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Abstract: This study proposes a blast load model that generates multiple impulse curves with
appropriate shapes depending on the scaled distance and, thus, precisely calculates the blast load
distribution over the structure surface. The suitability of the proposed model is examined by using
the finite element simulation of a blast test with steel plates and comparing the predicted deflections
with the measurements. The results reveal that the proposed model accurately calculates the blast
load distribution over the structure surface. The predicted deflection profiles of the steel plates
are closer to the measured deflection profiles when the proposed model is employed, as compared
to the existing models, which produce only a single impulse curve.
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INTRODUCTION

When the incident pressure generated by the deto-
nation of a high explosive (HE) hits the structure sur-
face, it is reflected and reinforced, thus, producing re-
flected pressure. The reflected blast pressure becomes a
blast load on the structure surface. In previous studies,
the variation of the blast pressure at a point located at
a certain distance in terms of time was referred to as
the pressure–time history [1], pressure–time profile [2],
and pressure history of a blast wave [3]. In this study,
the term “pressure–time history” is adopted.

The time integration of the pressure–time history is
the impulse at a point during a certain period of time.
The impulse changes as the angle of incidence of the
shock wave varies. The change in the impulse over the
structure surface is known as the impulse curve, which
is used to compute the blast load over the structure
surface subjected to an explosion at a certain distance.
Several research groups developed an algebraic formula
of the impulse curve to compute the overall distribution
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of the blast load. Hereafter, the algebraic formula of the
impulse curve is referred to as the blast load model for
convenience.

Randers-Pehrson and Bannister [4] first introduced
the blast load model and applied it to a 3D finite ele-
ment (FE) code. Their model has a cosine function
of the angle of incidence. Here, the angle of incidence
is defined as the angle between the normal of the sur-
face and the vector that points from the surface to
the explosion source. Commercial FE codes, such as
LS-Dyna [5], Abaqus [3], and Autodyn [6] adopted the
blast load model proposed by Randers-Pehrson and
Bannister (RPB model) [4]. The results of blast sim-
ulations using the RPB model were consistent with the
experimental results for some cases [2, 7–10]. For some
other cases, however, a noticeable difference was re-
ported between the FE simulation and experimental re-
sults [11, 12].

Similarly, Dharmasena et al. [13] suggested a blast
load model with a tangent function of the angle of inci-
dence. They implemented their model in the Abaqus
user subroutine to examine the dynamic response of
square honeycomb core sandwich panels and solid plates
manufactured from a super-austenite stainless steel al-
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loy, and compared the FE simulation results with the
experimental observations. However, only the center
deflection (but not the entire deflection profiles) of the
test panels was compared with the experimental data.
Consequently, the accuracy of the simulation could not
be evaluated adequately.

The US protective construction manual TM 5-
1300 [1] states that the shape of an impulse curve may
change for different values of the scaled distance. How-
ever, the two models (RPB model [4] and Dharmasena
model [13]) produce only a single impulse curve with a
fixed shape regardless of the change in the scaled dis-
tance z, which is defined as the ratio of the standoff dis-
tance (r) to the cube root of the net explosive weight (w)

(z = r/w
1/3

[m/kg1/3]). Therefore, the blast load on the
structure surface calculated by the two models might be
significantly larger or smaller than the real blast load.

In this study, we propose a model that produces
multiple impulse curves with appropriate shapes such
that the distribution of the blast load over a struc-
ture surface can be calculated more accurately. The
proposed model introduces a weighting function to the
Dharmasena model [13]. The weighting function is ex-
pressed in an exponential form, which provides a contin-
ually decaying locus after reaching the maximum value.
Thus, the weighting function regulates the shape of the
impulse curve according to the scaled distance and mul-
tiple impulse curves are simultaneously generated.

In order to verify the usefulness of the pro-
posed model, FE analyses were carried out using the
Abaqus/Explicit code. The blast load distribution was
computed by using a user subroutine VDLOAD wherein
the proposed model and the polynomials proposed by
Kingery and Bulmash [14] that calculate the pressure–
time history were implemented. The FE simulation of
quadrangular stiffened steel plates subjected to a blast
was carried out, and the predicted deflection profiles of
the plates were compared with the measured deflection
profiles.

1. THEORETICAL BACKGROUND

1.1. Pressure–Time History
and Reflected Impulse

The record of the blast pressure changes over time
at the standoff point is called the pressure–time history
(Fig. 1). Friedlander [15] suggested an idealized form of
the pressure–time history and expressed it mathemati-
cally as

p(t) = patm + ppeak

[
1− t

td

]
exp

(
− bt

td

)
, (1)

Fig. 1. Incident (pi) and reflected (pr) pressure–time
history of an ideal blast wave; in domains indicated
by I , the area is equal to the impulse.

where patm is the atmospheric pressure, ppeak is the
peak (blast) pressure, td is the duration time of pres-
sure, b is the pressure decay coefficient, and t is the
time elapsed since the arrival of the blast wave. These
blast parameters (ppeak, td, and b) corresponding to the
scaled distance can be easily determined by using the
Kingery–Bulmash polynomials [14]. After the pressure
reaches the peak value, it decreases to the value of the
atmospheric pressure at an exponential rate and further
becomes smaller than the atmospheric pressure. The
Kingery–Bulmash polynomials [14] were automated in
a computer code called CONWEP, which is an algo-
rithm that provides the blast parameters and calculates
the pressure–time history with the input values of the
explosive weight and standoff distance [16].

When the incident (blast) pressure hits a solid sur-
face, it is reflected and reinforced, thus, producing the
reflected pressure (see Fig. 1). The reflected pressure
increases to a value 2–12 times greater than the inci-
dent pressure [1]. As the blast load is a dynamic load,
the time must be considered when calculating the load.
Thus, the blast load created on the structure surface
owing to the reflected pressure is equal to the reflected
impulse, which is calculated by the time integration of
the reflected pressure–time history pr:

Ir =

t∫
0

pr(t)dt, (2)

(Ir is the reflected impulse).
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Fig. 2. Definition of the angle of incidence between
the explosion point and the structure surface.

1.2. Existing Blast Load Models

The blast load, i.e., the reflected impulse over the
structure surface, is not uniform owing to the charac-
teristics of spherical propagation of the blast pressure.
Randers-Pehrson and Bannister [4] described the dis-
tribution of the reflected impulse at arbitrary points of
the structure surface subjected to an explosion by in-
troducing a cosine function as

Icr(θ) = Ir cos
2 θ + Ii(1 + cos2 θ − 2 cos θ), (3)

where Ir is the perpendicular (θ = 0) reflected impulse,
Ii is the perpendicular (θ = 0) incident impulse, and
θ is the angle of incidence. Figure 2 shows the defi-
nition of the angle of incidence between the normal of
the structure surface and the vector that points from
an arbitrary point on the surface of the structure to the
explosion point. Hereafter, a blast load model is simply
referred to as the model for the sake of convenience.

In the range of small scaled distances (0.05 � z �
0.3), the reflected pressure is 10 – 12 times greater than
the incident pressure [1]. For this reason, Dharmasena
et al. [13] ignored the perpendicular incident impulse
and only considered the perpendicular reflected impulse
to calculate Icr(θ):

Icr(θ) = Ir exp(− tan2 θ). (4)

Hereafter, the reflected impulse is simply referred to as
the impulse for the sake of convenience.

In order to better understand the characteristics of
the model, we utilized the ratio Icr/Ir. In this study,
the graph of this ratio against the angle of incidence
is referred to as a normalized impulse curve. Figure 3
shows the shapes of the normalized impulse curves gen-
erated from the two existing models (RPB model [4]
and Dharmasena model [13]). A decrement of the nor-
malized impulse with an increase in the angle of inci-
dence indicates that the amount of the load at a remote

Fig. 3. Normalized impulse curves versus the angle
of incidence: curve 1 shows the results predicted by
the RPB model [4] for Icr(θ)/Ir = cos2 θ+(Ii/Ir)(1+
cos2 θ − 2 cos θ) and Ii = 0.1Ir; curve 2 shows the
results predicted by the Dharmasena model [13] for
Icr(θ)/Ir = exp(− tan2 θ).

point θ �= 0 from the middle point θ = 0 is reduced as
the angle of incidence increases. Hence, the normalized
impulse curve can be understood as a distributed load
acting on the structure surface.

The previous models (RPB model and Dharmasena
model) produce single normalized impulse curves of
fixed shapes regardless of the change in the scaled dis-
tance z as expressed in Eqs. (3) and (4), where z is
absent. This indicates that the RPB and Dharmasena
models may overestimate or underestimate the amount
of the blast load on the structure surface if the scaled
distance varies.

1.3. Proposed Blast Load Model

This study proposes a model that can produce mul-
tiple normalized impulse curves. Accordingly, a weight-
ing function β(z) is introduced to the Dharmasena
model [13] such that the shapes of the normalized im-
pulse curves vary if the scaled distance z changes. The
proposed model is expressed as follows:

Icr(θ, z) = Ir exp(−β(z) tan2 θ). (5)

The weighting function is expressed in an exponential
form, which provides a continually decaying locus after
reaching the maximum value:

β = a[1 + b(z − c)] exp(−b(z − c)) + d. (6)

The coefficients a, b, and c in Eq. (6) are determined by
performing FE simulations of the stainless steel plate
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Fig. 4. Normalized impulse curves generated by
the existing blast load models and by the proposed
model.

blast test [13]. The value of d was chosen to be 20% of
the limiting value of β.

Figure 4 shows two single normalized impulse
curves generated by the existing blast load models [4,
13] and the multiple normalized impulse curves gener-
ated by the proposed model. As β = 1, as assumed in
the existing models [4, 13], only a single normalized im-
pulse curve is produced by each model. If β varies, the
value of the exponent in Eq. (5) changes; subsequently,
the shape of the normalized impulse curve is altered ac-
cordingly. Different values of β demonstrate that the
net explosive weight changes for a fixed standoff dis-
tance and vice versa.

2. EXPERIMENT

In order to determine the coefficients of the weight-
ing function in Eq. (6) and to validate the applicability
of the proposed model, full-scale blast tests should be
carried out. However, performing full-scale explosive
tests is very expensive. Hence, the test results reported
in previous studies [13, 17] were used instead.

2.1. Deformation of a Stainless
Steel Plate Subjected to a Blast Load

Dharmasena et al. [13] carried out blast tests with
square honeycomb core sandwich panels and solid test
plates manufactured from high-ductility stainless steel
[49Fe24Ni21Cr6Mo (wt.%)]. In this study, only the test
results with solid test plates were used. Figure 5 shows

Fig. 5. Schematic of the blast tests [13] (the test
plate thickness is 12.7 mm): (a) schematic; (b) cross-
sectional view.

Fig. 6. Schematic of the blast tests [17] (the test
plate thickness is 1.6 mm).

the schematic of the test. Explosives containing 1, 2,
and 3 kg of TNT were placed at a distance of 100 mm
from the plate center. The thickness of the solid test
plates was 12.7 mm, and their length and width were
610 mm. The solid test plates were clamped between
support fixtures, and spacers were placed between the
solid test plate and the support fixtures.

2.2. Deformation of a Quadrangular
Stiffened Plate Subjected to a Blast Load

Yuen and Nurick [17] performed blast experiments
using square mild steel plates with quadrangular stiff-
eners attached (Fig. 6). The thickness of the test plates
was 1.6 mm, and their length and width were 226 mm.
The test plates were clamped between two support fix-
tures, and the area exposed to the blast was 126 ×
126 mm. The PE4 plastic-bonded explosive (20.5 g) was
shaped into a rectangular annulus (rectangular ring)
and placed at a distance of 12 mm from the test plates.
The stiffener configurations were flat (unstiffened), sin-
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gle stiffener, double stiffener, cross-stiffener, and dou-
ble cross-stiffener. The test results [17] were used to
validate the applicability of the model proposed in this
study. The unstiffened and double stiffened configura-
tions were employed for the FE simulations.

3. TRANSIENT FINITE ELEMENT
SIMULATION

Figure 7 shows the flow chart of the user subrou-
tine VDLOAD used in this study to calculate the im-
pulse values to be assigned to each node on the structure
surface subjected to an explosion.

3.1. FE Simulation
of the Dharmasena Test [13]

The blast source is kept at a standoff distance of
100 mm from the top surface of the plate (see Fig. 5).
The explosive weight (1, 2, or 3 kg) given in the test
setup was used as an input parameter. The correspond-
ing scaled distances were found to be z = 0.1, 0.079, and
0.069 m/kg1/3, respectively.

Only one-quarter of the plate was modeled with the
center positioned at the origin of theX–Y plane, assum-
ing the symmetry of the solution. All degrees of free-
dom (DOFs), including the rotational DOF, were fixed
at the face boundaries X = L1 and Y = L1, where L1 =
305 mm. The X and Y symmetry boundary conditions
were applied at the faces X = 0 and Y = 0, respectively
(Fig. 5). The solid plate was discretized using C3D8R
elements with five layers of elements across the plate.
A total of 120 × 120 × 5 elements were used.

The Johnson–Cook model [18] was used to sim-
ulate the elastic-plastic behavior of the stainless steel
plate with the following coefficients and constants: A =
400 MPa, B = 1500 MPa, C = 0.045, n = 0.4, m = 1.2,
and ε̇0 = 0.001 s−1. The transition temperature was
293 K, and the melting temperature was 1800 K. The
mechanical properties of the stainless steel plate were
Young’s modulus E = 1.61 · 105 MPa, Poisson’s ratio
ν = 0.35, and density ρ = 7850 kg/m3 [19].

3.2. FE Simulation of the Yuen and Nurick Test [17]

In the Yuen and Nurick test setting [17], contrary
to the Dharmasena test setting [13], 20.5 g of a plastic-
bonded explosive (PE4), not TNT, was used. Further-
more, PE4 was shaped into two concentric rectangular
annuli (see Fig. 6) and was positioned very close to the
test plate (12 mm between the explosive and the test
plate) so that a uniform blast load could be applied to
the test plate. However, the blast load models [Eqs. (3)–

Fig. 7. Flow chart of the user subroutine VDLOAD
used in this study.

(5)] assume that the blast load is produced by detona-
tion of a point charge; hence, the equivalent standoff
distance for the charge shaped as a rectangular annulus
had to be calculated. The TNT equivalence of 20.5 g
PE4 was determined first, based on the results of [20];
it turned out to be greater by a factor of 1.37.

In the Yuen and Nurick test [17], the measured
impulse values were 31 and 37 N · s for the unstiffened
plate and double stiffened plate, respectively. Substi-
tuting the measured impulse values and the calculated
equivalent weight of TNT into the Kingery–Bulmash
polynomials [14] yielded the scaled distances z = 0.207
and 0.187 m/kg1/3. The equivalent standoff distances
re = 62.8 and 56.8 mm were then calculated using the
scaling law z = re/w

1/3.
Half of the square mild steel plate with quadrangu-

lar stiffeners attached was modeled with the plate center
positioned at the origin of the X–Y plane. The plate
with the quadrangular stiffeners was modeled by contin-
uum C3D8R elements with five layers of elements across
the plate. A total of 100 × 100 × 5 elements were used.
All DOFs, including the rotational DOF, were fixed at
the face boundary X = L2, where L2 = 63 mm. The
Y -symmetry boundary conditions were applied at the
Y = 0 face.

In the Yuen and Nurick test [17], the material de-
formation behavior was assumed to be rigid and vis-
coplastic. Hence, the Cowper–Symonds model [21] was
used in this study to describe the deformation behav-
ior of the mild steel plate at a given strain rate with
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Mesh Convergence in the Dharmasena Test [13]
and the Yuen and Nurick Test [17]

Number of
elements

Maximum
residual

deflection, mm
CPU time, s

Dharmasena test [13]

100 × 100 × 5 32.7 3892

120 × 120 × 5 33.5 5628

150 × 150 × 5 34.4 9971

200 × 200 × 5 34.2 23 386

Yuen and Nurick test [17]

60 × 60 × 5 22.8 2481

80 × 80 × 5 23.4 4771

100 × 100 × 5 23.5 6451

150 × 100 × 5 23.7 18 146

the following coefficients and constants: σy = 242 MPa,
ε̇0 = 40 s−1, and η = 5. The mechanical properties of
the mild steel plate were as follows: E = 210 GPa, ν =
0.33, and ρ = 7769 kg/m3.

For two FE simulations explained above, the mesh
sensitivity was examined through a mesh convergence
check. In order to find an adequate size of the mesh
that yields an accurate result with acceptable compu-
tational cost, four different element sizes were compared
for each FE model. The table shows the calculated max-
imum residual deflections of the test plate center and
the CPU times required for different mesh configura-
tions, respectively.

4. RESULTS AND DISCUSSION

4.1. Determination of the Coefficients
in the Weighting Function

Figure 8 shows the computed and measured de-
flection profiles of the test plate in the Dharmasena
test along a path from the center (point A) to the
end (point B) of the test plate. The deflections at the
point B predicted by FE simulation are perfectly zero.
However, the measured deflections at the point B are
not perfectly zero because the end of the test plate was
clamped with bolts that are deformable during the test.

Figure 8a shows the measured and predicted deflec-
tion profiles for the HE weight of 1 kg (z = 0.1 m/kg1/3).
For β = 0.9, the predicted deflection profile is in close
agreement with the experiments. The RPB model [4]
greatly overestimates the deflection near the test plate

Fig. 8. Deflection (f) versus the distance (r) from
the center to the end of the test plate subjected to
an explosion of a TNT charge with a weight of 1 (a),
2 (b), and 3 kg (c).
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Fig. 9. Weighting function versus the scaled dis-
tance: curve 1 shows the results predicted by the
Dharmasena model [13], Icr(θ) = Ir exp(−1 · tan2 θ);
curve 2 shows the results predicted by the pro-
posed model, Icr(θ, z) = Ir exp(−β(z) tan2 θ) and
β = a[1 + b(z − c)] exp(−b(z − c)) + d.

center (point A), which indicates that the rate of the
decrease of the normalized impulse curve generated by
the RPB model is too slow as the angle of incidence θ in-
creases (see Fig. 4). Meanwhile, the Dharmasena model
[13] underestimates the deflection behavior because the
normalized impulse curve generated by the Dharmasena
model decreases rapidly beginning from θ ≈ 40◦ as
shown in Fig. 4.

In Fig. 8b, the measured and predicted deflection
profiles are presented for the HE weight of 2 kg (z =
0.079 m/kg1/3). In this case, the Dharmasena model
[13] considerably underestimates the deflection, whereas
the RPB model [4] appreciably overestimates both the
experimental deflection profile and that in Fig. 8a.
A possible reason is the behavior of the normalized im-
pulse curves generated by these model, as was noted
above (see Fig. 4). The deflection profile computed
by the proposed model (β = 0.85) is in good agree-
ment with the measured deflection. With the proposed
model, the underestimation and overestimation of the
deflection are less pronounced than those ensured by
the Dharmasena and RPB models. This is because the
normalized impulse curve, i.e., the blast load, was com-
puted appropriately by the proposed model.

Figure 8c shows the measured and predicted de-
flection profiles for the HE weight of 3 kg (z =
0.069 m/kg1/3). While the RPB model [4] underes-

Fig. 10. FE analysis of the Dharmasena test [13]:
maximum mid-point transient deflection as a func-
tion of time; the stainless steel plate thickness is
12.7 mm, the TNT charge weight is 3 kg, and the
standoff distance is 100 mm.

timates the deflection, the Dharmasena model under-
estimates the deflection behavior even more seriously.
The proposed model (β = 0.45) is in close agreement
with the experimental result. This is because the nor-
malized impulse curves generated by the Dharmasena
model [13] model and RPB model [4] drop consider-
ably more rapidly than that generated by the model
proposed in the present study. This means that the ex-
isting models are not able to capture the change in the
impulse curve due to the variation of the scaled distance.

Thus, β = 0.9, 0.85, and 0.45 corresponding to the
scaled distances z = 0.1, 0.079, and 0.069 m/kg1/3 were
determined. Figure 9 shows the weighting function in
terms of the scaled distance β(z) based on these results;
β was assumed to decrease exponentially after reaching
the maximum value.

The weighting function [Eq. (6)] was determined as

β = 0.75[1 + 41.3(z − 0.090)]

× exp[−41.3(z − 0.090)] + 0.20. (7)

The value of 0.20 is 20% of the limiting value of β.

4.2. Dynamic Response
of the Stainless Steel Plate

Figure 10 shows the unsteady process in which a
12.7-mm thick stainless steel plate is deformed. Varia-
tions of the maximum mid-point deflection of the plates
as a function of time are illustrated.
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Fig. 11. Comparison of the simulated and experi-
mental results for the deflection of the unstiffened
test plate subjected to an explosion of a PE4 charge
(20.5 g).

Fig. 12. Comparison of the simulated and experi-
mental results for the deflection of the double stiff-
ened test plate subjected to an explosion of a PE4
charge (20.5 g).

The plastic deflection response is dominant because
the steel plate is subjected to an explosion of a 3-kg
TNT charge from a standoff distance of 100 mm. Hence,
the difference between the maximum mid-point deflec-
tion and the residual mid-point deflection, i.e., spring-
back, is approximately 10 mm. The deflection reaches

its maximum transient magnitude at 1.6 ms, and then
transient defection is stabilized to the residual magni-
tude at about 3 ms. Oscillations at the early stage are
not large. This is because the plate is deformed by a
relatively large explosive power from a relatively short
standoff distance.

4.3. Verification of the Proposed Model

We performed FE simulations of the Yuen and
Nurick blast test [17] to verify the model proposed
in this study. The test conditions of the Yuen and
Nurick test were exactly reflected in the FE simula-
tions. The blast load was generated by the user sub-
routine VDLOAD, in which the proposed model was
implemented.

Figure 11 shows the measured and predicted deflec-
tion profiles along a path from the boundary (point C)
to the center (pointD) of the unstiffened plate, i.e., with
no stiffener attached to the test plate. The scaled dis-
tance is z = 0.207 m/kg1/3. Compared to the deflection
profiles produced by the other models, the deflection
obtained by the proposed model is in very good agree-
ment with the measurements from about 45 mm (cor-
responding to θ = 55◦) to ≈80 mm (θ = 40◦). Regard-
ing the maximum differences, the Dharmasena model
[13] underestimates the deflection by 37%, and the de-
flection value predicted by the RPB model [4] is even
smaller. The maximum difference is −49.1 %. However,
the maximum difference diminishes to −14.4% when the
proposed model is implemented. Even though the dou-
ble stiffened test plate has a slightly different test plate
configuration compared to the unstiffened plate, the
proposed model still yields reasonable results. There-
fore, it is deduced that the proposed model can be ap-
plied to the blast FE analyses of a plate reinforced with
stiffeners that have different cross sections and different
arrangements. However, there is an application limit
because the proposed model cannot be applied if the
plate has a curved surface. The proposed model can be
applied only if the plate surface is flat. Nevertheless,
the stiffeners can be attached behind the flat surface
over which the blast load is applied.

Figure 12 shows the measured and predicted de-
flection profiles of a double stiffened test plate in which
two stiffeners are attached. The scaled distance is
0.187 m/kg1/3. Compared to the deflection profiles pro-
duced by the other models, the deflection profile pre-
dicted by the proposed model shows a fairly close ac-
cordance with the measurements from about 45 mm
(θ = 50◦) to ≈80 mm (θ = 35◦). In order to quantify
the usefulness of the proposed model, the maximum dif-
ferences between the measurements and predictions are
evaluated at the plate center (point D). The Dhar-
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masena model [13] significantly underestimates the de-
flection by 35.6%. The underestimation of the deflec-
tion by the RPB model [4] is even more serious (49.6%).
However, the maximum difference is reduced to 14.3%
when the proposed model is implemented. Therefore,
the proposed model seems to produce relatively accu-
rate results because the suitable normalized impulse
curve is obtained according to the scaled distance z,
and the amount of the blast load is thus calculated cor-
rectly. This result shows that the proposed model can
be used within a scaled distance range from 0.069 to
0.207 m/kg1/3.

CONCLUSIONS

In this study, we proposed a model that pro-
duces multiple normalized impulse curves of appropriate
shapes by introducing a weighting function to the Dhar-
masena model [13]. The applicability of the proposed
model was validated by performing FE simulations of
the dynamic response (deflection) of quadrangular stiff-
ened steel plates subjected to a blast load and by com-
paring the predicted deflection behavior with the exper-
imental results. The conclusions can be formulated as
follows.

1. The proposed model can precisely compute the
blast load distribution over the surface of a structure
even when the scaled distance changes. The predictive
ability of the dynamic response of quadrangular stiff-
ened steel plates increased approximately by 35% when
the proposed model was used.

2. Therefore, the proposed model can be useful for
blast FE simulations with any type of the steel plate
configuration if the scaled distance is within the range
of 0.069–0.207 m/kg1/3 and the surface of the steel plate
is flat.

3) The applicability of the proposed model can be
extended if more explosion test data are acquired in the
future studies.
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