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Abstract.

This study proposes an empirical formulation to predict the maximum deformation of offshore blast wall structure

that is subjected to impact loading caused by hydrocarbon explosion. The blast wall model is assumed to be supported by a
simply-supported boundary condition and corrugated panel is modelled. In total, 1,620 cases of LS-DYNA simulations were
conducted to predict the maximum deformation of blast wall, and they were then used as input data for the development of the
empirical formulation by regression analysis. Stainless steel was employed as materials and the strain rate effect was also taken
into account. For the development of empirical formulation, a wide range of parametric studies were conducted by considering
the main design parameters for corrugated panel, such as geometric properties (corrugation angle, breadth, height and thickness)
and load profiles (peak pressure and time). In the case of the blast profile, idealised triangular shape is assumed. It is expected
that the obtained empirical formulation will be useful for structural designers to predict maximum deformation of blast wall

installed in offshore topside structures in the early design stage.
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1. Introduction

The price of oil, which has fallen dramatically since
2015, has begun to rise gradually to 70 USD per barrel. US
Energy Information Administration (EIA)’s Short-Term
Energy Outlook (STEO) predicted that Brent crude oil
prices will average 71 USD per barrel in 2018, as shown in
Fig. 1 (STEO 2018). Due to this, it is reported that shale oil
production in the US will also rise by a record-breaking
144,000 bpd from May to June 2018 (OILPRICE 2018).
Thus, it is expected that new orders for offshore oil and gas
production platforms will also be secured if current oil
prices are maintained.

In the case of offshore oil and gas production platforms,
an optimization of the topside space is required for the
utilization of the installed facilities related to refinement,
separation and for the preparation of transportation
purposes. Onshore platforms may utilize additional spaces
on the land, but due to limited topside area in offshore
platforms, the optimization of the topside area is very
important. Besides, the health, safety and environment
(HSE) issues should also be taken into account in the
topside area, which is occupied by hazardous processing
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facilities.

In general, it is recommended to install offshore blast
wall on the topside of offshore platform, where such a
location has a higher possibility of gas leak, to minimise
losses and causalities in the event of an explosion (Sohn ef
al. 2014). Meanwhile, information about the potential
maximum deformation of blast wall should also be
recognised as an important factor to secure the safe path of
human inspection on foot. In this regard, a simplified
technique for the prediction of maximum deformation of
blast wall is required during the early design stage.

Offshore blast walls are basically thin-walled steel
structures that are built as an integral part to the topsides of
offshore platforms. They serve as a critical safety
component to mitigate the consequences of accidental gas
explosions in areas where there is risk, e.g., the well bay
areas. To protect personnel and critical equipment as well as
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Fig. 2 Corrugated (left) and sandwich (right) blast walls

to prevent the escalation of possible subsequent fires, which
may lead to the progressive collapse and loss of integrity of
the topsides structure, the design of offshore blast walls
commonly includes considerations for large deformations to
provide sufficient energy absorption capacities to overcome
extreme blast loading (Kim ef al. 2018b).

Blast walls are normally designed by specialized
subcontractors in the form of profiled sheeting, i.e.,
corrugated panels of steel alloys, and welded onto the
primary framework of the topsides. But there are also other
designs, for example, in the form of stiffened panels (Pan
and Louca 1999, Park and Choi 2006, Sohn et al. 2016) and
composite panels (Louca and Fallah 2010), as shown in Fig.
2. Recently, a study on other type of blast walls was
conducted by Liao and Ma (2018).

Previously, the pioneering work on designs of
corrugated panels was performed for ship bulkheads
through extensive theoretical and experimental studies. The
functions of corrugated bulkheads are to resist axial
compressive loads to prevent buckling and to resist lateral
loading from hydrostatic pressure in the case of flooding
(Caldwell 1955). Paik et al. (1997) presented a simple
analytical method-based formulation to estimate the
ultimate strength of corrugated bulkheads through collapse
tests on nine (9) mild steel corrugated bulkhead models that
have five (5) bays of corrugations with varying corrugation
angle, plate thickness and type of loading, i.e., axial
compression and lateral pressure. Liang et al. (2006), on the
other hand, presented a simplified approximate method for
the static plastic analysis of corrugated steel panels by
focusing on the relationship between the central panel
deformation and the applied distributed load.

In general, the design of blast walls is carried out using
1) single-degree-of-freedom (SDOF) method or 2) an
advanced numerical technique known as nonlinear finite
element method (NLFEM). Louca et al. (2004) summarized
the advantages and limitations of the analytical single-
degree-of-freedom (SDOF) or the Biggs’ method (Biggs
1964) and the numerical nonlinear finite element method
(NLFEM) for structural blast analyses. The performance of
both methods was also compared and highlighted by Sohn
et al. (2013) based on the pressure-impulse (P-I) diagrams.

Despite the technological advancements in FEA, the
quality of outputs from these numerical analyses strongly
depends on the skill and experience of the user. Appropriate
modelling techniques, e.g., mesh densities, load and

boundary conditions, material models, and element
formulations, are essential to ensure that the FE model
represents the real/actual structure. In structural dynamics,
much has to be considered for the finite element (FE)
formulations governing the parameters of interest for a
particular engineering problem.

Boh et al. (2004) recommend using the first-order
reduced integration shell elements for efficient and accurate
FE simulations of blast response. Schwer et al. (2005)
conducted a three-dimensional (3D) patch test based on the
solid mesh proposed by Macneal and Harder (1985) to
assess the performance of hourglass control functions via
explicit finite element software, LS-DYNA. Sun (2006)
demonstrated the compromise between reduced and full
integration schemes for FE formulations in dealing with
shear locking and hourglassing problems, whereby the
details of both problems are as explained by Koh and
Kikuchi (1987). As element formulations are intrinsically
defined in commercial finite element software, their
selection poses a challenge that can directly influence the
quality of the solution outputs.

As mentioned above, techniques such as P-I diagram,
SDOF method and FE simulations may help structural
designers to assess the structural safety of a blast wall
structure. There is, however, still demand for a simplified
technique or simplified empirical formulation to design the
structures efficiently.

In this regard, a simplified empirical formulation that
can allow designers to directly predict the maximum
deflection of blast wall is investigated in this study by
adopting 1,620 cases of parametric study results.

2. Parametric study

In the first step, reliable scenarios need to be selected in
order to conduct a parametric study using LS-DYNA and
NLFEM. Once the scenarios are confirmed, FE modelling
and verification are conducted. The outcome of this
parametric study can be used as input data for the
development of an empirical formulation.

2.1 Selection of scenarios of blast wall

The structural response of a corrugated blast wall is
governed by its geometric configurations, material
properties and applied loading conditions as represented in
Eq. (1). In this parametric study, all FE models were
constructed based on different combinations of geometric
parameters, including angle of corrugation (6), flange
breadth (B), web height (H), and panel thickness (), as
illustrated in Fig. 3.

W, = £[(6,8,H.t,L),(0y,E), (P ) €C.|

D e St (1
Geometry Material Loading

The profiles of the corrugated blast wall are symmetrical

about the centroidal axis at H/2, i.e., having tension and

compression flanges of the same dimensions, and the

vertical span (or the length of corrugation) of the blast wall
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Table 1 Design parameters for corrugated blast walls

Corrugation Breadth Height Thickness  Peak pressure
angle (6, ©) (B, mm) (H, mm) (t, mm) (P pear, bar)

50 100 100 6 1

60 120 120 8 3

70 140 140 10 5

80 160 160

90 180 180

200 200

Total number of scenarios: 5x6x6x3%3 = 1,620 cases

Note: 100-milliseconds of duration time (z;) was adopted based
on triangular shape blast profile shown in Fig. 4

models is set to four (4) meters to represent the structures in
real scale. Table 1 lists the ranges of the parameters
considered in the present study.

In this study, the effects of geometric properties and
loading profiles on maximum deformation of corrugated
blast wall are investigated, while the effects of material
properties are fixed by steel as a single material. In the case
of geometric properties, corrugation angle is assumed to be
not smaller than 45degree (9 to meet economic efficiency.
In this regard, 45 <6 <90 of corrugation angle range is
assumed to be generating the scenarios suggested by Lei et
al. (2015). In addition, they also suggested the range of the
breadth (B), height (H), and thickness (t).

Previously, similar design parameters for the
abovementioned corrugated blast walls have been studied
by Lei et al. (2015). They conducted cost-benefit analysis
of corrugated blast walls by assuming 540 cases of
scenarios. The difference between the previous and present
study is the consideration of the various peak pressure
values.

2.2 Finite element modelling

The finite element modelling techniques from Kim et al.
(2018b) has been adopted in present study. As presented in
Fig. 4, a quarter of corrugation strip has been employed to
in the FE model, which has been previously verified by
experimental data. Fixed boundary condition has been
applied to the upper edge of the model, which is assumed to
be rigidly connected to the main supporting steelworks of
the topsides; on the side and lower edges of the quarter
model, symmetrical boundary conditions have been applied.

~—r—\~ﬁ

/_>1 Fixed edge

Uniformly
distributed
pressure
loading

Transversely-
symmetrical

Longitudinally-
symmetrical

Fig. 4 Quarter section of FE model with load and boundary
conditions
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Fig. 5 Idealized triangular blast profile (Lei et al. 2015)

The blast pressure is uniformly distributed over the whole
of the corrugated panel in the normal directions.

A constant duration time, #;, of 100-milliseconds was
used for all the triangular blast profiles as shown in Fig. 5,
which is a typical loading scenario obtainable from
computational fluid dynamics (CFD) simulations (Lei et al.
2015). As mentioned earlier, in this study, 1,620 cases of
scenarios are generated to be analysed by LS-Dyna FE
simulation code.

In the case of finite element (FE) types and
formulations, Kim et al. (2018a) have conducted a wide
range of parametric studies. The influence of solid and shell
FE formulations with additional hourglass control functions
on the maximum response of corrugated blast wall was
investigated by using the LS-DYNA explicit FE solver.

In brief, they assumed five (5) cases of finite element
type for supporting members (SM) and corrugated panel
(CP) by a combination of shell, thick-shell and solid
elements as shown in Table A.I(a). They mentioned that
Cases 1 and 2 can be used for blast wall analyses with
decent accuracies.

* Case 1: SM (Thin-Shell) + CP (Thin-Shell)

* Case 2: SM (Solid) + CP (Thin-Shell)

* Case 3: SM (Solid) + CP (Solid)

* Case 4: SM (Thick-Shell) + CP (Thin-Shell)

+ Case 5: SM (Thick-Shell) + CP (Thick-Shell)
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Table 2 Structural response domains for different modes of
loading (Cormie et al. 2009)

Structural response

domain e
Impulsive td/T <0.1 3<tr/td
Dynamic 0.1 <td/T<10 03 <tr/td<3
Quasi-static 10 <td/T tr/td < 0.3

In the case of finite element formulations, they
generated four (4) types based on Case 2, as shown in Table
A.1(b), and concluded that the use of reduced integration
(RI) elements with appropriate hourglass control functions
is indeed a cost-effective approach.

* Type I: SM (RI) + CP (RI) + Hourglass control

* Type II: SM (RI) + CP (FI) + Hourglass control

* Type IlII: SM (FI) + CP (RI) + Hourglass control

* Type IV: SM (FI) + CP (FI)

Note: RI = reduced integration, and FI = full integration.

Based on the outcome of the parametric studies by Kim
et al. (2018b), a corrugated panel was modelled by shell
element with reduced integration and hourglass control
(IHQ 5). Details of the parametric study results may be
referred to Kim ez al. (2018b).

In the case of material properties of blast wall, Schleyer
and Langdon (2003) conducted a wide range of
experimental studies. The summary of material properties
of blast wall is shown in Fig. 6, which was also adopted in
the parametric study by Kim et al. (2018b).

2.3 Characterisation of structural response

Theoretically, structural resonance occurs as the period
of the applied blast loading approaches the natural period of
the blast wall system. In a vibrating structure, it is important
that the design natural periods of the system do not coincide
with the periods of the external applied loading to minimize
the intensity of possible structural damage due to resonance.
However, the concept of “resonance” is not practical in the
context of blast analyses as blast waves are not oscillatory
in nature.
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Fig. 8 Assumed blast wall modelling

To assess the blast response of a blast-loaded system,
the duration time of the blast load, t, is obtained with

respect to the natural period of the blast-loaded system, i.e.,
all FE models with different geometric configurations in
Table 1. The natural period, T of the structure can be
calculated from Eq. (2), and the structural response domains
are classified as impulsive, quasi-static, and dynamic
subjected to three (3) different modes of blast loading, as
summarised in Table 2.

T=2n/w (2)

where w =+/k/M is the circular frequency of the system,
as a function of linear stiffness k and structural mass M.
For simply supported beam, k = 384EI/5L3; for clamped
beam, k = 384EI/L®> (DNV 2010).

The structural response domains can be illustrated in a
pressure-impulse (P-I) or iso-damage diagram, as shown in
Fig. 7. It is worth noting that all FE models of different
geometric configurations shown in Table 1 fell in the
dynamic response domain.

3. Development of empirical formulation
A number of studies have been conducted to provide the

closed-form empirical formulations or simplified methods
in predicting the accurate results in a short time. In ships
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and offshore industry, a wide range of the empirical
formulations and simplified techniques have been proposed
in terms of prediction of the ultimate strength of hull girder
(Caldwell 1965, Paik and Mansour 1995, Paik et al. 2012,
2013, Kim et al. 2014), stiffened panel (Lin 1985, Paik and
Thayambealli 1997, Zhang and Khan 2009, Kim et al. 2017,
Kim and Lim 2018), unstiffened panel (Smith et al. 1988,
Ueda et al. 1992, Cui and Mansour 1998, Paik et al. 2004,
Kim et al. 2018c), prediction of time-dependent corrosion
wastage (Paik and Kim 2012, Mohd Hairil et al. 2014),
prediction of fatigue and structural performances and other
environmental effects (Seo et al. 2018, Kim et al. 2018a,
2018d).

With regards to blast wall study, in the previous study
by Lei ef al. (2015), a cost-benefit analysis was conducted
based on 540 types of corrugated blast walls with design
parameters such as corrugation angle (50, 60, 70, 80, 90°),
thickness (6, 8, 10 mm), breadth (100, 120, 140, 160, 180,
200 mm), and height (100, 120, 140, 160, 180, 200 mm)
under 1 bar of triangular shape loading profile, as shown in
Fig. 5.

From their cost-benefit analysis results, they proposed
the design criteria by using Pythagorean theorem to
calculate the corresponding mass ratio and maximum
deflection ratio. In this paper, 3 and 5 bar cases have also
been considered. In this study, it may be possible to directly
predict the maximum deformation by empirical
formulation.

For the development of the empirical formulation used
in this study, important parameters were sorted out in
advance. The parameters can be summarized based on the
geometry of the blast wall (as defined in Fig. 3) and the
impulse or loading profile (which is a function of pressure
and time). From the given geometry, additional parameters
can be calculated, such as the moment of inertia (/), column
slenderness ratio (A ), radius of gyration, etc. The expected
outcome will be the maximum deflection of the blast wall.

According to the TN5 (Brewerton 1999), each
corrugation strip of the blast wall model can be represented
by a two-dimensional beam member subjected to lateral
distributed load with partially-restrained end conditions,
which provide a certain degree of stiffness and moment
resistance toward the translational and rotational motions.

Theoretically, the internal reactions of a structural beam
member subjected to pure bending are categorized as
normal force, shear force and bending moment. While the
normal force is assumed to be constant along the span of a
homogeneous member with a uniform cross-section, the
shear force and bending moment varies with changes in the
longitudinal coordinates. Thus, it is reasonable that the
actual force distribution across the depth of the beam be
expressed as a parameter of the transverse shear force and
the bending moment. Both the transverse shear and the
bending moment are dependent on the definition of
boundary conditions.

As far as boundary condition is concerned, the
supporting members at the lower and upper edges are
assumed to be clamped, as shown in Fig. 8(a). Isolating the
connecting parts from the present FE model, the corrugated
panel can then be assumed to behave as a beam simply

supported at both edges, e.g., pin-roller support condition as
shown in Fig. 8(b), for the assessment of maximum
structural response.

The plastic moment resistance of the simply-supported
member due to external loading, Mp, can then be
determined in terms of geometric and load properties,
whereas the maximum elastic, or yield moment, M., is
given as a function of geometric and material properties,

LZ
Mp=q? 3)
o, x|
M¢ = YC 4)

where ¢=PpeatA/L, A= surface area subjected to blast
loading, L=span, /=moment of inertia, and c=distance
between the neutral axis and the outermost element of the
member subjected to bending.

The ratio of Mp/Mc, also known as the shape factor, acts
as an indicator for plastic response by determining if the
structural deformation has exceeded the yield limit. The
load condition, which is governed by the applied peak
pressure, Ppear, and the duration time, 44, is expressed in
term of impulse, I, or by taking the total area under the
pressure-time curve. Once again, the assumed simply-
supported boundary condition for the calculation of plastic
moment, Mp, is shown in Fig. 8(b). The selected 1,620
cases of scenarios illustrated in Table 1 were computed by
the LS-DYNA numerical simulation code. The data points
for the maximum midspan displacement (or deformation)
normalized with the web height, w,/H, for each FE model
are presented with respect to shape factor, Mp/Mc, in Fig. 9.

In order to propose an empirical formulation, a data
processing technique is required to be applied. New
techniques such as artificial intelligence, machine learning
and deep learning-based techniques have been developed
and applied in many fields (Kim et al. 2018b). In general,
regression analysis is widely used. The selected main
parameters were related to geometry, and the material
properties with applied loading profiles were tested using
regression analysis. From the outcome, which is plotted in
Fig. 9, we found several trends between maximum
deformation normalized with web height (w,/H) versus
shape factor (Mp/Mc). In order to propose the criteria of
maximum deformation, additional parameters should be
added in the empirical formulation. From the regression
analysis, the best parameters, i.e., Mp/Mc, B and H, were
selected for the development of the empirical formulation as
shown in Fig. 10(a) and (b).

From the present stimulations, it was found that height
(H), which directly affects the moment of inertia of the blast
wall, has the highest sensitivity to nonlinear structural
behaviour among other parameters. In addition, thickness
(t) is more sensitive than angle. Similar trends have been
observed by Lei et al. (2015). These outcomes have been
referred to develop an advanced empirical formulation in
this study.

Through transformations of the normalized parameters,
a “best-fit” 3D surface plot of the normalized deformation
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Fig. 9 Normalized deformation, ww/H versus shape factor,
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with respect to impulse (/p) and shape factor (Mp/Mc) was
generated together with its corresponding 2D plot, as
presented in Fig. 10(a) and (b). The surface equation, with
an R2-value of 0.9212, is given in Eq. (5) which can be
considered as the proposed empirical formulation.

1.0+¢,\1, +Gl,
(MF,/MC)e\iB/_“(c4+05\/ﬁ)+c6 5)
[(MP/MC)eWT

Wy _ 1
H c¢|+

where ¢, =-0.025, ¢,=-19.66, ¢,=68.7, c, =3.512
, ;=524 and c,=0.2 are the coefficients.

4. Discussion

Design blast load is a function of explosive source
location, as well as many other factors including, but not
limited to environmental characteristics (e.g., wind speed
and direction), quantity and speed of gas leakage, among
others. One reliable method of determining the design blast
load is by conducting CFD analyses, as explained by (Lei et
al. 2015). However, it is the intent of the authors to restrict
the design parameters to include only geometry, material,
and load condition, which can be easily obtained by any
user of the proposed empirical equation.

The proposed empirical equation with a coefficient of
determination (R? = 0.9212) can be used to predict
maximum structural response of corrugated blast walls due
to explosion loadings within a short time. As shown in Fig.
10(b), the proposed empirical formulation does not fit
perfectly with obtained FE simulations results. The 3D
surface equation, however, may not allow the
underestimation of the maximum deflection of the blast

12
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Fig. 10 Proposed empirical formulation by 2D and 3D plot
(Detailed coefficients can be referred to Eq. (5))

wall.

It can be used before further detailed analysis. In
addition, some discrepancies may occur if the connecting
parts are considered, as shown in Fig. 2. Furthermore, the
proposed equation does not give detailed insights on the
time history of failure progression. Thus, nonlinear finite
element analyses (NLFEA) may be needed in order to make
further justifications on the design. It can, however, be used
during the initial design stage of the blast wall, such as the
pre-FEED (Front-End-Engineering-Design).

In the elastic range, no permanent deformation was
allowed. The maximum elastic moment, M. occurs at the
onset of yielding at the outermost fibers of the flanges.
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Further increase in the applied blast pressure leads to the
development of plastic moment in the plastic zones. It is
associated with the decrease of the elastic core, which exists
along the neutral axis at the midsection of the web. Full
plastic deformation is attained when the remaining elastic
core approaches zero, during which the strength of the
structure becomes exhausted, followed by a total collapse.
Contrary to general design practice, higher design peak
pressures, i.e., 3 and 5 bars were considered in present study
to estimate the nonlinear responses of blast walls subjected
to extreme load conditions. The outcome of these “rough”
estimations may be taken as a preliminary attempt to be
used as reference to more in-depth future studies.

Although buckling behaviors have been detected in
some of the models, it was not directly addressed in this
study. Logically, it was observed that as the angle of
corrugation increases, the shear effect also increases. Thus,
the tendency of panel buckling becomes more dominant at
the possible failure mode. The methodology for assessing
the local buckling responses at webs and flanges of
corrugated sections can be referred to the TNS (Brewerton
1999).

In the present study, an empirical formulation in the
shape of a 3D surface curve is proposed to predict
maximum deformation of blast wall. It is verified that this
proposed empirical formulation shows good agreement with
the LS-DYNA simulation results (R? = 0.92). The benefits
of including the connection behaviour in the design of the
blast wall system were demonstrated in this study, which is
in line with the suggestions highlighted in HSE-RR-404
(Schleyer and Langdon 2006). It is recommended that the
effect of connecting parts on maximum deflection of blast
wall should be further investigated.

5. Conclusions

It is well recognised that space optimisation of the
topside area of offshore oil and gas production facilities is a
significant requirement. There is numerous production
equipment installed on the topside, together with the cabin
area and pedestrian road. In order to protect workers from
fire and explosion, installing offshore blast walls is
compulsory. A study on the optimisation of the topside
space is getting more essential, especially the prediction of
the maximum deflection of the blast wall. It is needed to
design the walkway between the facilities and the cabin
area.

Therefore, the present study proposes an empirical
formulation to predict the maximum deflection of the blast
wall, for this may be useful to optimise the space of the
topside area. The outcome-empirical formulation-shows
good agreement (R? = 0.9212) with the LS-DYNA
numerical simulation results using the finite element
method (FEM). It is expected that additional design
parameters and considerations, for instance, different
materials, geometrical configurations, and boundary
conditions, i.e. fixed end conditions, be covered and
advanced empirical formulation be developed by future
studies.
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Appendix

Table A.1(a) Assumed FE types for modelling of target
blast wall (Kim et al. 2018b)

FE type
Case 1 Case 2 Case 3 Case 4 Case 5
Supporting ~ Shell Solid Solid T-shell ~ T-shell

Model part

members (SH) S S (SHT)  (SHT)
Corrugated  Shell Shell Solid Shell T-shell
panel (SH) (SH) (S) (SH) (SHT)

Note: S, SH, and SHT denote solid, thin-shell, and thick-
shell, respectively in present study

Table A.1(b) Selected combinations for the assessment of
performance of shell and solid FE formulations (Kim et al.

2018b)
g Reduced integration  Full integration Hourglass
FE formulation (RT) (FI) control
SM J
Type I (Solid)
CP (Shell) v
SM N
i : IHQ=5
Type 1T (Solid) IH8 N
CP (Shell) - N
SM _ N
Type  (Solid)
CP (Shell) v
SM R N R
Type  (Solid)
CP (Shell) - N -

Note: SM=supporting members modelled by solid elements,
CP=corrugated panel modelled by shell elements,
IHQ=hourglass control function in LS-DYNA
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