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The paper presents the multistage numerical analyses procedure for a load carrying capacity assessment
of a blast loaded I-column. The procedure determines the ultimate axial load in four stages: static pre-
load, dynamic blast loading, dynamic response after blast loading and a static load carrying capacity
assessment of a deformed structure. Preload and assessment of the ultimate axial load were performed
using static Newton–Raphson algorithm. Consequently, two dynamic cases were analysed using a com-
mercial code with an explicit integration procedure (central difference method), where the blast load was
simulated using Lagrangian–Eulerian domain coupling. The developed method proved to be a very effi-
cient way to assess the load carrying capacity of a column with imperfections caused by dynamic, blast
loading. The results of analyses indicated that the column (HKS-300 cross-section) is very resistant to
blast loading. High deformation of its structure (close to ultimate strains) caused only 10% reduction
of the load carrying capacity. Separation between a web and flanges of the I-column was the only factor
that caused the significant loss of carrying capacity. Moreover, not only the mass of a charge influences
the structural behaviour but also the explosive shape as well as the initiation point of detonation can sig-
nificantly change the level of structure damage. Initiation point of detonation at the back of HE heavily
increased blast pressure during interaction with the structure and a cylindrical shape of the explosive
also increased the energy absorbed by the column. On the other hand, the use of the spherical charge
or frontal detonation significantly reduced the destructive capabilities of the explosives.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, a high risk of terrorist attacks is observed. Bombing
attacks are the most frequent terrorist activities [1,2]. Unfortu-
nately, public infrastructure such as airports and railway stations,
shopping centres, offices, financial and government institutions
are highly exposed to such attacks. There were also several cases
of such attacks with thousands of victims in Europe (Madrid
2004 and London 2005) [3,4]. Blast loading of the critical support-
ing elements of public facilities can cause considerable reduction of
its carrying capacities, as well as partial or global collapse of the
building. Progressive collapse took place during Oklahoma City
bombing, where 87% of deaths were caused not by the direct
effects of the blast overpressure but by the subsequent collapse
of a significant part of the building, as a result of the reduced
load-carrying capacity of the structural system [5].

The problem of blast wave interaction with a structure and its
destructive effect has been already presented in many papers
[6–11]. In the numerical studies of blast wave interaction with
structures, Finite Element Method (FEM) is the most common
approach to assess the structure response. Two main types of
methods of blast loading numerical simulation can be distin-
guished: the application of pressure loading, such as Conwep
[12,13] and the description of detonation, blast wave propagation
in fluid domain and fluid structure interaction, e.g. Computational
Fluid Dynamic methods (CFD) or Multi Material Arbitrary Lagran-
gian Eulerian formulation (MM-ALE) [14,15]. It is also possible to
assess the structure response caused by the blast wave using sim-
ple methods, namely, single or multi degree of freedom methods
[16,17]. Comparison of these groups of analyses methods and sev-
eral algorithms of structure dynamic loading were presented in the
authors’ previous study [18].

The authors’ previous research proved that dynamic response
and deformations of the structural elements due to blast impact
can be accurately predicted [19]. Nevertheless, dynamic response
of the analysed element is insufficient to assess the structure
stability. It was found that the residual load carrying capacity of
the supporting elements is critical for global stability as well as
safety of the occupants. Determination of the ultimate axial load
for the supporting structures, also with imperfections, is a very
common problem and can be easily solved using both numerical
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and analytical methods [20–22]. However, it should be noticed
that those procedures usually do not take into consideration the
residual stress state after the blast, but only the geometrical imper-
fections (deformation). The main object of the paper is to demon-
strate the efficiency and effectiveness of the proposed advanced
multistage analysis procedure for the analysis of a supporting
structure load capacity. Various authors present a similar approach
in [23–26], however, the procedures were very time consuming
due to the use of only an explicit code in all stages. In the presented
method, a numerical algorithm switches from an implicit to expli-
cit scheme (and vice versa) in order to take advantages of each
method, such as efficient quasi-static solution using an implicit
scheme and capability to solve highly dynamic blast loading phe-
nomena using an explicit code.
2. Analysed problem

In the performed studies the blast resistance of a steel support-
ing column was analysed. Geometry of the analysed structure is
shown in Fig. 1(a). The I-column (HKS-300 cross-section) has
web thickness of 10 mm, flanges thickness of 20 mm and web
and flanges width of 300 mm. On its upper surface/edge, there
was applied a load simulating the weight of a roof surrounding
structure, represented by force Pn and lumped mass Mn. Mass of
the detonated 4-kilo high explosive (HE) was evaluated based on
the ‘‘abandoned briefcase” scenario, in which a briefcase filled with
TNT is placed near the column (Fig. 1(b)). The charge standoff dis-
tance measured from the web face was 550 mm and the height
measured from the charge lower edge to the floor was 200 mm.
From the analytical point of view, such a scenario means that blast
wave interacts with a preloaded I-column. Therefore, the static
stages (preload and ultimate load investigation) have to be sepa-
rated by highly dynamic stage (blast loading), which must be anal-
ysed using special numerical methods.

Evaluation of a blast influence on the load capacity of the inves-
tigated structure was carried out by comparing the results derived
from the following set of cases:
Fig. 1. Object of interest – I-column (a) case without deformations and (b) case
with blast loading from TNT charge (mm).
� reference I-column structure (undeformed),
� column subjected to blast wave generated by TNT charges with
constant 550 mm standoff distance and:

– different masses: 2 kg, 4 kg, 6 kg (cubical charge, centre
point of detonation),

– different shapes: spherical, cubic and cylindrical with diam-
eter to height ratio equal to 3 (mass 6 kg and centre point of
detonation),

– different initiation points of detonation: front, centre, rear
(cubical charge, mass 4 kg).

3. Numerical model development

A discrete model of the steel column was developed using
8-node thick shell elements, which, in fact, are brick elements
but with thick shell and co-rotational formulations introduced
[27]. A connection of the column to a concrete foundation was
modelled by fixing translational degrees of freedom of nodes
corresponding to the place where the column is bolted (Fig. 2).
Additional rigid walls were also introduced to describe contact
conditions between the concrete base and the structure (Fig. 2).
The full FE model consisted of 188000 Lagrange (structural)
elements.

The elastic–plastic material model with isotropic hardening
including a strain rate effect was applied to describe the steel ele-
ments properties. The Johnson–Cook (JC) model provides a satis-
factory prediction of flow stress rflow for large strains and high
strain rates when its dependence on strain rate is linear in a
semi-logarithmic scale. The mathematical formula which describes
this model is as follows [27,28]:

rflow ¼ ½Aþ BðepÞn�ð1þ C ln _ep�Þ 1� T � Troom

Tmelt � Troom

� �m� �
ð1Þ

where A, B, C, n, m – material constants and _ep� – effective plastic
strain rate, T – actual temperature based on plastic work, Troom –
room temperature, Tmelt – melting temperature. The required mate-
rial properties were taken from a static tensile tests and dynamic
tests (split Hopkinson pressure bar (SHPB) test [29,30]) carried
out using the samples obtained from I-column material (Table 1).

The analysis performed by the authors indicated that the
growth of temperature produced by plastic deformation while val-
idating the current model was less than 100 �C. At this tempera-
ture, an influence of temperature on the yield stress of steel is
very low [31], therefore, a thermal part in the JC equation was
omitted. Tests results (see Section 5) also showed no influence of
temperature on the web fracture edges.

The strain at fracture is given by equation:

ef ¼ ½D1 þ D2eD3p=reff �ð1þ D4 ln _ep�Þ 1� D5
T � Troom

Tmelt � Troom

� �� �
ð2Þ

where D1, D2, D3, D4 and D5 – material constants, p – pressure, reff –
effective stress. In the presented analysis, only D1 parameter equals
to 0.24 was used, which resulted from insufficient material data
available. Parameters D2–D5 were assumed to be zero. Additionally,
a strain limit in the welding areas was reduced by 30% [32].

4. Multistage numerical procedure

The authors decided to use commercial solver LS-Dyna [26],
which is suitable for the analysis of high speed phenomena. The
major advantage of this choice is a capability to link different types
of solvers implemented within the frame of one numerical code. In
the presented study, a multistage numerical analysis procedure
was used to consider a full load path in residual load capacity
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Fig. 2. Discrete model of I-column and boundary conditions.

Table 1
Material properties for S235JR steel (1.0037, AISI 1015) where: q – density, E – Young
modulus, m – Poisson ratio.

q (kg/m3) E (GPa) m (–) A (MPa) B (MPa) C (–) n (–) D1 (–)

7850 200 0.28 263 550 0.02 0.5 0.24
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assessment. The following steps have been taken into account
(Fig. 3): static preload (stage 1), dynamic blast loading with fluid
structure interaction (FSI) (stage 2), dynamic response after blast
loading (stage 3) and a static load carrying capacity assessment
(stage 4). The investigation of the undeformed structure was
performed with a single static step consisting of preload and
assessment of ultimate axial force.

4.1. The first stage – preload

In the first stage, the I-column structure was subjected to ser-
vice load Pn = 1569.5 kN, equal to the load supported by the col-
umn under the designed conditions. Incremental static analysis
was performed using a full Newton–Raphson algorithm. The equa-
tion solved in this stage has the following form [26]:

KnDxnþ1 ¼ Fext
nþ1 � Fint

n ð3Þ

where Kn – tangent stiffness matrix, Dxn+1 – increment in displace-

ment vector, Fext
nþ1 – external and body force loads, Fint

n – the stress
divergence vector.
Convergence of the solution was controlled by two
criteria: displacement relative convergence tolerance edisp ¼
kDxik=Dxmax ¼ 0:001 and energy relative convergence tolerance

eenerg ¼ jDxiQ ij=jDx0Q0j ¼ 0:01, where Qi ¼ Fext
i � Fint

i and
i – implicit solver iteration. As a result of this stage, uniform stress
distribution was obtained (except areas with constrains applied).
Due to usage of the implicit solver, the computation time was
reduced to �20 min on 6 core PC.
4.2. The second stage – blast loading

In the second stage, the results from the previous stage were
taken into account as a pre-stress field distributed in the column,
which was accomplished using a stress initialization procedure
between the stages. The blast loading in this stage required to
switch to a transient dynamics procedure with explicit central dif-
ference time integration. In this case, the equation solved has the
following form [26]

M€xn ¼ Fext
n � Fint

n � C _xn ð4Þ

where M – the diagonal mass matrix, Fext
n – external and body force

loads, Fint
n – the stress divergence vector, C – damping matrix based

on Rayleigh damping coefficients.
For the blast loading stage, over 904000 Euler (fluid) elements

were introduced into the numerical model. Some additional
elements were implemented to describe the volume of gases
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Fig. 3. Scheme of developed numerical procedure, where eij, rij – strain and stress tensors; x, v – displacement and velocity vectors, p – pressure from blast loading vector; t0,
t1, t2 – moments in time after stage 1, 2 and 3.

Table 2
Material properties for HE.

qHE

(kg/m3)
D
(m/s)

PCJ
(GPa)

AHE

(GPa)
BHE
(GPa)

R1 (–) R2 (–) x (–) �e0
(J/mm3)

1630 6930 21 371.2 3.230 4.15 0.95 0.3 7

Fig. 4. Blast wave propagation and interaction with structure: vertical (yellow plane) and
550 mm standoff distance). (For interpretation of the references to colour in this figure

110 L. Mazurkiewicz et al. / Engineering Structures 104 (2015) 107–115  

 

surrounding the column. The blast wave generation was simulated
by describing the behaviour of a highly compressed detonation
product after reaching the successive locations by the detonation
wave front. The Jones Wilkins Lee (JWL) equation of state was used
in the following form [26]:
horizontal (green plane) cross sections (4 kg cubical TNT charge, centre detonation,
legend, the reader is referred to the web version of this article.)
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Fig. 5. Pressure characteristics within I-column area (4 kg cubical TNT charge, centre detonation, 550 mm standoff).

Fig. 6. Web deflection of beam-column subjected to 4 kg cubical TNT charge (centre detonation, 550 mm standoff).
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p ¼ AHE 1� x
R1q

� �
expð�R1qÞ þ BHE 1� x

R2q

� �
expð�R2qÞ þxe

q
ð5Þ

where �q = qHE/qDET; �e ¼ qHEe; qHE – density of high explosive,
p – pressure; e – specific internal energy, qDET – density of detona-
tion product. AHE, BHE, R1, R2, x – empirical constants determined
for a specific type of explosive. All the required constants were
taken from literature [33] (Table 2).

The blast propagation was accomplished using MM-ALE proce-
dure involving two steps: a classical Lagrangian step and an advec-
tion step, with the following sub-steps included: relocation of the
nodes, recalculation of all variables as referred to the elements and
reevaluation of the momentum and velocity updating. The advec-
tion step is carried out under the assumption that the changes in
positioning of the nodes are negligible in comparison to the ele-
ment size. The interaction between the propagating blast wave
and the structure was obtained by adopting a coupling algorithm
between the Euler (product of detonation) and the Lagrange (steel
structure) domains based on the penalty function method [34].
In the performed simulations, the generated shock waves inter-
act with the I-column and deform the structure. In the pressure
maps (Fig. 4), the shock wave front and the wave reflected from
the I-column and as well as foundation can be clearly seen.

It should be also pointed out that, due to section shape (flanges
are flow boundaries), a reflected to incident peak pressure ratio
was very high compared to a plain surface ratio (Fig. 5).

Due to introduction of a number of the fluid domain elements
as well as FSI interface, the computational cost significantly
increased. The phenomenon duration simulated in the analysis in
this stage has been reduced to 1 ms. After this time the fluid inter-
action is negligible (see Fig. 5). The total time of calculations for
this case was about 10 h.

4.3. The third stage – dynamic structure response

In the following stage, dynamic I-column response after the
blast wave interaction was assessed. The main difference from
the previous stage was that the focus of analysis was the column
without fluid. Therefore, the Eulerian domain together with corre-
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Fig. 7. Experimental set-up.
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sponding FSI interface were removed from the numerical model.
This allowed for reducing the FE model to the previous size
(188000 elements – almost 6 times less than in the full model)
and thus, to increase the simulation time in the analysis from
1 ms to 100 ms and to reduce the total analysis time required for
computations to 5 h. During the last 50 ms of the analysis, the
damping coefficient was increased in order to effectively reduce
the magnitude of oscillations (Fig. 6).
4.4. The fourth stage – assessment of ultimate load

The final stage was similar to the first one. As in the case of the
first stage, a static analysis with Newton–Raphson procedure was
involved. The convergence was based on relative displacement tol-
erance (edisp = 0.001) and energy tolerance (edisp = 0.01) with a min-
imum allowed load step equal to 0.001 of the service axial load Pn.
The structure was loaded by a multiple of the service load Pn, so
Fig. 8. Destruction of I-beam – (a) experimental and (b) numerical results
that the iteration procedure could reach the point of divergence,
which resulted from an ill-conditioned stiffness matrix. A load
value causing divergence conditions was considered as the load
capacity of the structure. It should be pointed out that, due to
the chosen algorithm (Newton–Raphson), this is the approximate
value of the ultimate force. The computational time for this stage
was about 1 h, which was considerably shorter than in the case
of explicit stages.

 

5. Experimental validation

In order to validate the numerical model, the experimental test
was performed. The beam-column was subjected to a pressure
wave from the cylindrical charge with the mass of 6 kg. Moreover,
to simplify the test, the I-beam length was reduced to 1565 mm
and the axial load was not taken into consideration (Fig. 7). In
the numerical computations carried out to validate the model, only
two stages were performed: the dynamic impact of gaseous med-
ium (blast wave) and further dynamic response of the structure. No
preload and load carrying assessment were needed.

The results from both numerical simulation and experimental
tests are presented in Figs. 8 and 9. It can be noticed that the
obtained levels of damage are comparable. In the authors’ opinion,
this model can be considered as partially validated for simulation
of the detonation process, blast wave propagation and its interac-
tion with the structure. The proposed discrete model, including the
applied material models and equations of state, yields good agree-
ment with the test data.

Moreover, in the field test no temperature effects such as melt-
ing of the I-column edges were observed.
6. Results

The multistage analyses were performed for different HE
masses, shapes and initiation points of detonation. As expected,
an influence of the first parameter – the mass, is very significant.
The explosive charges with masses of 2 kg, 4 kg and 6 kg generate
shock waves with considerably different pressures. As a result of
the blast wave interaction with the structure, high plastic deforma-
tions were obtained. For the case with the mass 4 kg, a small frac-
– front view (6 kg cylindrical TNT charge, 550 mm standoff distance).
 



Fig. 9. Destruction of I-beam – (a) experimental and (b) numerical results – side view (6 kg cylindrical TNT charge, 550 mm standoff distance).

Fig. 10. Influence of charge mass on residual carrying capacity (cubical charge, centre point of detonation, 550 mm standoff).
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ture (70 mm long) in the area of the web and flanges connection
occurred; however, the detonation of the 6 kg charge caused heavy
damage to the I-column. The significant separation of the web and
flanges resulted in a loss of the load carrying capacity below the
service load and dynamic destruction. On the other hand, for the
two cases with a lower charge mass, reduction of the carrying
capacity was less than 10% (Fig. 10).

During the investigation, it was found that the shape of HE also
significantly affected the results. An pressure averaged over an area
was derived, as more suitable for comparison purposes. For the
mass of 6 kg, the cubical charge generates a blast wave with a peak
pressure almost 8 times higher than the peak pressure from the
spherical charge (Fig. 11). Moreover, the cylindrical charge gener-
ated even 10 times higher pressure. In this case, the blast wave
interaction resulted in very high deformations and separation of
a large part of the I-column web. The load carrying capacity was
almost completely eliminated (Fig. 12), whereas the relatively
low pressure (few times lower) from the spherical charge causes
only 10% of the load carrying capacity reduction.

Coupling blast pressure is also dependent on the location of the
initiation point of detonation. The results of the analysis indicates
that the shift of the initiation point at the back of HE (further from
the structure) increased an coupling pressure (about 20% in studied
conditions) and the detonation at the front of the charge decreased
the pressure almost 4 times. It was also reflected in the beam-
column response (deformation) and its reduction of the carrying
capacity. For the case with the rear detonation point, the ultimate
force was reduced by 30% (Fig. 13).  



Fig. 11. Pressure characteristics within I-column area for different charge shapes (6 kg TNT charge, centre detonation).

Fig. 12. Influence of charge shape on residual carrying capacity (6 kg TNT charge, centre detonation).
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7. Conclusions

The paper demonstrates the advantages of the proposed multi-
stage analysis procedure for the load carrying capacity assessment.
From a numerical point of view, the developed analysis path con-
sists of two different solution algorithms: implicit and explicit
schemes.

The stress initialization option allows introduction of the stress
and strain field from previous stage to analysis with different con-
ditions and solution algorithms. Finally, a full load path i.e., pre-
load, blast loading, dynamic response and ultimate load
assessment can be simulated using one model in relatively low
CPU time (below 17 h using PC with 6 core 4 GHz CPU and a double
precision solver).

The performed simulations clearly showed that a relatively
small explosive charge can cause high-deformation of the
I-column. Due to a section shape (flanges are flow boundaries), a
reflected to incident peak pressure ratio was very high compared
to a plain surface ratio. It should be also pointed out that the devel-
oped numerical model was partially validated by the field tests.
The developed discrete model with the applied material models
and equations of state provides good agreement with the test
results.

Evaluation of the blast influence on the load capacity of the
investigated structure was carried out by comparing the results
derived from the cases with different explosive mass, location of
the initiation point and shape. The results show that not only the
mass of the detonated charge influences the structure behaviour
but also its shape and the initiation point of detonation, which
can significantly change the extent of the structure damage. Initi-
ation at the back of HE heavily increased the average coupling
pressure during interaction with the structure and a cylindrical

 



Fig. 13. Influence of initiation point of detonation on residual carrying capacity (4 kg TNT cubical charge).
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shape of the explosive also increased the energy absorbed by the
column. On the other hand, the use of the spherical charge or fron-
tal detonation greatly reduced the destructive capabilities of the
explosives. Moreover, the I-column used in this research was very
resistant. High deformation of its structure (close to ultimate strain
equal to 0.24 and 0.17 for the welds) caused only 10% reduction of
the load carrying capacity. Separation between the web and the
flanges was the only factor that resulted in a significant loss of
the carrying capacity.

The authors’ further investigations will be focused on develop-
ment of the optimised blast protective panel for the supporting
elements.
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