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Abstract: Maintaining offshore steel structures is challenging and not environmentally friendly due
to the frequent visits for inspection and repairs. Some offshore lighthouses are equipped with carbon
steel helidecks fixed onto their lantern galleries in the 1970s to provide easy and safe access to
maintenance staff and inspectors. Even though the helidecks supporting structures have maintained
their integrity and are still functional in the offshore harsh environmental conditions, their inspection
and maintenance remains a challenge due to the need of frequent visits which requires flying to
the location of the lighthouse to bring the maintenance staff and equipment. We have developed a
multidisciplinary computational framework to design new generation of aluminium helidecks for
offshore lighthouses. We calculated the wind speed at the location of the Bishop Rock lighthouse
based on the meteorological data, and the load distribution on the helideck due to such a wind
condition, using computational fluid dynamic analysis. Then, we used the calculated wind load
with other mechanical loads in the events of normal and emergency landings of a helicopter on this
structure to find the best design configuration for this helideck. We generated a design space for
different configurations of a beam structure and carried out, static, transient and buckling analysis to
assess each case using finite element method. The selection criterion was set to find the structure with
the minimum volume fraction and compliance while keeping the stress below the allowable stress.
We found the structure with eight vertical and circumferential sections featuring two rows of diagonal
bracing with one at the base and the other one at the third section from the base of the helideck was
the optimum design for the considered loading in this work. This framework can be adopted for the
design and optimisation of other offshore structures by other researchers and designers.

Keywords: lighthouse; topology optimisation; offshore; finite element analysis

1. Introduction

Offshore lighthouses are architectural masterpieces shining for more than two cen-
turies in seas around the British Isles [1,2]. Some of them were equipped with helidecks
fixed onto their lantern galleries in the 1970s to provide easy and safe access to maintenance
staff and inspectors. The helidecks supporting structures are made of carbon steels and
take the form of linear elements connected by welds and bolts. Even though these helidecks
have maintained their integrity and are still functional in the offshore harsh environmental
conditions [3], thanks to frequent costly inspections and repairs, their 70s structural de-
sign underwent modest optimisation, due to the lack of computational methods available
today [1,4]. This study adopts a multidisciplinary approach to develop a computational
framework to design a new generation of light, robust and sustainable helidecks supporting
structures for offshore lighthouses and thus reduce the carbon footprint of these structures.
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Several computational methods are available to optimise the topology of structures,
namely “density”, “level set”, “topological derivative”, “phase field” and “evolutionary”,
each having their pros and cons [5]. These methods have been especially developed to be
used in finite element (FE) models and several of them have been also implemented in
commercial finite element software packages such as ANSYS, ABAQUS and Ls-Dyna [5–8].
These optimisation methods place the material in the design domain to obtain the best
structural performance as a trade-off between maximum stiffness (minimum compliance)
for minimum mass.

Even though the abovementioned methods have provided designers with powerful
tools to optimise components under simple loading in a continuum domain [9–12], topology
optimisation of beam/truss structures under multiple loadings, considering manufacturing
constraints is not straightforward by means of the methods implemented in commercial
software packages [13,14]. Thus, specific topology optimisation methods have been devel-
oped for beam and truss structures [15–17]. These methods are usually formulated based
on a ‘ground structure’ approach [18], which is a network of joints distributed in the design
space and connected by potential bars. The main objective of these methods is to find the
coordinates of the joints and the cross-section area of linking bars to minimise the mass of
the structure or to minimise its compliance [17]. Even though these methods are highly
efficient for designing theoretically optimal lightweight structures, the solutions are usually
complex in form and need simplifications to be feasible for fabrication [15]. Therefore, in
this work we propose a computational framework to generate finite element models of
possible configurations of beam structures for given dimensions adopted for lighthouse
helidecks. Simulation under design loads for each possible configuration is carried out
and a design space which represents the volume fraction of these configurations, and their
compliance is generated. Then, we use this design space to find the best structure which has
the minimum total mass and has the best performance under different loading scenarios,
namely static load, buckling and time-dependent analyses.

Importantly, the design of these helidecks is substantially determined by the environ-
mental loading conditions which are location-dependent for each lighthouse and affected
by substantial uncertainty and variability. Therefore, we performed an extreme value
analysis of maximum gust speed. Then we used the calculated maximum gust speed to
carry out a computational fluid dynamic (CFD) analysis and calculated the pressure field
around the helideck structure and lantern. Consequently, we defined the wind load on the
helideck structure.

In the following section, the methods adopted for calculating the loads due to the ex-
treme environmental conditions, the FE model validation and the computational framework
for topology optimisation are described in detail. In Section 3, we present the results of our
work and in Section 4 we discuss our findings and recommend directions for future works.

2. Methods

In the present work we focus on the development of a computational framework
for the design of a helideck at the Bishop Rock lighthouse; however, the method and the
framework developed here can be used for other lighthouses and perhaps for further
offshore installations.

2.1. Bishop Rock Lighthouse Location

The Bishop Rock lighthouse is located off the southwest coast of England in the Celtic
Sea at the geographical coordinates of 49◦ 52.3N and 6◦ 26.7W, as shown in Figure 1. The
nearest meteorological station is located at Saint Mary’s airport in the Isles of Scilly (UK)
which is almost 12 km northeast of the lighthouse.
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Figure 1. (Left): The location of Bishop Rock lighthouse; (Right and top): Magnified view of “A”
shown on the left figure; (Right and bottom): Magnified view of “B” shown on the right and top
figure [Google Map].

2.2. The Current Helideck Structure on the Bishop Rock Lighthouse

The helideck structure is mounted on top of the lighthouse as shown in Figure 2. The
total height of the lighthouse from the lowest point in its foundation to the mean focal plane
of the lantern and the height of the helideck structure are 44.5 m and 6.4 m, respectively.

Figure 2. (A): Bishop Rock lighthouse (courtesy of Trinity House). (B): The helideck general assembly
(courtesy of Trinity House).

The current helideck structure is made of carbon steel beams and boxes welded into
subsections onshore and assembled using bolts and nuts on site. Some details of the current
structure, including beams and joints, are shown in the drawing in Figure 3.
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Figure 3. An example of detailed drawings of the current structure [courtesy of Trinity House].

The long exposure to the harsh offshore environmental condition caused severe corro-
sion on different areas of the helideck (see Figure 4) and regular inspection is planned to
detect damages and repair the defected parts and sections. Due to the remote offshore loca-
tions of lighthouses, the maintenance of the helidecks is an expensive process. Therefore,
for the design of the next generation of lighthouses’ helidecks, we propose structures made
of aluminium, which has substantially lower specific mass and high corrosion resistance.

Figure 4. Examples of corroded areas of the helideck [courtesy of Trinity House].

2.3. Extreme Value Analysis of Maximum Gust Speed

To determine the design wind load on the helideck structure at the top of the Bishop
Rock lighthouse, the wind measurements collected at the Isles of Scilly were analysed. We
extracted hourly mean wind speed and direction and maximum gust speed in an hour,
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along with its direction and occurrence time, from the UK Met Office Integrated Data
Archive System (MIDAS) Land and Marine Surface Stations Data (1853–current).

The dataset used in the study was obtained from the Centre for Environmental Data
Analysis (CEDA) Archive [19] and it includes the measurements collected during the
interval 1 January 1969–26 December 1981 at the historical Scilly/St Mary’s coast guard
station (MIDAS station identifier 1385, WMO 03804), and the wind records of the period
21 October 1991–31 December 2020 at the Scilly/St Mary’s Airport station (MIDAS station
identifier 1386, WMO 03803).

A Dines pressure tube anemometer was in use at the St Mary’s coast guard station with
the vane at a height of 20 m above the ground and an estimated “effective height” of 17 m.
A cup anemometer is used to measure the wind speed at the St Mary’s Airport station with
the 3 s gust definition recommended by the World Meteorological Organization. As the
wind is usually measured at a height of 10 m above ground by the UK operational network
of surface stations, a standard height of 10 m was assumed for the cup anemometer at the
St Mary’s Airport observing site in the Isles of Scilly.

2.3.1. Data Homogenisation

Hourly meteorological data of the Met Office MIDAS database have undergone a
series of systematic quality control checks to ensure consistency of the observations [20].
Therefore, we only used the records flagged as quality checked by the Met Office in this
work. Duplicate entries were removed by retaining only the most recent record. The
dataset was then subjected to careful visual inspection and further standard quality checks
to guarantee its accuracy.

A rather considerable shift is evident in the time series obtained by combining the
raw gust speeds recorded by the historical coast guard station with those measured at
St Mary’s airport after 21 October 1991. This shift is mainly due to the differences in the
instrumentation employed at the two stations, observing practice, measurement height
above the ground and specific characteristics of the observation site and its surroundings.

In the present work we followed the approach proposed in [21] to homogenise the
gust data recorded at St Mary’s. By using the measured hourly mean wind speeds (U) and
the maximum gust speeds (û) over the 1-h period, expected mean gust factor values were
calculated for 16 cardinal directional sectors providing indirect indication on the turbulence
intensity and the effective roughness length (z0).

z0 is, afterwards, used to derive directional correction factors for transforming the
measured gust speeds to the standard conditions, i.e., 3 s gust, 10 m height, flat and open
terrain with z0 equal to 0.03 m.

We excluded hourly mean wind speeds (U) lower than or equal to 5.5 m/s from our
analysis to ensure that the atmospheric boundary layer can be treated as nearly neutral. To
consider the response characteristics of the Dines anemometer and the effect of adopting
3 s moving average gust, the wind gusts û recorded during the period 1969–1981 were
corrected according to [22]. We estimated the directional turbulence intensities (Iu) using
the gust factor model proposed in [23] as follows:

GF =
û
U

(1)

Iu =
GF− 1

0.42 ln(3600/t)
(2)

and then
z0 = ze−1/Iu (3)

where, GF, z, t are the gust factor, measurement height above the ground and gust duration
(t = 3 s), respectively.

The friction velocity u∗ was calculated using the logarithmic-law velocity profile
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U(z) =
u∗
k

ln
(

z
z0

)
(4)

and then the corresponding gradient wind speed Ug was estimated with the relationship
given by:

Ug =
u∗
k

[
ln
(

u∗
f z0

)
+ 1
]

(5)

where k and f are the von Kármán constant (0.41) and the Coriolis parameter, respectively.
Then, the gradient wind speed was used to convert u∗ to its equivalent value in the standard
conditions. The logarithmic law velocity profile was used with the calculated standard
u∗ to evaluate the standard U. The standard U was then multiplied by the gust factor
calculated by using the Cook model [23] to determine the standard û. Finally, the directional
û correction factors were calculated by dividing the standard û by the measured û. The
directional û correction factors estimated for each of the two stations were then applied to
the observed maximum gust speeds to convert the recorded gusts to the equivalent values
in the standard conditions.

2.3.2. Extreme Value Analysis Applied to the Homogenised Data

The peaks over threshold (POT) method was subsequently applied to identify indepen-
dent extreme gust events from the homogenised time series, covering the periods 1 January
1973–31 December 1981 and 21 October 1991–31 December 2020. The optimal threshold
value for the application of the POT method, i.e., 27.4 m/s, was selected according to the
parameter stability plot and mean residual life plot [3]. A declustering time window of
72 h was applied. The generalised Pareto distribution (GPD) was then used to model the
excesses above the threshold, while the exceedances were assumed to occur according to a
Poisson distribution.

For each of the two periods mentioned above, missing data gaps shorter or equal to
3 h were filled by linear interpolation and gaps longer than 3 h by means of the gust data
extracted from the ERA5 climate reanalysis at the grid point closest to the St Mary’s Airport
weather station. The ERA5 data were obtained through the Copernicus Climate Change
Service (http://climate.copernicus.eu/, accessed on 24 January 2021) implemented by the
European Centre for Medium-Range Weather Forecasts (ECMWF).

2.4. Extreme Wind Load Calculation

To approximate the extreme wind loading on the helideck, this work solves the incom-
pressible Reynolds-averaged Navier-Stokes equations using OpenFOAM’s (version 4.1,
https://openfoam.org/, accessed on 10 July 2022, The OpenFOAM Foundation Ltd, Lon-
don W13 3DB, UK) pisoFoam solver and the k-ω SST turbulence closure model. This
provides a high-fidelity solution for the fluid (air) flow around the structure, including
viscous effects and high temporal and spatial resolutions for the aerodynamic loading due
to the extreme wind conditions.

However, CFD simulation of extreme wind loading on such a complex structure is
extremely challenging. If one considers the individual components of the structure in
isolation, then according to

Re =
ρuL

µ
=

ρL
ν

, (6)

The Reynolds numbers for the frame elements (Re f rame), lantern housing (Relantern)
and tower (Retower) are 1.83 × 10+5, 7.99 × 10+6 and 1.26 × 10+6, respectively, (where, ρ is
the density of fluid and is taken to be 1.225 kg/m3 based on the International Standard
Atmosphere (ISA) values for dry air, at 15 ◦C, at sea level, u is the fluid flow speed
(vb = 27.1m/s, see Sections 2.3.1 and 3.1), L is the characteristic linear dimension and is
taken to be the diameter of the frame elements (100 mm), the lantern chamber (4356 mm)
and the lighthouse tower top (6860 mm), respectively. µ and v are the dynamic and
kinematic viscosity of the fluid, which for air at 15 ◦C were calculated 1.81× 10−5 kgm−1s−1

http://climate.copernicus.eu/
https://openfoam.org/
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and 1.48 × 10−5 m2s−1, respectively. Consequently, the flow regime around the helideck
frame elements consists of a fully turbulent vortex street downstream and the flow regime
for both the lantern chamber and the tower top is a re-established turbulent vortex street
with a turbulent boundary layer and a thinner wake downstream [24].

Therefore, due to the anticipated asymmetric flow regime (including vortex-shedding),
the numerical model cannot take advantage of the geometric symmetry of the problem to
reduce the size of the computational domain (and, therefore, the computational resources
required to solve the problem).

Furthermore, a high-resolution computational mesh is required to simulate accurately
the flow field around, and the forces on, the structure. For turbulence modelling (specifi-
cally wall functions) to be effective, the maximum near-wall cell size, ∆s, (limited by the
requirement of a corresponding y+) should not be greater than one third of the boundary
layer [25] and is calculated as follows:

∆s =
y+µ

U f ricρ
(7)

where, ρ and Re are the density of the fluid and the corresponding Reynolds number of the

flow respectively and U f ric =
√

τwall
ρ , τwall =

C f ρu2

2 and C f =
0.026

Re .

Here, a maximum value of 100 is selected for y+ (representing the minimum feasible
mesh resolution on the walls, and a requirement for near-wall turbulence, and boundary layer,
‘modelling’ (as opposed to wall ‘resolving’ methods, which would require y+<30 and much
fine near-wall mesh resolutions). Even considering this compromise, the near-wall cell size
that should be used on the frame (∆s f rame), the lantern housing (∆slantern) and on the tower
top (∆stower) are 0.001 m (1 mm), 0.0014 m (1.4 mm) and 0.0015 m (1.5 mm), respectively.

As a consequence, the required computational domain size, mesh resolution require-
ments and available computational resource mean full 3-dimensional simulation of the
entire helideck structure is not practical. As a compromise, in this work, a two-dimensional
slice (horizontally through the helideck frame and lantern housing) is modelled in order to
predict the horizontal loads on the helideck frame elements. As a result, the structure (along
with the computational domain) effectively extends to infinity in both vertical directions
and any vertical loading on the structure (or vertical fluid motion) is not modelled. To
simplify the model, further, only vertical elements of the frame and the lantern housing are
included (any influence from the horizontal frame elements, landing deck, safety netting or
lighthouse tower top are not captured).

In order to design the computational domain/mesh, provide a measure of uncertainty
in the CFD solutions and offer some form of validation for the numerical model, simulations
were first performed considering a single frame element, and the lantern housing, in
isolation, i.e., without interactions between the other elements in the structure, in 27.1m/s
steady, uniform wind. These cases are equivalent to simulations of cylinders in uniform
flow, for which significant research, and physical data, exists, e.g. [24].

A series of different meshes were used, with resolutions specified in Table 1 (where dx
and dy refer to the background mesh resolution in region 1 (indicated in Figure 5 by a 1 in a
circle)). In all cases, the background mesh was refined, by 3 and 2 levels in regions 2 and 3,
respectively, using the quadtree refinement strategy and 5 buffer layers (number of cells
between refinement levels).

Figure 6 shows a snapshot of the velocity field from the simulations of the frame
element (left) and lantern housing (right) using the highest resolution mesh in each case.
As expected, for the frame element case (Re f rame = 1.83× 105) a fully turbulent vortex
street is present downstream of the cylinder (Figure 6 left) and for the lantern housing
(Re f rame = 7.99× 106) a fully turbulent vortex street is present as well, but with a turbulent
boundary layer and a thinner wake (Figure 6 right).
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Table 1. Parameters describing the mesh resolution, near-wall layers and timestep for each mesh
used in simulations of cylinders in isolation (see Figure 5 for definition of parameters).

Element Mesh dx (m) dy (m) ∆s (m) No. Layers Layer
Expansion Ratio

Total Number
of Cells ∆t

frame 1 0.080 0.086 0.001 4 2 5233 0.00018
frame 2 0.040 0.046 0.001 4 1.6 17,851 0.00011
frame 3 0.020 0.024 0.001 3 1.6 62,579 0.00005
frame 4 0.013 0.016 0.001 2 1.6 139,111 0.000333

lantern 0 0.159 0.171 0.0014 4 1.8 68,847 0.00025
lantern 1 0.080 0.085 0.0014 4 1.8 263,738 0.00018
lantern 2 0.040 0.043 0.0014 3 1.8 1,013,048 0.000125

Figure 5. Schematic of the computational domain, mesh refinement regions and boundary conditions
used in the isolated cylinder simulations.

Figure 6. Flow speed around an element of the helideck frame (left) and the lantern in isolation (right).

However, for the frame element case, simulations using meshes 1 to 3 show noticeable
differences in the amplitude (mesh 2, has significantly lower amplitude) and frequency
of oscillations in load due to vortex shedding, but, in general, these three meshes predict
fairly consistent mean drag coefficients of approximately 1.27. This is reasonably consistent
with the prediction of CD = 1.2, from [24], but is greater than anticipated. The results for
mesh 4 (the finest mesh) are considerably different and predict a significantly lower drag
coefficient of approximately 1.05. These results demonstrate unfavourable ‘convergence’
behaviour and, as a result, for the prediction of drag coefficient, in these simulations
the discretisation uncertainty alone is at least 10%. This level of uncertainty might be
anticipated, and is also present in the empirical data [24] when simulating conditions in
the turbulence transition region.
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For the lantern housing, the drag coefficients in the ‘mesh convergence’ study showed
a similar behaviour to that for the frame element, i.e., the solution does not converge and
the discretisation uncertainty is high. Even though, the simulations showed a lower drag
coefficient (between 0.3 and 0.5), which is lower than experimental data (0.71) reported
in [24], the results are plausible due to the very large scatter, and rapidly varying relation-
ship between CD and Re, in results reported at these Reynold’s numbers. This is due to
the sensitivity of the system, at these high Reynolds numbers, due to the transition to a
turbulent boundary layer and the upstream turbulence, which is evident in the empirical
data presented in [24].

The simulation of the flow around the helideck frames and lantern was run on a
desktop computer with an Intel Core i7-5820k CPU @ 3.30GHz (12-threads) and 32 GB
of RAM (www.intel.co.uk, accessed on 13 July 2022, Swindon, UK). The simulation used
8 threads and took 170 h for 10s of simulated time.

2.5. Modal Testing

We used a set of six version 1 (V1) APDM Opal AHRS (attitude and heading reference
system) devices. One Opal comprises a triaxial accelerometer, a triaxial rate gyroscope and
a magnetometer. It records acceleration and rotation vectors in the local coordinate system
(LCS, Figure 7A) of the Opal at each time stamp and computes orientation information in the
form of quaternion vector at each time stamp. The quaternion derives from the combination
of sensor signals and can be used in post-processing to recover world coordinate system
(WCS) vectors for gyroscope and acceleration signals. WCS is referenced as a North, West
and Up (NWY) triad. We attached 53 accelerometers on the helideck structure as shown
in Figure 7B,C. The accelerometers on the helipad (shown in yellow in Figure 7C) were
aligned with their LCS in common and rotated 90 degrees clockwise (viewed from above)
with respect to NWU (i.e., WCS) and on the helideck posts (shown in red and green in
Figure 7C), LCS was always aligned with Z direction facing inboard. Measurements were
made in a sequence of seven swipes, moving four Opals and keeping two fixed. For each
swipe, about one third of the duration was ambient response to light wind and machinery,
one third with random walking around the helideck and one third hitting one of the vertical
posts with a rubber mallet (as shown in Figure 7D).

Figure 7. (A): APDM Opal IMUs; a triaxial accelerometers with 128 µg/
√

Hz noise floor. (B): An
accelerometer attached to the helideck. (C): The location of accelerometers installed on the helipad
(Different colours represent different elevations on the structures. Yellow, red and green represent
Top (helipad), middle and lower levels, respectively). (D): Inducing excitation on the helideck to
record the acceleration.

www.intel.co.uk
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2.6. Design Computational Framework

The helideck structure consists of a landing platform and a supporting structure which
is anchored to the masonry lighthouse lantern gallery by embedded holding down bolts.
The structure is a cylindrical beam structure featuring horizontal, vertical and diagonal
members (as shown in Figure 2B for the current structure, and Figure 8A for one of the
helideck structures considered in this work). Our design space is limited to beam structure
due to manufacturing and installation considerations. Here, we generate a design space
which includes different configurations of network of connected beams.

Figure 8. (A): Different locations of a helideck structure with 8 sections and 1 section of diagonal
bracing. Different location of diagonal beams results in different compliances and buckling capacities.
(B): The flowchart of the design space generation.

2.6.1. Material

The current helidecks are made of carbon steel which increases the risk of corrosion
as shown in Figure 4 in the harsh environmental condition of lighthouses. We chose
Aluminium 6082 T6 with filler material grade 403 for the next generation of helidecks for
lighthouses as it is light and durable in such an environmental condition. The material
selection was based on discussions with the partners of the project, namely, Aluminium
Federation (ALFED) and material suppliers and manufacturers. The selected material has
yield stress of 260 and 125 MPa according to Eurocode 9 for extruded and welded sections
respectively [26]. In this work we chose the yield stress recommended by the code for
welded section as the allowable stress.

In this work we modelled both the current structure (made of carbon steel) and the
new designs in the design space (made of aluminium) in ABAQUS. The material properties
we used in the FE simulations are presented in Table 2 and are adopted from [26,27]. We
used 3-dimensional beam elements (element type B31 in ABAQUS) to model the helideck
structure and discretised each component of the structure (i.e., free span of beams between
any two connection points) by at least 5.

Table 2. Material properties used for the FE simulations.

Material Type of
Analysis

Constitutive
Material Model Elastic Modulus (E) Poisson’s Ratio (ν) Yield Stress (σyield)

Steel Modal Elastic 200 GPa 0.3 —
Aluminium Static Elastic 70 GPa 0.3 —
Aluminium Riks Elastic-Perfect plastic 70 GPa 0.3 125 MPa
Aluminium Explicit Elastic 70 GPa 0.3 —



J. Mar. Sci. Eng. 2022, 10, 1180 11 of 27

2.6.2. Exploring Different Topologies for the Lightest Helideck

We have developed a computational framework to generate different topologies of a
cylindrical beam structure for the helipad structure. We have developed a code in MATLAB
(uk.mathworks.com, accessed on 10 July 2022, UK) which generates FE models of different
topologies, runs the FE simulations in ABAQUS and generates a dataset featuring the
volume fraction and compliance of the structures and the maximum stress throughout each
structure configuration. We then used this dataset to choose the topology which results in
the minimum volume fraction and compliance while keeping the stress below the allowable
stress [28–33]. The schematic workflow of this process is shown in Figure 8B. The MATLAB
code gets the following items as the input and automatically generates the FE model of the
helideck in ABAQUS:

• Helideck geometry:

â Height of the helideck;
â Diameter of the supporting structure;
â Diameter of the landing deck;
â Overall diameter of the helipad including the safety net beams;
â Number of circumferential sections;
â Number of vertical sections.

• The helicopter properties:

â Total mass of the helicopter for which the helideck is designed;
â Length of the skids of the helicopter;
â Spacing between the helicopter skids.

• Wind load;
• Beams cross section.

After running the simulation for the entire design space, the MATLAB code reads
the result of the simulations and sorts the design space based on their volume fraction
and compliance. Then it selects the lightest structure with the minimum compliance. The
principals of topology optimisation for minimising the compliance are as follows:

minimise Φ(u) = FTu

Subject to
∫

ρdV −V ≤ 0

where the objective function Φ is the static compliance, which is a function of the load
vector F and the displacement vector u. ρ and dV are the density and volume of each
element of the structure, and V is the volume constraint [34]. In this work, we aimed
at reducing the total mass of the structure by 50% in the topology optimisation process
therefore we assumed V = 0.5.

Here, we considered the structures with 16, 14, 12, 10 and 8 circumferential sections
and 8 vertical sections. Diagonal bracing has been considered to be between one to eight
layers (latter is considered as the fully braced structure) and any possible location of
bracing has been considered. One hundred and eighty possible configurations have been
considered and corresponding FE simulation was carried out to generate the design space.

The volume fraction of each structure was calculated by dividing its mass by the mass
of the heaviest structure in the design space which is the one with 8 and 16 vertical and
circumferential sections respectively and is fully braced by diagonal beams. The minimum
and maximum values of volume fraction of the structures in our design space are 44% and
100 %, respectively, as shown in Figure 9.

uk.mathworks.com
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Figure 9. Volume fraction of all structures in the design space. The plan view of the helideck
structures is shown below the volume fraction curve.

2.6.3. Loads

The helideck should be designed to withstand the loads which are likely to be applied
on the structure when the helicopter lands. We adopted the loads recommended by
“Standards for offshore helicopter landing areas—CAP 437” [35]. The following loads were
simultaneously applied on the helipad structure and are schematically shown in Figure 10:

• Dynamic load due to impact landing

It is recommended by CAP 437 that the total mass of the helicopter to be applied
by a safety factor of 2.5 to consider the dynamic effect of an emergency landing event.
According to CAP 437, the supporting structure shall maintain the landing load regardless
of the landing position on the helipad, therefore we considered the worst case, i.e., edge
landing, which produces the highest bending moment throughout the structure.

• Sympathetic response of landing platform

It is recommended to increase the abovementioned dynamic load to include the effect
of structural response depending upon the natural frequency of the helideck structure.
A 30% increase is recommended by CAP 437.

• Overall superimposed load on the landing platform

A 0.5 kN/m2 load should be applied on the helipad to consider the presence of any
appendages on the deck surface in addition to the landing load.

• Lateral load on landing platform supports

The helideck structure should resist a horizontal load applied at the location of vertical
landing load equal to 50% of the total helicopter mass. The direction of this load should be
in a way that produces the worst loading condition.

• Dead load of structural members

This is the normal gravity load.

• Wind loading
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Figure 10. Applied loads shown on the current helideck structure on Bishop Rock lighthouse
according to CAP 437 for edge landing scenario (all vertical posts at the bottom of the structure are
anchored to the top of the lighthouse). According to the standard, the wind load and landing lateral
loads are considered in the same direction to produce the worst case.

We calculated the actual wind load at the location of Bishop Rock lighthouse as
described in Sections 2.3 and 2.4.

Using the abovementioned parameters, the MATLAB code generates FE model of each
possible configuration of beam structures and load it based on the recommendations of the
CAP 437.

After running this process and selecting the optimum structure with the minimum
compliance (see Figure 11), we carried out further analysis namely post-buckling (i.e., Riks
method) and wind dynamic (explicit) analyses, which are described in the following sections.

2.6.4. Buckling Analysis

We carried out non-linear buckling analysis of the structure which was selected by the
algorithm described in Sections 2.2 and 2.3 by means of the Arc-length (Riks) method [36],
which has been known as reliable method to calculate the buckling behaviour of Aluminium
alloys [37]. This method is an incremental approach in which the defined loads on the
structure are increased in every increment to get to the collapse point [7,38]:

Ptotal = P0 + λ
(

Pre f + P0

)
(8)

where, P0 is the dead load, Pre f is the reference load vector which is indicating the applied
load on the structure and λ is the load proportionality factor. We used the ABAQUS
software package to carry out the Riks analysis and calculate the maximum load propor-
tionality factor of the structures. We assumed P0 equal to zero so the load proportionality
factor would be the ratio of the applied load on the structure at each increment over the
reference loads defined in Section 2.6.3:

λ =
Ptotal
Pre f

(9)
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Figure 11. The workflow of selecting the lightest structure in the dataset with the minimum compliance.

Then we used λ as an indictor to compare the maximum buckling capacity of differ-
ent designs.

2.6.5. Dynamic Analysis of the Wind Loading

We carried out explicit finite element analysis of the structure under varying wind
load for a time period of 10 min as recommended by the CAP 437. We calculated the wind
fluctuation for the average value of 27.1 m/s (see Sections 2.3 and 3.1) according to [39,40]
as shown in Figure 12.

Figure 12. The wind fluctuation calculated for the location of the Bishop Rock lighthouse over a
period of 10 min (600 s).
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Using the wind fluctuation and the equations presented in Section 2.4, we calculated
the wind load as a function of time and location on the helideck structure. We used these
time-dependent forces with other loads presented in Section 2.6.3 to carry out explicit
FE analysis for the assessment of the helideck over a period of 10 min according to the
CAP 437.

3. Results
3.1. Extreme Value Estimates of Gust Speed

The return level plot for the GPD model based on the selected threshold value of
27.4 m/s is shown in Figure 13. From this plot a return level of 37.8 m/s is obtained at St
Mary’s for a return period (TR) of 50 years and a return level of 39.1 m/s is estimated for a
return period of 100 years. Asymmetric 95% confidence intervals for each return level have
been calculated through the profile log-likelihood method. The extreme value estimates are
shown in Table 3 where the corresponding 10 min mean wind velocity is also reported. The
gust factor model proposed by Cook [22] was used to convert the 3 s gust speeds to the
hourly mean values and subsequently a factor of 1.06, as indicated in [25], was applied to
convert the hourly mean values to the 10 min mean wind velocities.

Figure 13. Return level plot for the GPD model fitted to the maximum gust speed at St Mary’s, based
on the selected threshold of 27.4 m/s and declustering time window of 72 h. The associated 95%
confidence interval is also shown with dashed blue lines.

Table 3. Estimates of 3 s gust speed for different return periods (TR, years) and corresponding 10 min
mean wind velocity at St Mary’s.

TR (Years) 3 s Gust Speed (m/s) 10 min Mean Wind Velocity (m/s)
2 31.2 [30.6;32.0] 21.6 [21.2;22.2]
10 34.6 [33.4;36.7] 23.9 [23.1;25.4]
20 36.0 [34.5;39.1] 24.9 [23.9;27.1]
50 37.8 [35.8;42.8] 26.2 [24.8;29.7]

100 39.1 [36.7;46.0] 27.1 [25.4;31.9]
150 39.8 [37.2;48.1] 27.6 [25.8;33.3]
200 40.3 [37.5;49.6] 28.0 [26.0;34.3]
250 40.8 [37.8;50.8] 28.2 [26.2;35.2]

Considering an extreme event with a 0.01 annual exceedance probability (corre-
sponding to an event with a return period TR = 100 years) and following the EN 1991
1 4: 2005 + A1: 2010 and the UK National Annex (BSI, 2011a,b) we used the basic wind
velocity vb = 27.1 m/s in this work.
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3.2. Wind Load on the Helideck as Function of Time and Location

Using the method described in Section 2.4, flow field around, and the load on, a
helideck structure with ten circumferential sections was calculated for an incident wind
speed of 27.1 m/s. Figure 14 shows a snapshot of the 2D simulation, including the lantern
housing, the ten vertical frame elements and the magnitude of the fluid (air) velocity. It
is clear that the interactions between the elements considerably alters the fluid flow field
compared to the cases of elements in isolation (see Figure 6).

Figure 14. The velocity field in the vicinity of the vertical frame elements and lantern housing
(Velocity, U, in m/s).

From this simulation, the mean values of drag and lift coefficient (CD and CL, i.e.,
coefficient of force in streamwise and perpendicular direction, respectively) are calculated
for all the frame elements of the helideck. Figure 15 shows that the interactions between
the cylinders considerably alters the load experienced by any particular element and that
the mean load depends strongly on the relative position of the element in the structure. It
also shows that the mean drag coefficient can be significantly greater than that experience
by a frame element in isolation (Cd ~ 1.2), and non-zero mean lift coefficients are possible,
due to the acceleration of air flow around the lantern housing.

In addition to the mean loads, the fluctuations in the loads experienced by the frame
elements due to the vortexes is also influenced by the interactions between the various
elements. To find the amplitude and frequency of the load oscillations, a fast Fourier
transform (FFT) has been performed on the time series of the coefficients for each of the
frame elements. Figure 16 shows the amplitude spectra for the drag and lift coefficients. For
each element the amplitude and frequency associated with the primary peak are depicted
in Figure 17. It is shown that some of the signals have other significant peaks, e.g., for
elements 3 and 9 there are peaks in the CD spectrum between 0.06 and 0.08 and peaks for
CL spectrum between 0.24 and 0.16 at frequencies of approximately 56.2 Hz and 74 Hz, but
in general, these other peaks are an order of magnitude lower in amplitude.
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Figure 15. Mean drag (top) and lift (bottom) coefficient on the vertical helideck frame elements as a
function of their angular position around the lantern chamber, for an incident wind speed of 27.1 m/s.

It is shown in Figures 15 and 17 that the elements experiencing the greatest mean drag
also experience the greatest amplitude of oscillation in both drag and lift. Furthermore, for
elements experiencing the greatest amplitude of oscillation, the frequency of the oscillation
is consistent with the expected frequency of vortex shedding for the isolated frame element
in 27.1 m/s flow speed equal to 54.2 Hz [24], higher mean thrust coefficients lead to higher
frequency oscillations and vice versa.
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Figure 16. Amplitude spectrum (result of a FFT) for the oscillations in drag (top) and lift (bottom)
coefficient for each of the helideck frame elements, for an incident wind speed of 27.1 m/s (the results
for the frame elements have been colour coded based on the symmetry of their positions).

According to the result presented in this section, Fx,i and Fy,i which are the loads on
the ith vertical element of the helideck frame in the stream direction and perpendicular to
it respectively, can be approximated as follows:

Fx,i =
1
2

ρAu2
[

CD,i + αCD ,i cos
(

ϕCD ,it
2π

)]
(10)

Fy,i =
1
2

ρAu2
[

CL,i + αCL ,i cos
(

ϕCL ,it
2π

)]
(11)

where, (CD,i and CL,i) are the mean drag and lift coefficients (Figure 15); αCD ,i and αCL ,i
are the amplitudes of the primary oscillations in drag and lift coefficient respectively
(Figure 17) and; ϕCD ,i and ϕCD ,i are the frequencies of the primary oscillations in drag and
lift coefficient, respectively (Figure 17). ρ is the density of the air

(
1.225 kg/m3), A is the

projected area the cylinder presents to the undisturbed flow, u is the wind speed in the
streamwise direction (27.1 m/s), and t is time (in seconds).

Since the helideck is a circular structure, by linear interpolation of the result of the
simulation for the case of a helideck with ten vertical frame element, we calculated the force
as a function of θ and time where θ is the angle between the wind direction and the line
that connects the location of interest and the centre of the helideck as shown in Figure 18.
Therefore, we could estimate the wind force on the elements of helidecks with vertical
frame elements less or more than 10. We applied mean value of the wind load for static
and bucking analyses and the time-dependent wind force for the explicit dynamic analysis.
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Figure 17. Amplitude and frequency of primary oscillation in drag (top) lift (bottom) coefficient for
the helideck frame elements as a function of angular position for an incident wind speed of 27.1 m/s.
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Figure 18. The wind forces per unit of length (Drag, (top), and Lift, (bottom), in x and y directions
respectively) calculated for the Bishop Rock lighthouse helideck as function of location and time over
a period of 10 min (600 s).

3.3. Modal Analysis

Figure 19 shows a sample time history of horizontal acceleration due to the mallet
impacts. We used eigensystem realisation algorithm (ERA) to merge and normalise the
cross-power matrices of the individual swipes with respect to some or all reference channels,
and then we converted the merged cross-powers to cross-covariance (free decay) functions
that are in effect curve-fitted in time domain [41].

The first three identified modes of vibration of the helideck are shown in Table 4.
Moreover, we modelled the current helideck structure in ABAQUS and performed modal
analysis to calculate its natural frequencies and compare the result of experimental evalua-
tion with the numerical results. As shown in Table 4, the result of FE modal analysis of the
helideck is in a good agreement with the experimental results with 6.2%, 5.1% and 6.9% of
error for the first to the third mode of vibration, respectively.
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Figure 19. Acceleration time history for mallet impact excitation.

Table 4. Result of numerical and experimental modal analysis of the Bishop Rock lighthouse helideck
for its first three vibration modes (the contours of showing the displacement magnitude where dark
blue refers to zero and red indicates displacement equal or greater than 1 mm).

Mode 1 Mode 2 Mode 3

Num.: 4.30 Hz Exp.: 4.05 Hz Num.: 4.30 Hz Exp.: 4.09 Hz Num.: 4.68 Hz Exp.: 5.03 Hz

3.4. The Optimum Helideck Structure

We calculated the strain energy (which represents the compliance) of each structure
in the generated dataset. Figure 20 shows the strain energy of the structures in the design
space versus their volume fraction. According to the volume constraints (V = 0.5), there
are two groups of structures with volume fraction lower than V, the ones with one and
two layers of diagonal bracing with volume fractions of 44% and 46%, respectively. The
minimum compliance for the structures with volume fractions less than 50% belongs to the
structure with two layers of diagonal bracing with the bracing located in the lower part of
the helideck. The maximum stress of all structures was measured and all structures in the
design space had maximum stresses lower than the allowable stress varying between 25 to
64 MPa for the structures with the maximum and minimum compliance respectively. We
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carried out buckling analysis of structures with one and two layers of diagonal bracing to
find the best structure with the highest buckling capacity.

Figure 20. Volume fraction of the design space. Examples of the structures with the volume fraction
lower that 0.5 are shown here.

3.4.1. Buckling Analysis

The results of the Riks analysis, which was carried for the structures with the volume
fraction lower than 50% (structures with one and two layers of diagonal bracing), are shown
in Figure 21. It is shown that they all would buckle above the reference loads described
in Section 2.6.3. The load proportionality factor of these structures varies from 1.10 to
1.57 that means the helideck with one layer of diagonal bracing right under the helipad
would buckle when the design loads are increased by 10% and the helideck with two layers
of bracing one at the bottom of the helideck and the other one located at the third section
from bottom of the helideck would buckle when the design loads are increased by 57%. We
chose two structures out of two groups (i.e., structures with one and two layers of diagonal
bracing) with the highest load proportionality factors in their groups (see Figure 21) for
Dynamic (time-dependent) analysis.

3.4.2. Dynamic Analysis of the Wind Loading

The result of our explicit analysis shows that two structures respond to the time-
dependent wind load similarly however the maximum stress over the time of simulation
for the structure with only one layer of diagonal bracing is slightly higher than the one
with two layers of bracing. Table 5 shows the result of static, Riks and dynamic analysis
for the two structures featuring the volume fraction lower than 50% and have the highest
buckling capacity. It is shown that the structure with two layers of diagonal bracing (shown
in Table 5) has the highest buckling capacity and lower levels of maximum stress in both
static and dynamic analyses.
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Figure 21. Maximum load proportionality factor for structures with one and two layers of diagonal
bracing obtained from Riks analysis. (Top): the structures with two layers of diagonal components.
(Middle): the structures with one layer of diagonal components. (Bottom): comparison of the load
proportionality factor of the structures with one and two layers of diagonal bracing.
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Table 5. Comparison of the results of static, Riks and dynamic analyses of the structures meeting
all requirements.

Static Analysis
Volume fraction 44% 46%

Maximum stress 54 MPa 44 MPa

Von_Mises stress distribution

Riks Analysis
λ 37% 47%

Dynamic (Time-Dependent) Analysis
Average stress 56.3 MPa 55.8 MPa

Maximum stress 111.8 MPa (at 1790 s) 111.6 MPa (at 1440 s)

Von_Mises stress distribution

4. Discussion

We have adopted a multidisciplinary approach to identify the environmental load
on the Bishop Rock lighthouse helideck precisely and have developed a computational
framework to find the lightest beam structure with minimum compliance for a helideck
on this offshore lighthouses. Even though we focused on the Bishop Rock lighthouse in
this work, the developed framework in this work can be used for other lighthouses and
similar buildings.

A homogenisation procedure has been applied to the available gust speeds recorded
at St Mary’s to remove discontinuities mainly due to changes in instrumentation, measure-
ment height, observing practice and location. An extreme value analysis was performed
applying the POT method to the homogenised data to determine 3 s gust speed estimates
corresponding to return periods of 2, 10, 20, 50 and 100 years in the study area.

The effect of wind load on the helideck structure was estimated using CFD simulations.
The result of our numerical model showed that the flow around the helideck structure
due to the wind in extreme conditions is highly turbulent. We observed a rather high
level of uncertainty due to the convergence of the model (more than 10%); however,
such level of uncertainty was also observed in empirical study proposed by Cook [24].
Furthermore, we showed that the interactions between the cylinders considerably alters the
fluid flow field (compared to the case of a cylinder in isolation). The mean thrust coefficient
would greatly vary between the different helideck frame elements and, in some cases, was
increased to more than double the value of an isolated element due to the acceleration of
the wind around the lantern chamber. In addition, a variable, but considerable, mean lift
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coefficient was observed due to these interactions, which would be assumed to be zero for
an isolated cylinder.

Moreover, we carried out an experimental modal analysis for the current helideck
structure which is in operation on the Bishop Rock lighthouse and described its modal
behaviour. We also carried out computational modal analysis to estimate the natural
frequency of this structure by means of finite element method. By comparing the result of
our computational simulation and the experimental results of modal analysis, we observed
average error of 6% between computational and experimental results for the first three
modes of vibration of the helideck. The good agreement between the computational and
empirical results showed that the type and size of elements and the constitutive material
model we used in our FE model are properly representing the actual behaviour of the real
helideck structure.

We developed a computational framework to generate a dataset for possible design
configurations of the helideck structure. This work is the first attempt to optimise an
offshore lighthouse helideck by considering the actual environmental loads for the location
of the lighthouse. The computational framework showed that the structures with eight
circumferential and vertical sections and with one and two rows of diagonal bracing are
meeting the volume fraction constraint (50%) while maintaining their integrity under
the static loads (maximum Von Mises stress observed throughout these structures was
64 MPa), regardless of the location of the diagonal bracing. Then we showed that the
location of diagonal bracing rows influenced the buckling capacity of the structures (load
proportionality factor λ) significantly. The Riks analyses showed that the structure with
two rows of bracing has the maximum buckling capacity among the structures with the
volume fraction lower than 50%, when there is one row of the diagonal bracing at the
bottom of the structure and one at the third row of from the base of the helideck (see
Table 5). Nevertheless, we found that in the case of transient wind load the structures with
one and two rows of experiencing similar maximum stresses which could be due to local
effect of stress concentration at the connection points [42–44] as shown in Table 5.

According to our multidisciplinary work, we found that the structure with eight
vertical and circumferential sections featuring two rows of diagonal bracing with one at the
base and the other one at the third section from the base of the helideck was the optimum
design for the considered loading in this work. We followed a one-way coupled approach
to reduce the computational cost [45]. We calculated the environmental loads by means
of computational fluid analysis in this work and mapped the loads to the structure and
we did not calculate the flow pressure field due to deformation of the structure. However,
a fully coupled solid-fluid interaction results in a more accurate way, as proposed by E.
Aursand et al., and K. Bergmeister [46,47], and may be addressed in future works. Here,
we focused on the general configuration of the structure and chose a circular cross section
with a constants thickness for the whole structure, nonetheless different cross sections with
varying thicknesses may be addressed in future works as well.
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