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ABSTRACT

Columns are an integral part of a steel framed structure, responsible for carrying load to the foundations.
If the integrity of a column is compromised due to damage, such as from blast, incipient partial or total
collapse of a structure can occur. The response of a column to blast can increase for a number of reasons
e.g. the blast is long-duration in nature, where long-duration is defined as the positive duration in excess
of 100ms, the blast arrives at an oblique angle of incidence or the column is also subject to a thermal
load. While the effects of each have been considered separately, there is no research on the response to
a combination. This paper reports on the effect of multi-axis long-duration thermal and blast loading
on the response of a steel column. Numerical modelling was used to determine the blast load and the
structural response of the column. The results show that column response to multi-axis and thermal
loading individually increases due to a combination of projected area, weak axis and shielding effects
and thermal softening respectively. Additionally, the response is increased further when multi-axis and
thermal loading are considered together.

Keywords: long-duration blast loading, thermal loading, synergistic response, multi-axis response,
steel column.

1 INTRODUCTION

In December 2005, a vapour cloud explosion occurred at an oil storage depot in Buncefield,
UK. Large steel framed warehouses were damaged in the far-field, to an extent that most of
the buildings required demolition or abandonment for extended periods of time while repairs
were carried out [1]. A large explosion such as the Buncefield event is characteristic of long-
duration blast where the positive phase duration is in excess of 100ms. Long-duration
explosions produce large impulses that can cause greater damage to steel frames than a
conventional explosion with the same peak static overpressure. This computational study
considers steel columns subject to long-duration blast loading and the work has been
experimentally benchmarked using previous research in the air blast tunnel (ABT) at MoD
Shoeburyness [2], [3]. The ABT is a 200m long, explosively driven shock-tube and is one
of a small number of test facilities capable of producing a long-duration blast environment
(Fig. 1). The facility has been used in a number of experiments investigating the effects of
long-duration blast loading on structural elements [4]—[8].

Steel column response and hence damage state from long-duration blast loading can be
enhanced due to a number of factors such as thermal load from an explosive thermal flux [3],
[9], angle of incidence [2] and axial compression [10], [11]. A combination of any of these
factors with blast loading can produce a greater response than expected from blast only.
These phenomena form the basis of this computational study which investigates a 4m tall,
203x203x71 UKC I-section column subject to a combination of long-duration thermal and
blast load at 5 orientation steps from 0—90°. The column is assumed to be an edge column
within a one-storey building connected to three 6m long 305x165x40 UKB carrying a
permanent action from the roof of 1.35kNm, any cladding is assumed to fail upon arrival of
the blast load due to near instantaneous over-matching.
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Figure 1: Air blast tunnel (ABT) at MoD Shoeburyness [8].

2 COMPUTATIONAL SET-UP
2.1 Computational fluid dynamics

ANSYS Autodyn [12] was used to model blast loading for the study. The hydrocode showed
good agreement with experimental pressures on column surfaces from the ABT with positive
phase duration, t4=150ms, peak overpressure, p~=55kPa and impulse, i;=3300kPa.ms [2].
Therefore, it was considered accurate for generating surface pressures from a larger blast
event; t¢=156ms, ps~=175kPa and i;=8450kPa. A 1D wedge was used to model the incident
blast wave before any reflection occurred in the vicinity of the column. A spherical charge
of TNT with density of 1.65gcm™ and radius of 5.25m was detonated within air at
atmospheric pressure and temperature, the problem was resolved using an Euler-Godunov
multi-material solver until the blast wavefront arrived at the end of the wedge 200m from
detonation. The 1D results file was remapped into the 2D domain containing only
atmospheric air, the location of remap changed with orientation but was consistently 200m
from the nearest column surface. The domain was 180m by 180m in size to ensure any
reflection from boundaries, despite being defined as transmissive, did not interact with the
column or incident gauge. A total of 1 million cells were specified across the entire domain
and a re-zoning feature was used where a Smm cell size could be specified at the centre of
the domain and increased out to the edges in order to draw intricate geometry without
significantly increasing the run time. A number of unused cells were used to model column
geometry which simulated the column as a rigid body with reflecting surfaces. Gauges were
used to monitor the blast pressures on each surface of the column, three gauges were
distributed evenly across each surface to produce an average. A Euler-FCT (Flux Corrected
Transport) solver was used over an Euler-Godunov solver to increase accuracy using an anti-
diffusion step which corrects for numerical diffusion otherwise introduced into the solution
[13].

2.2 Thermal loading

During detonation of an explosion, extremely high temperatures are reached within the
fireball. For long-duration explosions these temperatures lead to a high proportion of thermal
energy being emitted in the form of a thermal pulse. The power and duration of this thermal
pulse are dependent upon the explosive charge size and the proportion of power that arrives
at a structure depends on atmospheric conditions and stand-off distance. The thermal pulse
travels at the speed of light and therefore reaches a structure prior to the blast wave which
travels at supersonic speed. The thermal flux pulse for the chosen explosion was determined
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from a number of empirical equations [14] and is shown in Fig. 2, this was transformed to an
equivalent steel surface temperature using eqn (1) and an absorption coefficient of 0.79 for
oxidised steel [15]

J=oT* (1

where: J = thermal power (J.s"'.m?), T = temperature (°K) and ¢ = Stefan-Boltzmann constant
(5.6704x10%).s"'.m2.°K#).

2.3 Finite element analysis

ANSYS Mechanical was used to solve the transient, non-linear thermal and structural
analyses. A modified Johnson-Cook material model [9] was used to define the response of
S355 structural steel to high strain rate and high temperature loading; temperature dependent
thermal conductivity and specific heat for carbon steel were also defined. The column
geometry was meshed with 10mm quadratic solid elements (SOLID95), this element size and
type was determined to be the most accurate and efficient for both thermal and structural
analyses in a preceding sensitivity study. A transient thermal analysis was conducted first
where the previously defined surface temperatures were applied to exposed surfaces of the
column, assuming the thermal pulse arrives from the same direction as the blast load. Body
temperature results were then imported into the transient structural analysis. A pinned
support condition was applied to the base of the column and a spring support at the top to
represent resistance from connecting beams [16]. All orientated columns were configured at
an angle to the global axis and the blast pressure profile for each surface from Autodyn was
applied in the global X and Z directions. A Rayleigh damping ratio of 5% was used and an
axial load was applied to the column to represent dead load from the connecting beams and
roof.
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Figure 2: Thermal flux profile for blast parameters: t«=156ms, ps=175kPa, i;=8450kPa.ms.
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3 COMPUTATIONAL RESULTS AND ANALYSIS
3.1 Computational fluid dynamics

Fig. 3 shows the incident pressure and impulse profiles obtained from the 2D-Autodyn
analysis, showing that blast wave parameters were consistent across the five models and
suitably matched the required parameters. Fig. 4 shows the change in surface impulse with
orientation, the total impulse of surfaces 1, 2 and 3 increased with orientation from 0° to 60°
as they became more exposed to the blast wave front while there was little difference from
60° to 90°. Surfaces 4, 5, 6 and 7 experienced small surface impulse because they were
shielded from the blast and were relatively consistent throughout each orientation, except for
a decrease for surface 4 at 450 which was the result of either the wave taking longer to
equalise around this orientation or the inviscid hydrocode’s limitation on modelling
aerodynamic effects (such as wake and vorticity) around bluff objects. Surface 8 experienced
a decrease in surface impulse with orientation from 0° to 90° due to increased shielding. At
a 450 orientation, surfaces 1, 2, 3 and 8 experienced a similar total impulse due to being
equally exposed to the blast. Fig. 5 shows how variations in impulse and projected area of
each surface govern the net impulse experienced by each orientation in the blast direction, Z
and transverse direction, X. The 0° and 90° orientations experienced a similar net impulse in
the blast direction and zero impulse in the transverse directions due to symmetry allowing
diffraction pressures to equalise. The 45° orientation experienced the highest net impulse in
both the blast and transverse directions closely followed by 30° and 60°, this was due to a
combination of projected area and surface impulse.
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Figure 3: AUTODYN incident pressure and impulse histories.

WIT Transactions on The Built Environment, Vol 180, © British Crown Owned Copyright 2018/AWE
www.witpress.com, |ISSN 1743-3509 (on-line)



Structures Under Shock and Impact XV 87

12000 ; ;

10000 4

Incident

8000 4

6000

Surface Impulse (kPa.ms)

4000

2000 : ; ; ; .

Orientation ()

S0

Figure 4: AUTODYN surface impulse and orientation.
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Figure 5: Section net impulse and orientation.

3.2 Finite element analysis

Each column exhibited maximum displacement at the top of the column; Fig. 6 shows the

peak total displacement in all ten situations.
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Figure 6:  Peak total displacement of columns subject to blast only and blast and thermal
loading at five orientations.

When subjected to a blast only load, the 60° case was the most critical with the peak
displacement approximately 7.5 times the peak displacement of the 0° orientation (strong
axis). Based on failure rotation guidelines for steel buildings [17]. Fig. 6 also shows the level
of damage that each situation would result in if occurring within a frame. The 0° blast only
case resulted in minor damage, when the column was instead loaded at a 30° or 90° angle the
damage level increased to moderate, a 45° angle led to major damage and incipient collapse
and a 60° angle importantly resulted in total destruction and collapse.

When subjected to both blast and thermal loading, the peak displacements of each
orientation increased. The 0° orientation showed the smallest response of 113mm which was
an increase of 1.6 from blast only conditions, the 90° orientation experienced the smallest
increase in response of 1.1 times; both orientations remained in the same level of damage as
from blast only. The 60° orientation was again the most critical, with the peak displacement
1.5 and 11 times greater than the 60° and 0° blast only cases respectively. The 30° and 45°
orientations showed an increase in response of 1.5 and 1.9 respectively compared to blast
only, both resulting in a damage state within the next level.

4 DISCUSSION
Results from this study strongly indicate that multi-axis effects can significantly change the
response of a column due to a combination of section strength and net impulse which is a
function of projected area of the section. The 30°, 45° and 60° orientations were subjected to
a larger net impulse than 0° and 90° which is reflected in the structural response. Despite the
45° case being subject to the highest net impulse in the blast direction it showed a smaller
displacement than the 60° orientation under blast only conditions, implying that the 60°
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orientation was the weakest section and section strength has a greater effect on response than
net impulse (providing the same blast conditions are considered).

For the investigated blast conditions, it is suggested that a thermal load increases the
response of each orientation due to the decrease in material strength, this is because the
thermal softening has a greater effect than the increase from high strain rate. An average
increased peak response of 1.5 was seen for all orientations. For 30° and 45° inclusion of a
thermal load caused the damage state to be within the next level. While minor damage would
be expected for an orientation of 0° subjected to the blast pressure and thermal load, major
damage at a minimum would be expected in the oblique angles showing how important it is
to consider both multi-axis and synergistic effects.

5 CONCLUSIONS

Both multi-axis and synergistic effects can cause significant changes in the response of a
column. For the blast load considered, the response and damage state of a column can vary
with orientation from minor damage to total destruction. Of the five orientations considered,
60° was the most critical. When a thermal load is introduced, the peak damage state of each
orientation is increased with certain orientations being increased into the next damage level.
This study shows that while a building may be protected from collapse when loaded by blast
only at a normal angle this is not necessarily true when loaded at an oblique angle with a
preceding thermal pulse.
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