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Abstract - Increasing size of wind turbine blades and designing
thin-walled structures with a high-degree of freedom in the high-
density offshore industry has led to an increasing danger of
buckling of structures subjected to high compressive forces. High
density complex geometries are computationally challenging to
analyse for their modes of failure where efficient handling and
post-processing of large structures is often the most
computationally intensive aspect of the simulation. The
transparent and computationally efficient methodology of
structural buckling analysis using native open-source numerical
environments is outlined in this paper. A tailor-made Scilab
algorithm for building global linear stiffness matrices and
geometric stiffness matrices was developed from discretizing a
characteristic viscoelastic strut into a discrete element Euler-
Bernoulli beam model. To gain the most efficiency, the algorithm
implemented storage as sparse matrices to conserve large amounts
of memory so that larger, otherwise unsolvable problems may be
addressed. Directly solving the generalized eigenvalue problem by
Arnoldi-iteration appears to have provided a way to extract the
desired buckling load multiplier, along with a graphical display of
main failure modes. The findings suggest that it is possible to
conduct a stringent, full-scale aeroelastic instability and buckling
prediction outside of established commercial packages with
accuracy. This open-source application appears to grant
structural engineers’ greater control over mathematical
derivation, providing a highly scalable, repeatable structure for
future topological optimisation of marine energy systems.

Keywords - Structural Buckling, Sparse Matrix, Multiscale
Topology, Wind Engineering, Scilab

. INTRODUCTION

The continued development of offshore wind turbines has
resulted in the manufacturing of blades with rotors over 200
meters in diameter, which increases energy capture, lowering the
levelized cost of energy [1]. These large, long blades are
becoming extremely slender, thin-walled structures that are
prone to global and local buckling [2]. While high gusts and
operation the suction side of the blade is subjected to high
compressive loads, causing catastrophic failure via buckling [3].
To address this, innovative internal designs are being developed
such as multiscale, high-density lattice structures that add
rigidity with a reduction in mass [4].

In computational terms, analysis of these complex shapes is
the design stage bottleneck. Finite element analysis software has
traditionally been a commercial domain and although these
packages are very robust, they can often be treated as "black
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boxes" which hide the mathematical basis and make the
inclusion of non-standard material behaviour such as
viscoelasticity impossible [5]. The generation and storage of this
large amount of structural information and especially the
assembling and storage of the full, dense global stiffness
matrices is the most computationally expensive part of the
simulation [6]. Even if a problem only requires millions of
degrees of freedom (DOF), a large number that does not
necessarily need extremely high fidelity, it will likely still
require an amount of memory for dense matrix operations that is
unavailable on most workstations thus requiring access to
expensive, high-performance computing resources [6],[7].

As such, there is growing attention being paid towards using
transparent, open-source numerical environments to enable the
use of computationally efficient and memory-reduced
algorithms [8],[9]. Use of sparse matrix storage is crucial in such
a process, and formats like the Coordinate mapping strategy save
on memory by storing only the locations of the non-zero entries,
effectively “skipping" over the vast number of zeros
representing non-connected nodes in a lattice [10]. This allows
system matrix storage requirements to scale linearly with the
unknowns for large-scale infrastructure analysis on typical
hardware [11],[12].

This work aims to provide a clear and computationally
efficient formulation of structural buckling problems native to
the open-source Scilab software. To do this, a model viscoelastic
strut was discretized into a multi-element Euler-Bernoulli beam
model and both global linear stiffness matrices (Klin) and
geometric stiffness matrices (K g) were entirely formulated in a
sparse coordinate format. The resultant generalized eigenvalue
problem was solved natively via an Arnoldi iteration, a Krylov
subspace method which efficiently retrieves the critical buckling
load multipliers and mode shapes [13],[14]. By eschewing the
vast memory consumption from proprietary software and dense
storage of matrices, this may provide a reproducible and
efficient structural framework for future topology optimization
of marine energy systems [15].

1. METHODOLOGY

In this work, the proposed computational strategy describes
how structural instabilities of dense objects could be calculated
efficiently with a locally developed free open-source
framework, allowing transparency, saving memory and
avoiding opacity as typical from the commercial FE software

[16],[9].
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A. Domain Discretisation and Structural Modelling

In order to gain a deeper understanding of the inherent
buckling behaviour of the internal lattice structure a single
viscoelastic strut was identified and represented using classical
Euler-Bernoulli beam theory. A total of N finite elements was
used to discretise the physical domain of the strut (a total length
of L;otqi) iNto N + 1 nodes. Hence, each node was allocated two
degrees of freedom, namely; transverse displacement, v and in-
plane rotation, \theta.

This formulation results in a total of 2(N + 1) degrees of
freedom. An initial compressive force, Pyp,,i.q Was applied
axially to allow for the determination of the reference stress state
which must be obtained to carry out the stability analysis. The
material properties were incorporated into the element stiffness
matrices in order to reflect the time-dependence of the response
of the lattice members in time [17]. Table one illustrates the
physical parameters of the strut and the discretisation scheme.

TABLE 1

INITIAL GEOMETRIC AND MATERIAL PARAMETERS
FOR THE STRUCTURAL MODEL

Parameter Variable Value Unit
Total Length Liotal 2.0 m
Number of
Elements NUMelements 50 -
Number of Nodes NUMnodes) 51 —
Element Length L 0.04 m
Young's Modulus E 200 x 10° | Pa
Second Moment of I 5 % 10-6 mA
Area
Baseline Applied
Loadpp Papplied 1.0 N

The length of Ly, = 2.0m, in continuous space, was
evenly discretised into N =50 elements, and therefore 51
nodes. Two DOFs were assigned to each node, these were a
transverse displacement v and in plane rotation 6, hence yielding
102 DOFs in the global system. A fundamental axial
compressive load Papplied = 1.0N was applied, establishing a
reference stress state necessary for the following stability
analysis.

B. Native Sparse Matrix Assembly Strategy

The computation of global elastic stiffness matrix(Klin) and
global geometric stiffness matrix (Kg) might take a significant
part of computational cost in the analysis of structural
buckling[18]. In cases where the density topology is large,
simple allocating for dense matrices consumes a lot of memory
as most of the entries connect unconnected nodes. In order to
avoid this problem, a specific assembly algorithm for sparse
matrix has been coded natively in Scilab.

The structure was then divided into n finite elements. For
each element e the local elastic stiffness matrix ke and local
geometric stiffness matrix kge were computed. Instead of
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transforming them into a large dense matrix in advance, we
adopted the coordinate list mapping strategy[19]:

1) The nodal global degrees of freedom for each element
were exported.

2) The row and column numbers were converted to
continuous, one-dimensional coordinate vectors (I, ]).

3) The numerical values of Klin and Kg were written to
corresponding value vectors (Vk,Vkg).

The global matrices were then constructed using Scilab’s
native functional commands:

Kgiopa1 = sparse([row_idx, col_idx], K_vals)
Ky giopar = sparse([row_idx, col_idx], Kg_vals)

Linking the coordinate vector with the corresponding non-
zero values and ignoring the zero-value entries we are likely to
have the memory load on the order of number of unknowns, and
it would become possible to handle large systems even with
workstations [20].

C. Application of Boundary Conditions

Kinematic boundary conditions were applied [16] to avoid
rigid body motion and avoid singularity in the mathematical
equation during the solver phase, in that case for the strut
boundary conditions have been applied for the simply supported,
that the boundary condition would have null displacements on
the ends.

Reduction of the global stiffness matrices K;;opq and
g.globar Was performed by removing the rows and columns
which  were  constrained.  The  resulting  reduced
matrices Ky eqyceq and Ky are therefore non-singular.

K

.reduced

D. General Eigenvalue Extraction

The critical buckling load was ascertained via the resolution
of the generalised eigenvalue problem [21]:

KrequceaX = )\Kg,reducedx

where A represents the critical buckling load multiplier and
x represents the normalised buckling mode shape.

In order to take advantage of the most computational
efficient method that did not required additional toolboxes the
intrinsic Arnoldi iteration of the solver in Scilab (eigs) was
implemented. It is well known that this type of Krylov subspace
method is efficient for large sparse systems because avoids full
matrix inversion[13]. The solver was explicitly asked for the
retrieval of the eigenvalues of smallest magnitude("SM") that is
representative for the first failure modes[22]. The initial critical
buckling load was defined as the minimum real eigenvalue
retrieved [22].

E. Mathematical Formulation

The formulation commences with the Green-Lagrange strain
tensor for a one-dimensional beam. For a strut undergoing an
axial displacement u(x) and a transverse deflection v(x), the
total axial strain €, is defined as:

B du+ 1(dv)2
“ T " 2\ax
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The first term Z—z is the standard linear strain (e, ). The second

1 (av\? . . .
term - (é) is the non-linear component (e, ) whose function

is to account for the coupling between transverse bending and
axial stretching, a mechanism understood to trigger buckling
[23].

A structural system is in stable equilibrium upon the
minimisation of its total potential energy. The total potential
energy, I1, is the difference between the internal strain energy
(U) and the work done by external loads (W):

n=uv-w

The internal strain energy for a linear elastic material
(obeying Hooke's Law, o, = E€,) integrated over the volume V
is:

1 1
U=—fcxede=—fEe§dV
2 14 2 14

The substitution of the non-linear strain definition, as

delineated in the preceding step:

1
U= _fE(EL +€NL)2dV
2 v

1
Uz—fEede+fEeLeNLdV
2y v

(The higher order €%, term is considered negligible and
consequently omitted in linear bifurcation analysis).

The continuous functions u(x) and v(x) necessitate
approximation through the utilization of discrete nodal values.
The expression of the displacements within a single element is
subsequently achieved by employing a matrix of shape functions
[N] and the nodal degree of freedom vector d:

v(x) = [N]d

Through the application of the relevant derivatives (utilizing
the differential operator matrix ) to these shape functions, the
internal strain energy may be expressed entirely in terms of the
unknown nodal displacements.

Upon the substitution of the discretised displacements into
the strain energy equation, the integral is observed to bifurcate
into two distinct matrices [24]: Elastic Stiffness Matrix ([K])
and Geometric Stiffness Matrix ([Kg])

1) The Elastic Stiffness Matrix ([K])

Derived from the linear strain term . This matrix delineates
the structure's inherent resistance to deformation predominantly
contingent upon its material (E) and geometry (I, A, L)5].

K] = f VIBTE[B,]dV

2) The Geometric Stiffness Matrix ([K;]):

Derived from the non-linear component fVE € ey dV. Itis
an expression that illustrates the pre-existing axial stress (o),
which is induced by the applied compressive load (P). This
matrix further exhibits an explicit dependency upon the
magnitude of the applied compressive force and modulates the
structure's bending stiffness[26],[27].

[Ks(P)] = f [BNL]TGO[BNL]dV
v
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Applying the Principle of Minimum Potential Energy, the
first variation of the total potential energy is taken with respect
to the nodal displacements and subsequently equated to zero
(81 = 0). Consequently, this procedure yields the global
equilibrium equation:

([K] + [Kc(P)Dd = F

The reduction in overall stiffness consequent to the
application of a compressive load implies that the geometric
stiffness matrix [K;] operates antagonistically to the elastic
stiffness matrix [K]. This synergistic term, therefore, constitutes
the Tangent Stiffness Matrix, [Kr]:

[KT] = [K] - [KG(P)]

The application of a baseline reference load, Py.f,
subsequently facilitates the generation of a reference geometric
stiffness matrix, [K¢ ] Should this load undergo scaling via a
multiplier A, a proportional adjustment of the internal stresses is
consequently observed:

[K6(WPre)] = MK rer ]

Buckling, formally defined as a bifurcation point solution to
the structural response, is an equilibrium position at which the
structure is in a state of neutral equilibrium and may shift from
the original straight shape to an adjacent bent configuration
without applying an additional load (§F = 0).

The ascertainment of this adjacent state necessitates the
postulation of a minute incremental displacement, &d or(v).
Consequently, the equilibrium equation governing this
incremental step is formalized as follows:

[Kr]lv =0

([K] - )\[Kc,ref])v =0

For the satisfaction of the equation , two distinct possibilities
may be posited:

a. v = 0: This denotes the trivial solution, which implies
that the structure maintains its perfectly straight
configuration and has not undergone buckling.

b. The determinant of the tangent stiffness matrix equates
to zero, specifically, det([K] — A[Kg ref]) = 0.

When the value of the determinant becomes zero, it is
tantamount to the tangent stiffness of that structure has nullified
which would indeed also imply total absence of any transverse
disturbance resistance and mathematical collapse of the
structure under consideration [28],[29].

The determination of the precise load multipliers (A) that
induce a zero determinant necessitates the solution of the
generalized eigenvalue problem, which is expressed as follows:

[K]v = }\[KG,ref]v

a. Eigenvalues (A): These denote the critical buckling
load multipliers; notably, the smallest positive real A
may indicate the fundamental failure load.

b. Eigenvectors (v): These represent the physical mode
shapes, which delineate the likely deflection profile of
the struts upon the attainment of that critical load.
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I11. RESULTS

The following sections will show the numerical results
obtained from the native Scilab buckling program specifically
concentrating on the critical loads, the actual deformation of the
members of the structure and the time taken by the sparse
assembly methodology.

A. Extraction of the Critical Buckling Load Multiplier

The principal result yielded by the generalized eigen value
solver was the identification of the fundamental stability limit of
the discretised strut. Using native Arnoldi iteration, the
simulation correctly converged to the smallest real eigenvalue of
the reduced sparse matrix.

The critical buckling load ratio (A) had a value of
2,467,401.15. This value seems to suggest that the internal
lattice member can hold a compression load of 2.46 million
times that of the baseline unit load (1.0 N), without experiencing
structural bifurcation; thus, this high value may be explained by
the significant bending stiffness (ET) that comes with the given
steel parameters (E = 200 GPa,I = 5 x 10~%m* and element
dimensions [30].

B. Modal Analysis and Displacement Profiles

The extraction of eigenvectors facilitated the reconstruction
of the physical buckling modes. By mapping the reduced
degrees of freedom back to the 51 nodes of the structural
domain, the normalized displacement profiles were visualized.

The minimum failure mode to harmonics can be seen in
Fig.1a, the first mode is shown to be the lowest energy failure
mode that initiates at the lowest load multiplier, [31]. The next
energy states occur in the second and third modes, where energy
can only be gained if the minimum energy mode is inhibited by
the structure. Such information is vital to the design of offshore
wind turbine components, where complex loading has been
shown to excite many modal responses [3],[32].

C. Visualisation of Physical Failure

To compare the critical mode shape with the standard Euler-
Bernoulli theory, the critical mode shape was mapped onto the
physical coordinates of the strut.

Indeed, moving between professional, commercial, and
open-source computing environments (such as MATLAB and
Scilab) is particularly straight forward for an engineer. Both
programs are based on the same underlying matrix syntax and
logic framework so, at least, a script and any involved complex
algorithms or numerical methods may well translate without
much trouble. The key is that Scilab has no licensing fees
associated with its use, breaking down any financial barrier that
may have previously exist between academia/industry and
complex calculations

As seen in Fig.1b, the leading failure mode displays a
deflection in the shape of symmetric half-sine wave. The nature
of the shaping confirms that the boundary conditions of a simply
supported beam have been correctly established throughout the
Scilab sparse environment. The point of maximum deflections
is located at the mid-span (i.e. 1 meter distant from origin, which
can generally be assumed to be the location of maximum
bending stress within a uniform column undergoing axial
compression [31],[33].
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Fig. 1: (a) Normalised transverse displacement profiles illustrating the first
three structural buckling mode shapes (fundamental, secondary, and tertiary
harmonics) of the discretised strut under axial compression (above). (b)
Physical visualisation comparing the undeformed baseline geometry of the
structural member to its critical buckled state, demonstrating the classic half-
sine wave deflection characteristic of Mode 1 failure (below).

D. Load Multiplier Distribution across Modes

The evolution of the eigenvalues calculated with the shift-
and-invert Arnoldi method [34],[35] was then plotted to study
more deeply the stability domain of the system.

Fig. 1: Distribution of the critical buckling load multipliers (1) extracted via
Arnoldi iteration, plotted against their corresponding structural mode numbers
to highlight the progressive energy thresholds required for higher order
instability.

As can be seen from the fig.2, there is a rapid rise in the load
multiplier for higher mode number. The higher order buckling
mode requires more energy and, thus, is not linearly considered
in the safety factor. Only considering the fundamental mode
would ignore other modes of buckling. By using the native
Scilab eigs function with the "Smallest Magnitude™ parameter,
the computational effort was centred on these lower mode
number calculations. This dramatically reduced simulation time
[35].

E. Computational Efficiency and Memory Performance

The application of the coordinate list sparse mapping
strategy had immediate advantages in terms of computations.
Standard finite element computations, requiring storage of
global matrices as dense arrays, need allocation proportional to
the square of number of global degrees of freedom; which as the
discretization becomes dense, is likely to cause an enormous
increase in memory usage [6],[19].
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The performance metrics for the current model are
summarized in Table 2, contrasting the sparse approach with a
hypothetical dense implementation for the same domain.

TABLE 2

COMPARATIVE ANALYSIS OF COMPUTATIONAL
OVERHEAD BETWEEN DENSE AND SPARSE MATRIX

ALLOCATION.
Metri Dense Matrix Native Sparse
etric - :
Allocation Mapping
Storage 10,404 total entries 800 non-zero
Requirement (N?) entries
Memory 2
Complexity O(N%) 0k
Storage ~7.6% utilisation > 92% reduction in
Efficiency (majority zeros stored) | memory footprint
Standard Dense Eigen- | Krylov Subspace
Solver Strategy decomposition (Arnoldi Iteration)

Storing solely the 800 non-zero values that resulted from the
16 local values of the 50 elements required a certain amount of
memory and clearly led to over 92% storage reduction [19] over
a dense representation. This O(N) dependence, seems sufficient
to run this approach on hundreds of thousands of lattice
members as it is often the case in an offshore wind turbine blade
problem, staying within typical workstation's RAM limit [7].
Using Scilab's native functions also benefits in terms of
performance, enabling this speed gain inside a completely
transparent and repeatable open-source pipeline [8], avoiding
performance issues, and the "black box" aspect typical in most
commercial desktop engineering software [11],[12].

In order to cross-check the accuracy of the native Scilab
sparse matrix assembly, an analytical one was manually
calculated by using the classical solutions: Critical buckling load
for slender column simply supported (free to rotate but
prevented from lateral translation) can be found by using Euler
formula [36]:

m2El

ar = 712
Ltotal

Substituting these into Euler's formula yields:
2 X (200 x 10%) x (5 x 1079)
2.0?

The terms are subsequently simplified for the material
stiffness () in the numerator:

200 x 10° x 5 x 107¢ = 1,000,000
1,000,000 = 10°
The resulting equation may be expressed as follows:
2 x 10°
4
Subsequently, the stiffness is divided by the squared length:

Perit =

Perip =
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1,000,000
4
Subsequently, multiplication by pi squared is performed ():
P, = 250,000 x 12
Pepir = 2,467,401.10 N

Within the established Scilab methodology, a baseline
compressive load was applied a baseline compressive load
(Pappiiea) Of 1.0 N to our matrices.

= 250,000

The eigenvalue (A) extracted by the code is a "load
multiplier”, delineating the requisite multiplication factor for the
baseline load to attain structural failure [22].

Pcrit,numerical =2AX Pappl[ed
Perit numericat = 2,467,401.15 x 1.0 N
Pcrit_numerical =2,467,401.15N

Where P, is the theoretical buckling load, E is Young's
Modulus, I is the second moment of area, and Li;y:q; IS the
unsupported length [36].

The validation process, employing the precisely delineated
physical parameters inherent in the model, was subsequently
conducted via the following procedural steps:

a) Material Stiffness Formulation: The substitution of
the Young's Modulus for steel (approximately "200 x
10°Pa) [37] and the second moment of area (5 X
10~%m*) yields a determination of the flexural rigidity
(EI) of 1,000,000N - m?,

b) Geometric Normalization: The total unsupported
length, measuring two meters, yields a squared length
factor (L?) of 4.0m?.

c) Theoretical Calculation: The division of the flexural
rigidity by the squared length yields a baseline stiffness
coefficient of two hundred fifty thousand newtons.
Subsequent  multiplication of this value by
m2(~9.8696) could tentatively indicate a final
theoretical buckling load of approximately 2,467,401.1
N.

TABLE3

COMPARATIVE ANALYSIS OF COMPUTATIONAL
OVERHEAD BETWEEN DENSE AND SPARSE MATRIX

ALLOCATION.
Metric Analytical Numerical Percentage
Error
Critical
Load (P,) | 2,467,401.10 | 2,467,401.15 | <0.0001%
inN
Failure Half-Sine Half-Sine Confirmed
Mode Wave Wave

The eigenvalue (A) generated from the native Scilab solver
can be referred to as the ‘load multiplier'. Since a unit
compressive 10ad (Pyppieq) Of 1 Newton was applied to the
global matrices and the obtained load multiplier is 2,467,401.15,
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this could be indicative of a good agreement with Euler limit.
This minute difference may well be evidence that custom sparse
matrix assembly and Arnoldi iteration could be adequate to
analyse stability of a large marine energy component [21]. This
supports that the approach based on open-source solution can
provide accurate predictions with close agreement with well-
known analytical solutions or commercial software [9].

IV. DISCUSSION

The results found in this research would indicate that a
home-made, open-source solution can be effective for structural
stability analyses of offshore wind turbine components, which is
the expected outcome given the sparse matrix assembly and
Arnoldi iteration which is used here. Not relying on a "black-
box" commercial code is a reliable and easily scalable
alternative solution to the development of new offshore energy
infrastructure [9],[16].

A. Accuracy and Theoretical Alignment

The very good agreement between the load multiplier result
obtained from numerical analysis (A = 2,467,401.15) and the
exact Euler buckling solution (2,467,401.10N) serves as a
strong validation for the correctness of the implemented custom
Scilab finite element code. An accuracy of less than 0.0001 %
means that naive scripts implemented smartly using a sparse
coordinate mapping could provide the accuracy level of known
analytical solutions or commercial codes [8],[21]. Additionally,
the mode shape found is exactly a half-sine wave as shown in
Figure 1b, meaning that the boundary kinematic conditions were
satisfied correctly, thus no singularities arose that often occur
with matrix reductions performed by hand [16],[30].

B. Computational Scalability for Wind Turbine Upscaling

As offshore wind turbines continue to grow, pushing rotor
diameter to over two hundred meters, blade structure has shown
the potential to increase geometrically in complexity [1]. The
0(N?) complexity of a standard dense matrix allocation might
limit very large problems [6], and the use of a coordinate list
sparse mapping reduced the complexity to O(N), in which only
non-zero element interactions between nodes are listed [19].

When applied to the 102-DOF model, the sparse storage
reduces memory requirement by 92% compared to dense
allocation. This could be crucial to simulate complete internal
lattices in which systems reach millions of degrees of freedom
[7].[12]. By calling the native Arnoldi iteration routine (eigs),
high cost of matrix inversions is avoided, and computation time
can be devoted solely to the lowest-order, highest-stress
eigenvalues of "Smallest Magnitude” [34].

C. Computational Scalability for Wind Turbine Upscaling

As offshore wind turbines continue to grow, pushing rotor
diameter to over two hundred meters, blade structure has shown
the potential to increase geometrically in complexity [1]. The
0(N?) complexity of a standard dense matrix allocation might
limit very large problems [6], and the use of a coordinate list
sparse mapping reduced the complexity to O(N), in which only
non-zero element interactions between nodes are listed [19].

When applied to the 102-DOF model, the sparse storage
reduces memory requirement by 92% compared to dense
allocation. This could be crucial to simulate complete internal
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lattices in which systems reach millions of degrees of freedom
[71,[12]. By calling the native Arnoldi iteration routine (eigs),
high cost of matrix inversions is avoided, and computation time
can be devoted solely to the lowest-order, highest-stress
eigenvalues of "Smallest Magnitude™ [34].

D. Transparency and Open-Source Integration

One benefit of using this approach is that there is no
dependency upon proprietary finite element codes [9] and
complex material models commonly observed in polymer
composites used for wind turbine blades [33],[38] can be written
in the native coding environment (Scilab) for ease of
implementation. This differs from proprietary finite element
software where the assembly routines are often opaque, and the
native coordinate mapping used in this case seems to have good
reproducibility and easy implementation into large-scale
topology optimization codes [39].

E. Implications for Structural Integrity under Extreme Loads

As depicted in Figure 2, rapid calculation of multiple
buckling load multipliers is determined to be a fundamental
necessity when assessing the integrity of the structures under the
severity of the gust conditions experienced offshore [3]. The
fundamental mode (1) is important because it signifies the
initiation of failure, whereas other modes can illustrate how
post-buckling of the lattice structure proceeds and possible
secondary modes of failure [11], [32]. Information concerning
the many modes seems necessary for engineers to use global
stability constraints early in the design of structures to try and
avoid a cataclysmic blade failure [3].

F. Limitations and Future Work

While the strut studied in this thesis was linear elastic, the
method needs to be extended to include the effects of nonlinear
viscoelasticity and 3D lattices in future work [33],[38]. In cases
where ultra-large models might overflow the RAM constraints
of a workstation, the implementation of assembly-free finite
element analysis may further reduce the need for RAM [7]. A
hybrid CPU/GPU parallel algorithm for the Arnoldi iteration
may increase the speed of eigenvalue computation for high
resolution topology optimization [40].

V. CONCLUSION

It seems this investigation has succeeded in triggering a
native open-source computational framework that can predict
structural instability of slender members. This approach, using
an ad hoc sparse matrix assembly approach in Scilab, may
provide a memory efficient approach to a "black box" finite
element software.

The salient findings of this investigation are delineated as
follows:

a) High-Fidelity Accuracy: The computed buckling load
multiplier is A = 2467401.15. When compared to
the classical analytical Euler buckling load of
2467401.10N, the percent error is < 0.0001. This
proves that the use of the native Arnoldi iteration and
sparse system reduction properly considers the physics
of structural failure [21].

b) Computational efficiency: By using a coordinate list
sparse mapping technique, memory is decreased by
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Ultimately,
reproducible

over 92% compared to dense matrix storage, and the
order of magnitude decreases by a factor of (O(N))
rather than (O(N?)). This framework is
advantageously positions this framework for the
accommodation of the hundreds of thousands of
degrees of freedom required for the analysis of full-
scale internal lattice architectures [6],[19].

c) Validation of failure modes: Visual inspection of the
main failure mode confirmed the creation of a classic
half sine wave deflection of the column thus validating
the use of boundary conditions. The isolation of
additional load multipliers helped show that
progressive thresholds of energy are necessary to cause
harmonic buckling thus giving important initial values

for structural design [31].

this  thesis
methodological

presents a transparent and
framework for structural

assessment of future offshore wind turbine components. Given
the continuing trend of scaling, it may be essential to be able to
undertake high-fidelity stability analysis without the memory
limitations inherent with commercial software [1]. Future
investigations shall include the application of this sparse
methodology to 3-D topology optimization and implementation
of nonlinear viscoelastic material models to improve the
predictions of the framework [39].
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