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ABSTRACT

Steel hollow section (SHS) tubular members have been widely used in the construction,
infrastructure, onshore, offshore, mining, protective and security industries. Thus, strengthening
of steel hollow tubular members is required to safely carry the dynamic loads to increase the
security demands when the accidents, intentional impact, or explosive events occurred. In this
paper, a finite element analysis tool, LS-DYNA is utilized to study the behaviors of (SHS) beam
under a uniform transverse blast load. The explosive loads were sufficient in magnitude to cause
plastic deformation of the cross-section (local deformation) and plastic flexural deformation of
the overall member (global deformation). Different parameters were studied to investigate the
effects of beam depth (H), beam width (B), support condition and axial load on the failure mode.
The obtained displacement-time history from each simulation was recorded and compared. A
numerical method for deriving pressure—impulse (P-I) diagrams for (SHS) beam, which
subjected to transient loads are described in this paper, which can be applied in the preliminary
design of protective structures to establish safe response limits based on the given blast-loading.
The proposed model of (P-I) diagrams exhibited a good accuracy in predicting the pressure—
impulse diagram to design the (SHS) beam under the extreme loads.
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1. INTRODUCTION have been also conducted. For examples,
) ) ) experimental Investigations of impulsively

Due to the increasing threat of terrorist loaded steel hollow beams are performed by
attacks over the world in recent years, much Wegener and Martin  [3] on simply
research has been conducted to protect the supported beams, and more recent study by
casualties from blast loads [l]_. T_o ensure the established. Regarding to these studies, it
safety of these structures, it is important to was shown that significant local cross-
design them for levels of strength and section distortions occur in conjunction with
particularly advantageous because it has and steel concrete filled sections was
good torsional characteristics. The responses conducted by Bambach et al. [5]. In
can inclgde unacceptably large permanent have been studied by Bambach [6]. An
deformations and even total failure [2]. extensive experimental program on the blast
Therefore, it is should be emphasized that impact of clamped hollow beams that has
structures under blast load pays the attention and the major results from this study were
of the researchers to understand it. published by Jama et al. [8]. Moreover, to

the experimental studies that have been
reported in [5-8], a semi-empirical analysis
provided bounded solutions for the observed
transverse plastic deformation of hollow
members based on the assumption that the
local collapse of the beam section and the
global bending of the beam develop
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There have been many experimental
studied to investigate the steel hollow beams
that is subjected to transverse blast loading
or impact loading (e.g. vehicular impact,
ship impact), in addition, analytical studies
of impulsively loaded steel hollow beams
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sequentially. Furthermore, an analytical two-
phase model was developed by Karagiozova
[2] to describe the deformation process of a
hollow square section beam subjected to
impulsive loading; the proposed model can
describe the temporal variation of the local
and global deformations when the strain rate
effects are taken into account during both
the phases of deformation, reasonable
agreement is obtained in comparison with
the experimental data published in the
literature [7, 8]. Remennikov and Uy [9]
also proposed simplified engineering-level
models for the near-filed blast impulse to
predict the response of structural members
to a near-field blast impulse and they
presented the experimental results of
explosive tests conducted on hollow and
concrete filled tubular columns, the
comparison of the analytically predicted
dynamic response parameters of the
concrete-filled steel tubular members with
the experimental data shows very good
agreement with the predicted failure
mechanism and level of damage of the
structural element.

Numerical simulation has been widely
adopted as an effective way to study the
behavior of structural members under
different loading conditions since the
laboratory tests are often costly and time-
consuming. One of the methods for the
numerical simulation is Explicit Finite-
Element (FE) analysis, which is most
typically used for the blast response of
structural members. The famous software
that is available for the blast simulation
includes: ABAQUS [10], ANSYS [11],
AUTODYN [12] and LS-DYNA [13]. The
study of Karagiozova [14] used ABAQUS
software to study the behavior of circular
hollow section beam, which subjected to
blast. In that study, a reasonable agreement
is observed for the characteristic
displacements and deformed section shape
compared to the experimental study. Alam
[15] employed ABAQUS to study the
behavior and the failure of carbon fiber
reinforced polymer (CFRP) that strengthen
square hollow section (SHS) steel columns
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under transverse impact loading, in this
study confirms that the externally bonded
CFRP composites are effective in enhancing
impact resistance capacity of existing SHS
steel columns. Jama [16] used LS-DYNA to
study the temporal development of the local
and global responses for square hollow steel
beams subjected to a uniform transverse
blast load; it was observed that the local
cross-section deformation of the SHS beams
is complete before any significant global
beam bending deformation begins. Ritchie
[17] used the experimental results from blast
testing of cold-formed steel rectangular
hollow sections (RHS) to validate explicit
LS-DYNA  numerical models,  the
comparison between the finite element
results and the experimental results of the
specimens showed good agreement between
them.

As a conclusion from the previous
discussion, LS-DYNA is the best software
that can be used to simulate the behavior of
the steel structure under the blast load and
this refers to the acceptable expected results
compared to the experimental tests and the
facility of defining the loads and materials.

To design the SHS beams under the blast
loads, a diagram should be investigated call
pressure-impulse  diagram  (P-1).  This
considers one of the simplest methods for
describing the structure’s response under the
applied explosive load [18, 19]. Therefore,
Investigating this diagram can help the
designers and researchers to obtain a safely
design of the examined element. This
diagram will be described in the next section
to knowing how it can be investigated.

This paper presents a numerical method
to evaluate the damage caused by blast
loading in a steel hollow section (SHS)
beam. High-fidelity physics-based finite
element tool, LS-DYNA, is utilized in the
current study to numerically simulate the
dynamic response of (SHS) beam subjected
to blast loads. Parametric studies are carried
out to investigate the effects of cross-section
dimension, support condition and axial load
on the behavior of (SHS) strengthened



beams subjected to transverse blast loading.
Pressure-impulse diagrams are derived from
numerically. Finally, analytical formulae are
developed, which can be used to predict the
pressure-impulse diagrams of (SHS) beam.

2. Pressure-impulse diagram

A Pressure-Impulse diagram is an iso-
damage curve (i.e. each combination of
pressure and impulse produces the same
damage level in a structural element loaded
with a particular blast loading history) that
represents a specific structural damage level
for each combination of pressure and
impulse that falls on the curve. [Figure-1]
shows the primary features that define a
Pressure-Impulse diagram. As observed,
each Pressure-Impulse diagram has two
asymptotes:  impulsive asymptote and
pressure  asymptote.  The  impulsive
asymptote is associated with the loads with
very short duration relative to the structure’s
natural frequency. It represents the
minimum impulse required to reach a
particular level of damage. In the impulsive
region, the structure response is sensitive
only to the associated impulse and not to the
peak pressure. On the other hand, pressure
asymptote is associated with the loading that
its duration is longer than the natural
frequency of the structure, thus, it subjects
the structure to quasi-static loading. In the
quasi-static region of a Pressure-Impulse
diagram, the structure’s response becomes

insensitive to impulse, however very
sensitive to peak pressure. Hence, the
horizontal — asymptote  represents  the

minimum required level of peak pressure to
reach that particular damage level. The
transition regime connecting the impulsive
asymptote to the quasi-static asymptote is
termed as the dynamic regime. In this
regime, the structural response depends on
both pressure and impulse. The load
duration is the same order of magnitude as
the structural natural period.

As observed in [Figure-1], the pressure
impulse curve itself divides the Pressure
Impulse space into two regions: the region
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above and to the right of the curve where the
damage level of the structure component is
exceeded, and that below and to the left
where the level is lower. The pressure
impulse diagrams usually contain a group of
pressure impulse curves with different
degrees of damage. These curves divide the
Pressure-Impulse space into several regions,
each corresponding to a particular level of
damage, and the curves represent the
boundaries between different damage levels
such as low-, medium-, and high-damage.
Since the Second World War, P-I diagrams
have been widely accepted to predict the
structural damage induced by impact-driven
loadings such as blast loads [20-27].

Impulsive

Impulsive Loading Region

Asymptote

=l

Dynamic

Pressure

i .
AT Loading Region
Quasi-Static
Loading Region

=
ez
' X

‘ Pressure Asymptote

Impulse

Fig. 1. Atypical pressure-impulse diagram.
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Fig. 1. Details of the steel tubular beam.

3. EXPLICIT FINITE-ELEMENT
MODELING

LS-DYNA (version971) is a popular
explicit FE analysis program that is used in
the protective design industry. LS-DYNA
incorporates several features, such as
ConWep blast loading and strain-rate-
dependent material properties, that are
beneficial for protective design. In this
paper, the commercial software package LS-
DYNA was used to investigate the behaviors
of steel hollow section beams under blast
loading.

3.1. Geometric and element properties

A steel beam with a square section is
numerically modeled, and the detailed
configuration of the beam is illustrated in
[Figure-2a] rigid plate at each end of the
steel beam was included. The simulated
beam in [Figure-2b], it was modeled with a
finite element mesh consisting of 14,929
nodes and 7620 eight-node solid hexahedron
fully integrated elements with nodal
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rotations (ELFORM = 3) wusing the
ELEMENT_SOLID input card. The size of
a solid element is Y1 x Y1 mm at corner and
20.61 x Y1 mm at flat for beam cross section
and 30 mm for beam span. Selection of this
mesh size was after the convergence study
to give careful results with reasonable run
times.

3.2. Strain rate effect

When the steel tubular structures are
subjected to blast loads, the steel may
respond at very high strain rates in the order
of 10~1000 s™ or even higher. At these high
strain rates, the apparent strength of these
materials can increase significantly, by more
than 50 percent. Therefore, the strain rate
effect for steel needs is considered for a
reliable simulation of structural response to
blast loads. The effect of strain rate on the
SHS is typically represented by a parameter,
namely the dynamic increase factor (DIF). It
IS a ratio of the dynamic-to-static strength
versus strain rate. Two constitutive
equations for the strain-rate— sensitive
behavior were used to plot the preceding
DIF time histories. The first model was
taken from Malvar [28] who proposed the
following equation based on the results of
dynamic tensile tests performed on steel
rebar:

a

&
= 1
DIF ( T 0_4) (1)
a
= 0.074 . @)
_ Iy
0.040 =~

Where ¢ is the strain rate in s and f, is the
steel yield strength in MPa.

The model in Eg. (3) was based on the
proposed model in the study of Cowper and
Symonds [29]:

NL

DIF =1+ (E) 3)
Where C and q =constants for a particular
material. These constants were taken for

steel as C =40 and q =5.



3.3. Material models

The steel material was modeled using the
MATO03 PLASTIC_  KINEMATIC input
card in LS-DYNA. In addition, the effect of
the strain rate was taken into account by
using the Cowpere-Symonds model to scale
up the vyield stress by the strain rate-
dependent factor as in Eg. (3). The
parameters of this material model are shown
in [Table-1].

Table 1. Material properties of steel tube.

Para Den You Poi Yi Tan Fra C q
mete sity ng’s sso eld gent ctur
r (of mod n st mod e

mm?3 ulus rati ess ulus strai

) (MP o (M (MP n

a) Pa @)
)

Valu 0,00 200 ,3 39 100 2% 4 5
e 785 000 25 0 0

3.4. Boundary condition and load

Boundary constraints are applied on the
surfaces of the rigid plate, the beam was
modeled as pinned at one end and roller
supported at the other end. All the nodes
located on tow the horizontal centerlines of
the external surface of one end plate were
constrained, therefore all translations and
rotations were prevented (ox = oy = 6z =0,
¢y = 6z = 0) with the exception of rotation
around the x-axis (hinge end). Similarly, all
the nodes located on the other horizontal
centerlines of the external surface of the
other end plate (ox = 6y =0, &y = 6z = 0)
were constrained. Thus, all translations and
rotations were prevented, with the exception
of translation in the z-direction and rotation
around the x-axis (roller end), see [Figure-
3]. Blast loads applied on structures are
usually identified by two parameters: peak
pressure and positive impulse. The idealized
triangular-shape pressure-time history was
used to simulate the blast loading in the
analysis, as shown in [Figure-4]. In addition,
the blast load was uniformly distributed on
the top of the beam. The blast pressure was
defined using LS-DYNA input card
DEFINE_CURVE.
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Fig. 2. Boundary conditions on external surface of
the end plate.

Blast A
Pressure
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0.2 ms ”l':ime

Fig. 3. Load time shape.

4. VALIDATION OF THE
NUMERICAL MODEL

A numerical analysis of a full-scale
wide-flange steel beam of W150x 24
section under blast loads was performed and
its results were compared with the test
results reported by Nassr [30]. A total of 24
steel specimens were tested, with a span
length of 2413 mm (95 in.). In addition, the
geometry of the specimens is shown in
[Figure-5]. Each specimen was subjected to
one of the four blast shots generated by
different combinations of stand-off distance
and charge weight and each shot involved
the testing of six specimens, which included
three beams and three columns.  For
convenience, the specimens were tested in
the vertical position and simply supported. It
is worth noting that, all the steel specimens



were pinned at the top and roller supported
at the bottom. Moreover, each member had a
24.5-mm-thick (1 in.) steel plate welded to
its end. [Figures-6 (a, b)] showed the front
and side views of the test setup. Only the
one beam from the experiment is analyzed
herein with about 50kg of ammonium
nitrate/fuel oil (ANFO) at a standoff
distance of 10.30 m was used to generate the
blast environment.

} [=2413

(@)

Fig. 4. (a) Typical test specimens and (b) cross-
sections of the test specimens.

The numerical simulations of the wide-
flange steel beam subjected to blast load are
carried out in the nonlinear explicit solver,
LS-DYNA. The LS-DYNA finite element
model of specimen is shown in [Figure-7].
Material model PLASTIC _KINEMATIC
(MAT_003) is used to model the steel beam.
It is an elastic—plastic material behavior
model with strain rate effect. In this material
model, the required input material properties
included the steel yield stress, density,
fracture strain, and Poisson’s ratio, which
were considered as 470 MPa, 7850 kg/m3,

0.20, and 0.30, respectively. The blast
pressure was defined using
DEFINE_CURVE input  card and

subsequently applied to the surface of the
flange facing the explosive charge using
LOAD_SEGEMENT card. The maximum
displacement for the examined beam (1B3)
was recorded to be 6.9 mm in the explosive
test and 5.9mm by the LS-DYNA, as shown
in [Figure-8].

(b)

126

(b)Side view of the test setup

Fig. 6. Blast test setup.
5. POSSIBLE DAMAGE MODES

There are two damage modes have been
observed during the numerical simulation of
steel tube damage to an impulsive blast load
(the blast load is usually of big peak and
short duration). Firstly, there is a local
deformation that transforms the cross
section of the beam from its square shape to
a shape in which the top half of the section
undergoes a significant, deformation. The
local deformations were complex and the
measurement of the local deformation was
taken to be the distance traversed by the top
flange and is shown in [Figure-9a].
Secondly, there is a global deformation refer
to the overall flexural deformation. The
global deformations were measured as
shown in [Figure-9b] and refer to the
maximum permanent displacement of the
bottom flange at the mid-length [8].
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Fig. 5. Numerical model for validation in the present
study.

Fig. 6. Comparison between the numerical results
and test results for beam1B3.
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(a) Local deformation.

LS-DYNA USER INPUT
Contours of Z-displacement
min=-50.8513, at node# 10450
max=0.17014, at node# 15772
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1.701e-01
-4.932e+00

1.003e+01 _|
1.514e+01 _

(b) Global deformation.

Fig. 8. Mechanical damage caused by blast load.

It was hypothesized by Wegener and
Martin [3] that the local deformation is
uniform along the beam, and that beam
deformation ~ occurs  without  local
deformation resulting from beam bending.
This suggests that the two mechanisms can
be considered as sequential and uncoupled,
and hence that a relatively simple
approximate method of predicting both the
local and global midspan displacements can
be formulated. It was assumed that the local
deformation took place first, and that the
flexural deformation occurred after the
cross-section deformation was complete.
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The approximate analysis confirmed that the
characteristic times for the two mechanisms
of deformation were different by at least an
order of magnitude. [Figure-10] presents the
damage fringe of the steel tube subjected to
a blast load identified as P = 80 Mpa, | = 8
Mpa ms. The maximum permanent
deflection for beam was found to be 5.8 mm
at the midspan section of beam [Figure-11]
shows the deflected shape of the beam,
which  appeared to be reasonably
symmetrical about the centerline of the
cross-section.
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Fig. 9. Permanent deflected shape of the steel beam.

6. PARAMETRIC STUDIES

Systematic parametric studies are carried
out by using the proposed numerical model
to investigate the effect of different
parameters on beam under blast load. The
parameters investigated within the scope of
this study are beam depth H, beam width B,
support condition and axial load. [Table-2]
lists the range of each parameter that is
investigated in this paper. The gauge point is
located on the center of each beam to
measure the displacement-time history.

Table 2. Range of the parameters studied.

Depth H (mm)  Width Support  Axial load
B (mm) condition
300mm 300mm  Pin-Roller 0%
400mm 400mm Fixed- 20%
Fixed

6.1. Beam depth, H

Beam depth is an important factor to
increase blast-load resistance of the beam.
The results obtained showed that increase
the beam depth tremendously increases the
blast-load resistance as shown in [Figure-
12]. This refers to the increase in the beam
cross section, increases the moment of
inertia and shear area, which increase the
flexural, and shear resistance of the beam.
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Fig. 10. The effect of varying the beam depth.

6.2. Beam width, B

The results of the analyses carried out
for increase beam width shows that decrease
the blast-load resistance of the beam, and
this means that increasing beam width will
increase the blast loads that acting on the
beam. Although, it also increases the beam
shear area and section moment of inertia,
i.e., the beam shear and flexural resistance
will also increase accordingly, the increase
in flexural resistance capacity is less
pronounced as compared to the increment of
the blast load. This observation indicates
that increase the beam width is not a good
choice for strengthening the beam to resist
blast load. [Figure-13] shows that varying
the beam width on the maximum deflection.
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Fig. 11. The effect of varying the beam width.

6.3. Support condition

The support condition plays an
important role when analyzing structural
response and determining structural damage.



In this study, the influence of support
condition is also investigated by changing
the pin-roller support condition to the fixed-
fixed support condition. [Figure-14] shows
the comparison of displacement -time
histories between beams with fixed ends and
pinned-roller ends. In general, under the
same blast load, beam with pinned —roller
ends result in the maximum displacement
more significantly than those with fixed
ends.
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Fig. 12. The effect of applying pinned support and

fixed support on the displacement.
6.4. Axial load

The axial load was defined as nodal
forces at the roller supported end of the
beam. It was applied as a ramp function over
a period of 0.05 s and was maintained
constant thereafter up to the end of the
analysis. The blast loading was assumed to
commence immediately after the axial load
reached its steady state, as shown in [Figure-
15]. An axial force equal to 20% of the
carrying capacity of the beam and the
maximum deflection increases dramatically
with increasing axial load as shown in
[Figure-16]. The amplification of deflection
is caused by two effects: one is the
compressive membrane effect, which
reduces the beam deflection and the other
one is the “P-8” effect when a beam deflects
due to blast loads, the applied axial load
causes a moment at the end that can further
increase the deflection; as the deflection
increases, the column reaches its plastic
limit, transitioning from a gradual strength
degradation to a rapid loss of strength due to
buckling.
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Fig. 14. Influence of axial load.
7. NUMERICAL DERIVATION OF
PRESSURE-IMPULSE DIAGRAM

A pressure-impulse diagram can be
numerically generated by having a set of
data points that represents the same level of
structural damage, however resulted from
different pressure and impulse
combinations. Although, the numerical
method can accurately describe the dynamic
behavior of a structure, it is very
computationally expensive since it normally
requires multiple trials to get one
satisfactory point.

7.1. Damage criterion

Each pressure impulse curve represents a
damage level that the structural element
experiences due to the various blast loading
conditions. For this study, the ratio of the
commonly used mid-span displacement to
the effective span of the beam is considered
as the damage criterion. For each simulation,
the maximum displacement of the central
node at the mid-span cross-section of the
beam is read from LS-DYNA’s output.
After running multiple simulations and
following the procedure described above,



the points whose damage levels are the same
are connected to form a damage level curve,
called the pressure impulse diagram for the
specific level of structural damage. [Figure-
17] show the PI diagrams were generated to
represent 1%, 3% and 5% damage per the
criterion used in this research.
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Fig. 15. Pressure-impulse curves for 1%, 3% and 5%
damage level.

7.2. Analytical formulae to generate
pressure—impulse diagram

Analytical formulae to predict the
pressure—impulse diagram for steel tube
beams are derived based on the numerical
results using multivariate  non-linear
regression (curve fitting) method using
MATLAB. The resulting equation is
expressed as shown in Eq. (4).

D
=a+bXlog(I)+cxlog(P)+d
X (log(1)* + e xlog(I) log(P) + f
X (log(P))? (4)

Where: D represents the damage level; a, b,
c, d, e and f are coefficients factors as
displayed in [Table-3].

In the above equation, D can be taken the
values of 1, 3 and 5. The statistical results
indicated that R?> was 0. 945. From the
proposed model, a three-dimensional (3D)
D-P-1 diagram for SHS beam has been
displayed in [Figure-18].

Table Y. Coefficients developed for PI curves for the
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Fig. 16. (3D) D-P-I diagram for SHS beam.

8. CONCLUSION

In this paper, a numerical method to
analyze the steel hollow section beam
damage under blast loads using LS-DYNA
software. In addition, a two-phase
deformation model of the dynamic response
of a hollow steel beam under an impulsive
loading is developed to investigate the local
and global deformation modes. Thus, the
following conclusions can be drawn based
on the presented numerical results in this
paper:

1. The cross-section dimension is an
important factor to blast-load resistance of
the beam. With the increase of beam-depth
increases the blast-load resistance. However,
with the increase of beam-width, the blast-
load resistance of the beam decreases. This
observation indicates that increasing the
beam-width is not a good choice for
strengthening the beam to resist the blast
load.

2. Boundary conditions plays an important
role in the behavior of the examined beam.
Whereas, the beam with fixed-fixed
boundary conditions is more stable under
transverse blast loading.

3. Axial loading has an obvious effect on the
failure mechanism of SHS columns. With
the increase of axial loading lateral
displacements of beams are increased,
although the blast energy is constant.



4. Based on the results of the derived
pressure—impulse diagrams, an analytical
equation for the pressure—impulse diagram
for SHS beam is proposed. The proposed
empirical formulae can be easily used to
construct the pressure-impulse diagrams of
SHS beam. The calculated pressure—impulse
curves from the proposed analytical
formulae are in a good agreement with those
derived from numerical simulations.

Finally, the proposed model of pressure—
impulse diagrams can help the designers and
researchers to provide a safely design. In
addition, smart/simply curves and a
calculation sheet for design the SHS beans
will be prepared in anther paper, which can
help the designer/ researchers. Moreover, an
extension of this work will be conducted to
strengthening of this type of beams using
FRP sheet.
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