 and CM3)
The beam to T-stiﬀener connection forces show very good agreement for all connection
forces and moments. BlastSTAR gives a very slight underestimation of the maximum
vertical and transverse forces (CF2 and CF3), both of which show an initial peak in the
ABAQUS results. BlastSTAR also gives a very slight overestimate of the moments. These
results are shown on Fig. 52.
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Figure 52: Beam to T-stiﬀener maximum connector forces for encastre panel subjected to
triangular pulse with tr /td = 0.5 and F1 /Rel = 1.00 for diﬀerent ratios of td /T (all SDOF)
Isosceles triangular blast pulse with peak pressure of F 1 /Rel = 2.0
The peak pressure in the following analyses was increased to twice the pressure required
to cause yield so that F1 /Rel = 2.0. The pressure pulses applied were isosceles in shape
(tr /td = 0.5) and multiple durations were analysed ranging between t d = 0.1T and td =
5.0T . The results obtained are shown in Figs. 53 to 56. BlastSTAR (SDOF) results are
shown for all cases and BlastSTAR (2DOF) results are shown for selected cases.
The displacements and reaction forces are shown in Fig. 53 and show very good agreement
throughout between ABAQUS and BlastSTAR.
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Figure 53: Reaction and displacements for encastre panel subjected to triangular pulse
with tr /td = 0.5 and F1 /Rel = 2.00 for diﬀerent ratios of td /T (all SDOF)
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Figure 54: Plate to beam maximum connector forces for encastre panel subjected to
triangular pulse with tr /td = 0.5 and F1 /Rel = 2.00 for diﬀerent ratios of td /T (SDOF
plus 2DOF for CF2 and CF3)
In terms of the plate to beam connector forces shown in Fig. 54, BlastSTAR and ABAQUS
show very good agreement for the maximum moments (CM1). A peak occurs for low values
of td /T in the ABAQUS analysis which corresponds to the vibration of the panel relative to
the beam. In the longitudinal connection force (CF1), BlastSTAR gives an underestimate
of the forces when compared to ABAQUS, although the maximum value of this forces is
much smaller than that of the vertical and transverse forces (CF2 and CF3). These show
good agreement between ABAQUS and BlastSTAR (SDOF), although a much improved
result is obtained when a 2DOF formulation is used, in which the initial peaks obtained
in the ABAQUS results are also captured.
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Figure 55: Plate to T-stiﬀener maximum connector forces for encastre panel subjected to
triangular pulse with tr /td = 0.5 and F1 /Rel = 2.00 for diﬀerent ratios of td /T (all SDOF)
The plate to stiﬀener reaction forces and moments show good agreement between ABAQUS
and BlastSTAR, particularly the connection moment (CM3). The longitudinal forces
are (CF1) slightly underestimated when using BlastSTAR. In terms of the vertical and
transverse forces (CF2 and CF3), a peak occurs for low values of t d /T in the ABAQUS
analyses. Because the frequency of the plate with respect to the beam is higher than that
of the beam itself, as described before, the peak in the forces corresponding to the plate
to beam component will occur at lower values of t d /T . Results are shown in Fig. 55.
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Figure 56: Beam to T-stiﬀener maximum connector forces for encastre panel subjected to
triangular pulse with tr /td = 0.5 and F1 /Rel = 2.00 for diﬀerent ratios of td /T (all SDOF)
The beam to T-stiﬀener connection forces are shown in Fig. 56. These show good agreement between ABAQUS and BlastSTAR. BlastSTAR shows a slight underestimation of
the forces when compared to ABAQUS. Once again, it can be seen that in the maximum
horizontal forces (CF1 and CF3) a peak occurs at low values of t d /T because the plate to
beam component has a higher frequency than that of the beam itself.

5.3

Design of panel welded connections

The stiﬀened panel contains a number of additional welded joints apart from those at
its perimeter. The results shown give examples of the maximum forces at the various
connections within the blast panel under dynamic conditions for diﬀerent types and levels
of blast loading. The connections considered are as follows:
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1. Plate to beam web
2. Plate to T-stiﬀener
3. T-stiﬀener to beam web
In general, the same principles of design explained in Section 4.5 for the perimeter of the
panels can be used for the internal connections in the panel. However, there are some
special features resulting from the nature of the stiﬀened panel assembly.
Most of the results are shown in terms of maximum connection forces of a given type for
particular loading conditions. Particularly important results were found for the plate to
beam web connection forces along the length of the beam web. For example, Fig. 44 shows
the distribution of the connection forces for diﬀerent load/displacement levels under static
loading. The forces are as follows:
1. CF1 (parallel to the length of the beam)
2. CF2 (parallel to the beam web in the direction of the height of the beam)
3. CF3 (perpendicular to the web of the beam in the plane of the plate)
4. The moment CM1 is about the line connecting the plate to the beam web
In these results it can be seen that all of the forces in the plates show peaks at the positions
corresponding to the T-stiﬀener connections with the CF3 values being the highest values.
In other words, the T-stiﬀeners act as stiﬀ hard spots which attract load whilst the regions
between the stiﬀeners are more ﬂexible and deform to shed load to the stiﬀener positions.
It should be noted that these analyses are elastic analyses and in practice, local yielding
will occur at the peak high stress positions but these will be contained by surrounding
elastic material. In the end, the yielding will spread to cause plastic collapse of the joint
along its full length, but this cannot occur if the plate yields before the welds.
For steel panels, the various connections will inevitably be made by welding. The overall
function of the blast panel is to absorb the energy of an explosion by plastic deformation
of the panel. The previous sections showed how a SDOF method could be used to predict
the level of deformation (in terms of ductility ratio) for diﬀerent simple panels under
diﬀerent levels of explosions. For a real stiﬀened blast panel, the same principles apply,
that the panel is required to absorb energy by plastic deformation in the panel. In welded
joints there is inherently a much shorter gauge length available within the joint itself. If
the welded joint under-matches the strength of the plate, it will reach yield before the
plate and all plastic deformation will occur in the weld. With the short gauge length, the
welded joint will then experience very high plastic strains and fail at relatively low overall
displacement. In order to ensure that the plastic deformation takes place in the plate, the
essential requirement is for the connections to over-match the plate material in strength.
The simplest and most economic form of welded joint is a ﬁllet weld, where the weld
metal is deposited external to the thickness of two members meeting at right angles, as
for the plate to beam web in the present case. In fact the stress conditions in a ﬁllet
weld are extremely complex, but two simpliﬁed approaches are often used. As discussed
in Section 4.5, ﬁllet welds are always designed to determine the weld throat size required
to ensure that the stress on the throat does not exceed the level permitted by a particular
code. For the situation of twin ﬁllet welds of leg length w the total throat thickness is
2 · 0.7w i.e. 1.4w. If the design strength of a ﬁllet weld is given as f w then the force carried
by length L is fw · 1.4w · L. For a plate of thickness t p and design strength fp the force
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carried by a length L is tp · fp · L. If the weld is to be stronger than the plate, then this
leads to a requirement for the leg length:
w>

0.7tp fp
fw

It would be wise to give a safety margin between the strength of the plate and the strength
of the weld and hence the requirement for the weld size might be increased to:
w>

tp f p
fw

It is sensible for this calculation to be checked in other ways. If the resulting ﬁllet weld
sizes turn out to be very large, i.e. greater then say 15 mm, it may be more economic
to consider specifying full penetration butt welds between the plate and the beam web.
However, the costs of the reduced weld volume required have to be oﬀset against the
increased costs of preparation and non destructive testing to ensure that the required
result has been obtained.
The second check is against the requirement to resist the forces found from the dynamic
analysis. This is essentially the same calculation method as carried out in Section 4.5 and
this is most conveniently carried out using the concept of applied and resisting force per
unit length. For the encastre case the contribution of the moments has to be included
as in Section 4.5. In view of the extreme peaks at the positions of stiﬀeners, it would
be permissible to re-distribute these peaks at the yield strength of the weld over a short
distance each side of the peak, provided there is still elastic material present on each side
of the re-distributed peak. It would be sensible to limit the maximum distance of a yield
zone to half the distance between adjacent stiﬀeners.

5.4

Concluding remarks

From this study, the application of an analysis with a single degree of freedom formulation
has been shown to provide good results for the calculation of connection forces in a panel
subjected to blast. It has also identiﬁed weaknesses in that if the behaviour of the panel
cannot be speciﬁed in terms of a single characteristic frequency, the behaviour may not
be accurately captured.
The connections in the panel can be grouped into:
1. Plate to beam web
2. Plate to T-stiﬀener
3. T-stiﬀener to beam web
In order to carry out two degree of freedom analyses the two main frequencies of vibration
were identiﬁed to be:
1. The free vibration of the beam (with no plate attached) with respect to the supports
2. The free vibration of the panel with respect to the beam
In these analyses the plate to beam connection forces have shown to be the ones which
most clearly show the limitations of the SDOF method. These forces are inﬂuenced by
the forces arising from both the vibration of the beam about the support and the plate
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with respect to the beam. Many of the curves obtained from ABAQUS for these forces
show double peaks which indicate the superposition of the two modes.
The forces in the plate to T-stiﬀener connections have shown that through the analyses,
CF1 (force parallel to the length of the beam) and CM3 (moment about the line connecting
the plate to the T-stiﬀener) give good results and do not exhibit much superposition of both
components of vibration. However CF2 (force parallel to the beam web in the direction of
the height of the beam) and CF3 (force perpendicular to the web of the beam in the plane
of the plate) do exhibit superposition of diﬀerent components. Selected analyses with a
two degree of freedom formulation have accurately captured this behaviour.
Similarly as with the forces between the plate and the T-stiﬀeners, the connection forces
between the T-stiﬀener and the I-beam generally show good agreement in value and in
shape between ABAQUS and BlastSTAR for the force parallel to the length of the beam
CF1 and the moment CM2 when using a single degree of freedom formulation. Again,
CF2 (force parallel to the beam web in the direction of the height of the beam) and CF3
(force perpendicular to the web of the beam in the plane of the plate) show behaviour
that diﬀers from the characteristic shape obtained when a SDOF approximation is used.
A two degree of freedom formulation has been used in selected cases which has resulted
in a much improved representation of the behaviour and accuracy of the results when
compared to the results obtained from ABAQUS.

6
6.1

Conclusions and recommendations for future work
Conclusions

Although substantial research programmes have been carried out in the area of structural
response to blast, the wide range of scenarios which are possible has meant there is still
little agreement on how to assess the acceptability of a design for the multiple load cases
to which a structure may be exposed. Among the areas where disagreement occurs are the
analysis of failure conditions, selection of adequate materials and design of connections.
A brief introduction into the nature of blast loading was presented, and diﬀerent types
and sources of explosion were described. Diﬀerent types of explosions give rise to diﬀerent
pulse characteristics in terms of pulse shape, duration and peak pressure.
A simpliﬁed method for the analysis of structural response to blast loading using a single
degree of freedom formulation is presented. This numerical integration procedure, in
which the equation of motion is solved step by step by dividing the time scale into discrete
intervals, is particularly suitable for computer analysis of a SDOF system. It is then
used as the basis for the analysis algorithm of BlastSTAR, which is used extensively in
subsequent sections. The name stands for Simpliﬁed Tool for the Analysis of Response to
blast.
The relevance of pressure-impulse (P-I) curves was explained and an iterative method
for carrying out such analyses was incorporated into BlastSTAR. The algorithm sends
analysis parameters to the BlastSTAR engine, which after solving interprets the results and
modiﬁes the input ﬁle accordingly until convergence is achieved. Similarly, this iteration
algorithm was also used with ABAQUS as its processing engine in a similar manner and
the results were then compared and excellent correspondence was obtained.
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The results obtained from BlastSTAR are compared with a SDOF model created in
ABAQUS and multiple analyses for a number of explosion scenarios including positive
phase triangular pressure pulses of varying duration and rise times as well as triangular
pressure pulses with both positive and negative phase parts are carried out.
Two diﬀerent panel shapes are investigated, an inﬁnitely wide panel spanning in one direction and a square panel spanning in two directions. Three diﬀerent boundary conditions
were applied to the supports on each of these structural models:
• Simply supported - Only vertical movement is restrained
• Encastre - All movement and rotation is restrained
• Encastre on rollers - Vertical movement and rotation restrained
Each of the models was then subjected to triangular load pulses of two overall shapes:
• Sudden rise - Triangular pulse with zero rise time
• Isosceles pulse - Rise time is equal to half the duration of the pulse
The types of boundary conditions used are very signiﬁcant as the resistance vs displacement characteristics of a structure change dramatically depending on the boundaries prescribed. When boundary conditions were prescribed at the supports so that rotation was
restricted such as in the encastre on rollers case, the resistance characteristics of the structure for increasing values of displacement were signiﬁcantly increased as a result of the
increase in bending stiﬀness of the structure. When membrane eﬀects are signiﬁcant such
as when the supports are encastre a point is reached when the resistance increased greatly
as the structure becomes tension dominated. An increase in resistance was associated with
signiﬁcantly smaller displacements and larger reaction forces at the supports.
The resistance-displacements characteristics for the two panel shapes analysed also varied
signiﬁcantly. In the case of the square plate, the resistance increased very substantially
for increasing values of displacement when compared with one-way spanning plate. This
is due to the increase in bending stiﬀness associated with the biaxial bending occurring in
the square panel.
The code of BlastSTAR was then expanded in Section 4 to allow for the calculation of
reaction forces. The input to BlastSTAR could now take in reaction force vs displacement
curves in one, two or three directions as well as reaction moments vs displacement curves
and store them in an array. These could either be inputted as overall forces and/or as
nodal components. BlastSTAR could then run an analysis of an equivalent SDOF system
based on the resistance vs displacement characteristics of the system while keeping track
of the reaction forces and moments associated with the resistance and displacements of a
static FE analysis. The overall as well as nodal reaction forces could then be outputted
against time or as maximum values plotted against diﬀerent ratios of pulse durations.
The analyses were carried out on the two previous plate geometries using three diﬀerent
types of support boundary conditions. A quasi-static analysis was carried out in ABAQUS
for each of the geometries and boundary conditions, with allowance for nonlinear geometry
eﬀects. The relationships for reaction forces versus displacements obtained from these
analyses were extracted to be used as input in subsequent analyses using BlastSTAR.
Each of the models was then analysed using both ABAQUS and BlastSTAR when subjected to multiple triangular load pulses with zero rise time as well as isosceles. The displacements and reaction forces predicted by BlastSTAR were found to be quite accurate
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when compared to the results obtained from ABAQUS. A few limitations were exposed
which arise from the simpliﬁcation of the behaviour when compared to a full scale model,
but if the underlying theory is understood and care is taken, satisfactory results can be
obtained.
One of the most important factors is the use of accurate reaction-displacement functions
for the analyses. This will lead to the results obtained from the SDOF analyses to be
representative of the full scale models, provided these functions do not vary signiﬁcantly
in the dynamic analyses when compared to the static analyses. Some diﬀerences in the
resistance-displacement characteristics in the results obtained from both static and dynamic analyses are to be expected however, such as the rapid increase seen on the full
scale models when a sudden pressure is applied. In this case the resistance eventually
drops oﬀ considerably as displacements increase and the results are still representative.
It must be noted that the shape of the unloading curve is also important and care should
be taken so that a distribution that closely represents the real structure is taken.
A simpliﬁed way of designing the welded connections around the perimeter of the plates
based on the reaction force results obtained from the previous analyses is described. The
basis for this design calculation is to make sure that a weld size is chosen such that the
applied force does not exceed the permissible force that can be applied. The permissible
force per unit length is calculated based on the weld size and permissible stress in the
weld.
Determination of the internal connection forces in a stiﬀened subjected to blast type
loading is fundamental if the connections are to be designed eﬀectively. The code for
BlastSTAR was expanded accordingly in Section 5 so that it would be able to make
dynamic calculations of connection forces based on calculations obtained from static FE.
A typical model of a blast panel was created in order to carry out subsequent FE analyses
and obtain static and dynamic results for the connection forces. The model was an accurate
representation of a real design used in an oﬀshore platform. Connector elements were
placed at the positions at which connection forces were to be obtained. These were:
• Plate to beam web
• Plate to T-stiﬀener
• T-stiﬀener to beam web
A SDOF approximation was found to provide acceptable results for most cases. Although
the displacements and connection forces were represented correctly by BlastSTAR when
using a SDOF approximation, it was considered to be somewhat over-simpliﬁed to provide
accurate results for the more complex behaviour occurring at the connections. In order to
improve the results obtained, BlastSTAR was expanded so that it would also be capable of
carrying out 2DOF calculations. The main two components of movement in the structure
were found to be:
1. The free vibration of the beam (with no plate attached) with respect to the supports
2. The free vibration of the panel with respect to the beam
Having identiﬁed the components, the resistance-displacement relationship for each of
them was obtained and their respective frequencies were calculated.
Multiple analyses were carried out for diﬀerent boundary conditions, pulse shapes and
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maximum pressure values and the maximum connection forces for each connection type
were obtained.
The plate to beam connection forces were the ones in which the SDOF approximation
proved most limited. Double peaks could be observed in many of the curves obtained which
indicated that these forces are inﬂuenced by the two components identiﬁed, namely the
vibration of the plate about the beam and the vibration of the beam about the supports.
In the connection forces between the plate and the T-stiﬀeners, as well as the connections
between the T-stiﬀeners and I-beam, the force acting in the direction the beam spans and
the moments showed good results when using the SDOF method. However results for
the axial force perpendicular to the T-stiﬀener ﬂange and the shear force acting along the
connection between the T-stiﬀeners and the plate were less accurate when using the SDOF
approximation. Selected cases using the 2DOF approximation showed much improved
results.

6.2

Recommendations for future work

Simpliﬁed methods for the analyses of structural response to blast have been shown to
produce good results for the calculations of displacements, support reaction forces and
internal connection forces. Some limitations to the use of a single degree of freedom system
have been exposed such as in the case of the connections for the stiﬀened blast panel. Even
though the SDOF results have shown to provide a reasonable approximation, more than
one component of movement were appreciated from the analysis results. Because of this,
some 2DOF analyses were carried out and the results were shown to provide a closer match
to the results from the MDOF analyses obtained from ABAQUS.
The method should be tested extensively in cases such as this to ensure good correlation is
obtained for the connection forces. For more complex structures, a three degree of freedom
(3DOF) may be more suitable, so allowance should be made for such cases. It is believed
that allowing for more than three degrees of freedom would not be required as the system
would become overcomplicated to use and hence the beneﬁts of simpliﬁcation would not
be so apparent.
The eﬀects of strain rate on material properties are not included in the current method.
Even though the eﬀects of strain rate are not very well understood and it would prove
very hard to code into a SDOF analysis package, it would be worth carrying out analyses
to try and understand how force-displacement relationships are inﬂuenced depending on
strain rate parameters, structure type and rate of loading.
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