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Optimized tower wall material, a numerical investigation on timber laminates
STEFAN ZORIC

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

Traditionally, wind turbine towers have been constructed using steel and concrete.
However, growing environmental concerns, particularly the need to reduce carbon
emissions, have caused the search for alternative solutions across various sectors,
including wind energy. One such solution is the use of laminated veneer lumber
(LVL) as a sustainable material for wind turbine towers. A notable example is the
Wind of Change tower, developed by Modvion, which stands 105 meters tall and is
built from spruce LVL panels assembled with adhesives. This innovative approach
reduces the environmental impact associated with traditional materials like steel and
concrete, while still ensuring that the tower meets structural performance require-
ments. However, the need to optimize the design to reduce material usage while
maintaining performance still arises.

The aim of this thesis is to investigate whether an optimized tower design can achieve
the same structural performance as existing solutions while minimizing material use.
This is approached by designing two tower concepts and a benchmark model for a 166
meter tall wind turbine tower. Using Classic Laminate Theory (CLT), the study
explores the effect of LVL panel orientations in different sections of the tower to
identify an optimal orientation, referred to as the sweet spot angle, that maximizes
safety factors under three defined load cases. The towers are evaluated against two
failure criteria, Maximum Stress and Tsai-Hill, based on prior research correlating
these criteria with the behavior of LVL wood. The investigation focuses solely
on numerical simulations, with no experimental validation included in the scope.
Results show that by optimizing the panel orientations, the total tower volume can
be reduced by 15.4% while still meeting structural performance requirements.

Keywords: classic laminate theory, main grain direction, LVL panel, torsion, bend-
ing, failure criteria, maximum stress, tsai-hill, layup configuration.






Acknowledgements

Firstly I want to thank my supervisors Tim Schiiler, Torkel Davidsson and Rode
Lofgren for giving me the oppurtinity to do this project. Thank you for always being
available to help whenever I had questions or concerns. You have taught me a lot
of new things about the LVL industry, and how interesting it can be combining a
well-known field with a less explored area. It has been a pleasure working with you
at Modvion.

I would also like to thank my examiner Leif Asp for sharing his knowledge and great
experience, providing me with valuable input throughout the project.

Finally, I want to thank all the incredible people and future colleagues I've met
during my time at Chalmers. Every day brought a new lesson, and I have grown in
all aspects of life. These moments are ones I will cherish for the rest of my life.

Stefan Zoric, Gothenburg, June 2025

vii






List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:

ANSYS
ACP (Pre, Post)

DoP
FEA
FEM
Kerto-Q

Kerto-Qe
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1

Introduction

Traditionally, wind turbine towers are constructed using steel, a material known for
its high strength, which is essential when constructing taller tower structures. The
goal of reaching higher into the atmosphere to obtain greater and more stable wind
speeds is enabled with the support of hybrid towers, typically combining concrete
and steel. With this solution, a number of obstacles come along the way, such
as significant carbon emissions and manufacturing difficulties [1]. As the push for
sustainable energy grows, the focus is shifting toward alternative materials that
align better with environmental goals. Wooden towers have emerged as a promising
alternative. This innovative design aims to maintain the strength of traditional
hybrid towers while significantly reducing environmental impact [2]. Wooden towers
not only reduce the overall emissions, they also make transportation and assembly
more efficient. In 2023, the first commercial wooden wind turbine tower, the Wind
of Change, was built by Modvion, reaching a tower height of 105 m [3].

1.1 Aim

The aim of this project is to minimize the volume of the wooden tower by optimizing
the laminate structure of the wall, using classic laminate theory. This is done for
different load cases; one wind-dominated, one torsion-dominated and one balanced
load case.

1.2 Limitations

This project has several limitations related to fixed parameters, scope of investiga-
tion, and methodological constraints. Firstly, certain key parameters are predefined
and will not be optimized. These include the total height of the wind turbine tower,
the applied loading conditions, and the LVL material properties, which are assumed
to be constant throughout. Secondly, the investigation is performed at the panel
level, where each LVL panel is treated as a single homogenoeus orthotropic unit.
Finally, several aspects fall outside the scope of this project. The orientation and be-
havior of individual veneers within the LVL panels are not considered, even though
they may influence the mechanical response. Furthermore, no physical testing is
performed; all results are based on numerical simulations. Due to confidentiality
agreements, exact values for loading conditions are not disclosed, thus reasonable
approximations are used instead. Lastly, no buckling or frequency analysis will be
performed.
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Theory

The following chapter describes relevant theoretical aspects of the project. This in-
cludes principles related to laminated veneer lumber (LVL), the properties of cross-
laminated configurations such as Kerto-QQ and Kerto-Qe, and a summary of Classic
Laminate Theory (CLT), which governs the mechanical behavior of layered com-
posites. This chapter also covers relevant failure criteria used for analyzing and
dimensioning the wall thickness of the tower.

2.1 LVL constructions

LVL is an engineered wood product that is made from logs by planing veneer sheets.
Not only does the LVL-wood provide strength and durability to constructions, it also
enables the use of wood that would otherwise go to waste [4]. The advantage of LVL
used in timber construction is the high strength capacity of the structure, due to
better material properties than sawn timber from the distribution and reduction of
defects such as knots, which gives the possibility of reaching higher heights [2, 5].
There are two types of LVL-wood; Parallel LVL, referred to as LVL-P and Cross-
banded LVL, also defined as LVL-C. The difference between the two lies in the
orientation of the veneers. For LVL-P, all veneers are oriented in main grain direction
(typically the longitudinal axis) with the aim to optimize for axial and bending
strength in one direction. In the case of LVL-C panels, a small percentage of veneers
are placed perpendicular to the main grain direction, which improves stability and
stiffness across the grain, while keeping most strength in the primary direction [4, 6].
Figure 2.1 shows the material orientations used for the LVL [7].
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Figure 2.1: Conventional coordinate directions for LVL, showing grain (X), trans-
verse (Y), and through-thickness (Z) orientations.

2.1.1 Kerto-Q and Kerto-Qe

LVL Kerto-Q is a spruce plywood constructed by Metsd Wood which belongs to the
cross-banded category of LVL panels. It is produced of 3 mm thick veneers glued
together to form a continuous sheet. These panels consist of approximately 10 —
20% of cross-banded veneers [8]. The thicknesses presented in Table 2.1 represent
standard configurations for LVL-C panels. However, in this study, the following
thicknesses were used: 16 mm, 19 mm, 22 mm, 25 mm, 28 mm, and 31 mm. This
adjustment is due to Modvion’s manufacturing process, where the faces of the panels
are ground by 1 mm on each side to improve the adhesion of the glue.

Table 2.1: Layup configurations and characteristics of LVL-C panels.

Number of

Thickness [mm| Number of veneers Layup of LVL-C
Cross-veneers

18 6 ||| 2
21 7 |11 2
24 8 [-1-l] 2
27 9 [-1-1] 2
30 10 [-11[-] 2
33 11 IRINIE] 2
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In this report LVL Kerto-Qe will also be mentioned, which is a modified version of
Kerto-Q, developed and used by Modvion. The material properties slightly differ
between the two and are used for different purposes in this study. In Table 2.2, the
material properties for the two LVL types used throughout the project are listed.

Table 2.2: Material properties used for simulations throughout this project.

Property Symbol Unit Kerto-Q Kerto-Qe
. || grain Ot [MPa] 22 28
STterI;ilozlh Edgewise, L grain Tyt [MPal] 5 6
& Flatwise, | grain o [MPal] 0.1 0.5
Compression || grain Txc [MPal] 26 28
S trenp th Edgewise, L grain Tye [MPa] 9 6
& Flatwise, L grain o0,  [MPa] 2.2 2.2
Shear Edgewpe, | grain Tay [MPa] 4.5 4.6
N Flatwise, || grain Tz [MPa] 1.3 1.3
& Flatwise, L grain Tys [MPa] 0.6 0.6
Longitudinal (1) E, [MPa] 10500 12000
Ef;s‘zili‘és of Tangential (t) E, [MPa] 2000 1845
v Radial (r) E, [MPa) 130 130
G,, _ |MPa 600 510
Isnhe:i‘rl G,. [MPa] 120 120
oauius G,.  [MPa] 22 22
. It v B 0.1 0.11
’ ry
fafiison S 1 Uy B 0.7 0.7
Ir Vg [~ 0.8 0.81
Density Prmean [kg/m3] 600 600

2.2 Classic Laminate Theory

Laminated composites are formed by bonding two or more laminae on top of each
other. In this study, one LVL panel (consisting of a certain number of veneers) will
be considered as one lamina. FEach lamina can have its own rotation which con-
tributes to increased stiffness and strength in a laminate. In classic laminate theory
(CLT), the bond between laminae is assumed perfect. It is infinitesimally thin and
not shear deformable so that laminae do not slip over each other and displacements
remain continuous across the bond. This assumption allows all displacements at any
point in the laminate to be related to the geometric mid-plane of the laminate [9].
Worth noting is that the disadvantage with the assumption made in CLT is that it
does not cover the possibility of delamination of the laminae [10].

The laminate constitutive relations relate applied forces and moments to the lami-
nate mid-plane strains and plate curvatures by following equation:
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N, (A A | A || B Bz Big| 62

Ny Az Ay | Ass || Bia B2 Bag 62

Ny _ Arg Asg| Agg | Bis Bas _Bao VSy (2.1)
M, By1 Bz Big| Din Dia | Dig Ry '
My By Bay Bayg| Dia Doy | Dag Ry

Mxy _B 16 DBas Bes | Dic Do D66_ Ray

where the matrices A, B, and D are called the extensional stiffness matriz, coupling
stiffness matriz, and bending stiffness matriz, respectively. The A-matrix relates the
resultant forces to the mid-plane strains, while the D-matrix relates the resultant
moments to the plate curvatures. The values of A;5 and Ags (marked with red) being
zero indicate the absence of extension-shear coupling. This condition is achieved by
using a balanced, unidirectional, or cross-ply stacking sequence. For symmetric
laminates the values B;; = 0, meaning that the coupling between bending and
extension does not exist. The widespread use of symmetric laminates is primarily
due to their ability to maintain structural and dimensional stability. Values of
Dig and Dqg are indicators of bending-twisting coupling in a laminate. Setting
these terms to zero requires a balanced stacking sequence: for every +6 ply above
the laminate mid-plane, there must be a corresponding —6 ply of equal material
properties and thickness placed symmetrically below [9, 10].

2.2.1 Different orientation for different purposes

There are laminate stacking sequences (LSS) that are more common than others.
Different sequences are used for different purposes. The stacking sequence, defined
by the number of plies, their orientation angles, thicknesses, and material types, has
a significant influence on the overall performance of the composite laminate. The
most common sequence is the unidirectional laminate where all the laminas have the
same orientation angle, typically 0°, to sustain axial and bending loads. Another
common stackup sequence is the symmetric laminate, where the layup configura-
tion is mirrored about the mid-plane of the laminate. Symmetry helps eliminate
bending-extension coupling. Balanced laminates are also frequently used, eliminat-
ing in-plane shear coupling. Finally, a particularly useful variant is the angle-ply
laminate, which consists solely of rotated plies. These are especially effective for
handling torsional loads [10]. Understanding these standard stacking sequences is
essential to interpreting the structural behavior of composite components in this
study.

The layup configuration is written as a sequence of ply orientation angles enclosed
in brackets, for example:

[01/65/ .. ]s,

where each 6; denotes the ply orientation angle relative to a reference direction. The
subscript S indicates that the stacking sequence is symmetric about the mid-plane
of the laminate. Symmetry can be either even or odd. Even symmetry means the
entire stacking sequence, including the middle ply, is mirrored about the mid-plane.

6
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This is written without a bar on the middle ply orientation. For example, the layup
[0°/45° ) — 45°]5

expands to
[0°/45° ) — 45° ) — 45° /45° /0°],

where the full sequence is mirrored evenly. Odd symmetry means that the last ply
in the sequence acts like the mid-plane, and the stacking is mirrored about that ply.
This is indicated by a bar on the last ply angle in the notation. For example,

[0°/45°/90°] 5

represents a layup where all plies except for the middle ply oriented at 90° are
mirrored, which expands to

[0°/45°/90° /45° /0°],

resulting in an odd number of plies.

2.2.2 Thickness calculations

Analytically, the required thickness for certain panel orientations can be dimensioned
by accounting for maximum stress during tosional and axial loads [9]. The compu-
tation of the maximum torsional shear stress in a thin-walled tube constructed from
balanced symmetric laminates is expressed as follows:

T

S — 2.2
Ty 2%-(%)2-2545 ( )

where T represents the applied torsional load, D is the diameter of the tube (in this
case the tower) and t45 is the thickness of the £45° panel. From this expression, the
requried thickness for twisted panel at a £45° angle, can be calculated for a given
torsional load. This approach helps getting hand on what thickness is approximately
needed to withstand a particular applied load.

To calculate the total thickness of the LVL panels with an orientation angle of 0°,
the reaction forces in the tower are studied instead. The thickness for those panels
can be dimensioned so that it can prevent crushing. The reaction force along the
height of the tower, in the longitudinal direction, is essential. This force can then
be used to decide the total thickness needed for the 0°-panels to avoid crushing:

F,
ag = ,
o - ((%)2 - (% - tO,crushing)Q)

where o, . is the compressive strength limit in the longitudinal direction, F; is the
reaction force, and g cryshing i the total required thickness for 0° panels.

(2.3)
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2.3 Failure criteria

A failure criterion is used to predict the strength condition for a material by inter-
preting cases of combined loads from a small number of material parameters. Differ-
ent materials exhibit different responses to stress — for instance, isotropic materials
behave the same in all directions, while orthotropic or anisotropic materials (such as
composites and wood-based products like LVL) have direction-dependent properties.
Thus, no single failure criterion is universally applicable, and multiple criteria are
often compared for a specific application [11]. In this study, two stress-based failure
criteria are selected: Maximum stress and Tsai-Hill, due to the fact that they only
require tensile, compressive, and shear strength values. A previous study evaluated
the performance of various failure criteria in predicting the strength of LVL made
from radiata pine veneers under off-axis loading, i.e. loading applied at an angle to
the main grain direction. The study found that the correlation between predicted
and experimental strength varied with grain angle. The Maximum stress criterion
showed good agreement for grain angles above 45°, but less accurate predictions for
smaller angles. The Tsai—Hill criterion generally underestimated the strength at
grain angles between 15° and 45°, with the largest deviation at 15° [12].

Table 2.3: Comparison between measured and predicted tensile strength of LVL
for different grain angles.

Strength (N/mm?) Grain angle (°)

0 15 30
Measured

518 1.22 0.50 0.32 0.18
Predicted
Maximum stress 5.18 0.72 0.42 0.36 0.18
Tsai-Hill 5.18 0.69 0.36 0.25 0.18

The values in Table 2.3 indicate that while both criteria can be used for general
estimations, they may be less reliable for cases with small deviations from the grain
direction. Similarly, other research on plywood confirmed that the maximum stress
criterion yielded the closest match to measured values. Notably, all criteria tended
to underestimate the strength, indicating conservative predictions [13].

2.3.1 Maxmimum stress and Tsai-Hill

The Maximum stress criterion assumes that failure occurs when any individual stress
component exceeds its corresponding strength limit, either in tension or in compres-
sion. It treats each stress mode (longitudinal, transverse, shear) independently and
does not account for interaction between stress components [10, 13].

oz| |oy

(2t 2

The Tsai-Hill Criterion is a failure theory developed for anisotropic materials like
composites. It considers interaction between stress components, making it more

Ty

Y Y

8



2. Theory

conservative than the maximum stress approach. However, one limitation is that it
does not differentiate tensile and compressive strengths, which can lead to inaccurate
predictions for materials with asymmetric behavior [13].

o \?  [(0\?  (Twy\?P  0z0y
<X) +(Y> +<S) x: ! (25)
For both Eqgs. 2.4 and 2.5, X, Y and S denote the allowable strength of the panel
in the longitudnal main grain direction (0°), transversal direction (90°) and in-plane
shear strength between the longitudinal and transversal direction, respectively. The

actual longitudinal, transverse and shear stress in the panel are represented by o,
oy and 7.
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Method

This chapter provides a detailed description of the method used in this project,
including the implementation in ANSY'S, hand calculations and laminate modelling.
Additionally, an overview of how the data was analyzed is explained.

3.1 ANSYS implementation

The FEA software used for numerical investigation was ANSYS. In this section the
ANSYS interface, seen in Figure 3.1, will be explained how it was constructed and
modeled.

- A - B - < - D

: : : !
2 Q Engineering Data v 4 2 Q Engineering Data v 4 -2 ﬁ Model v 4 2 @ Engineering Data v 4
Engineering Data 3 & Geometry v 3 @ sep v 4 [#3 & Reats v
4 @ Model v 4 : 4 @ Solution v 4 / ACP (Post)
5 uﬂ Setup v 5 @ Results v 4
—= 6 [pd Parameters 6 [pd Parameters

ACP (Pre) Static Structural /

Tower geometry

| [(pd Parameter Set |

Figure 3.1: Representation of the workflow in ANSYS.

Relevant add-on modules and systems for this type of problem are the ACP Pre
and ACP Post modules, as well as the Static Structural system. The connection
between the ACP Pre setup and the model was established through a transfer shell
composite data linkage.

3.2 FE Model preparation

The initial tower design was created as a shell model, which is preferred for cases
with thin-walled structures where laminates are examined. The dimensions of the
tower are shown in Figure 3.2.

11



3. Method

@ 4,5m
0,3m 166m
Im 8,4m 3,9m 4,5m
. /
(a) Front view (b) Top view

Figure 3.2: Illustration of the tower geometry.

Initially, the thickness of the tower wall was set to 300 mm which equals to 12
LVL panels with a thickness of 25 mm each. This value served only as a preliminary
input for the modeling process. The composite layup representing the laminated wall
structure was defined using the ACP Pre & Post modules. The tower was meshed
with an element size of 0.4 m. The top and bottom of the tower are connected
to other components via steel joints, which are significantly stiffer than the LVL
structure. To prevent boundary condition singularities and ensure that local stress
concentrations near the rigid connections do not influence the results, the outermost
row of mesh elements was disregarded at both ends. Additionally, a deformable load
application behavior was used, allowing for ovalization of the tower edge under load.
This is especially important at the top, where ovalization can lead to increased local
stresses. By allowing this deformable behavior, the model reflects a worst-case
scenario, leading to a more conservative design.

3.3 Tower Concepts

Two tower concepts were studied in this project. The first concept, referred to as
TC1, was based on standard LVL Kerto-Q properties. This allowed full flexibil-
ity in design: the panel orientations were freely chosen, and the panel thicknesses
were adjusted in small increments (3 mm), as described in chapter 2.1.1, enabling
detailed layup optimization. The second concept, TC2, was based on Modvion’s
modified LVL Kerto-Qe data. This material configuration places stricter constraints:
panel orientations were limited to £25°, to ensure manufacturability and formability
given the current production methods and structural demands. Furthermore, only
one fixed panel thickness (25 mm) was available, which meant that changes in wall
thickness could only be made in discrete steps by adding or removing entire panels.
This resulted in a more constrained and structurally demanding design process.

To evaluate the effectiveness of the optimized tower concepts, a benchmark model

was introduced. This reference configuration used only 0°-oriented panels along the
entire tower and followed the same material (Kerto-Qe) and panel thickness (25

12



3. Method

mm) constraints as TC2. It also reflects the simplest and most practical design to
manufacture. The benchmark served as a baseline for comparison of the material
usage, where total tower volume (volume of solid wood) was used as the primary
parameter.

3.4 Boundary- and load conditions

The only boundary condition needed was a fixed support at the base of the tower,
restricting all degrees of freedom. The tower is exposed to four different loads: the
weight from the turbine, the horizontal wind force, and the torsional and bending
moments form the turbine. Additionally, the self-weight of the structure is included
in the calculations. In Figure 3.3 the three load conditions are illustrated.

C: Static Structural C: Static Structural C: Static Structural
Static Structural Static Structural Static Structural
Time: 1,5 Time: 2, s Time: 3, s
2025-03-16 02:40 2025-05-16 0&:56 P 2025-03-16 08:56

[ Fixed Support [ Fixed Support [ Fixed Support

[B] F_turbine: 2,962 +006 N [Bl F_turbine: 2,462 +006 N [B F_turbine: 2,962 +006 M
B T_turbine: 0, Nem [B) T_turbine: 2,e+007 Mem [8 T_turbine: 1,2¢+007 H-m
B 1 turbine: 1,.+007 Mern B M_turbine: 0, Mo [B] M _turbine: €,2-+006 Mem
B Fwind: 2,e+006 N [Bl F_nindi 1,2e+006 M [B) Fowind: 2,006 M

|E| Self-weight: 9,82 m/s® [F] Self-weight: 8,82 m/s® [F] Self-weight: 9,82 m/s*
(a) LC1 (b) LC2 (c) LC3

Figure 3.3: Visualization of the applied loads on the tower in ANSYS, including
force and moment directions along with their respective magnitudes.

Since the probability of all maximum loads occuring simultaneously is minimal, the
loading conditions were divided into three load cases to represent more realistic
scenarios. One load case is dominated by wind loads (LC1), another by torsional
effects (LC2), and the third represents a more balanced distribution of forces (LC3).
The three load cases used in this study are presented in Table 3.1.
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3. Method

Table 3.1: Load cases for the tower design

Load LC1 LC2 LC3

Fiower (Self-weight)
Fiurbine (300 tonne)

Fywina (2000 kN) (full) | (reduced) (full)
Tiurbine (20,000 kINm) X (full) (reduced)
Miurbine (10,000 kNm) | (full) X (reduced)

It is worth noting that the weight of the turbine and the self-weight of the tower
remain the same for all three load cases, commonly referred to as Dead loads.
In contrast, the remaining loads can vary and therefore do not reach their absolute
maximum simultaneously. These are known as Environmental loads. The reduced
forces in Table 3.1 are adjusted using the Psi factor (¥) according to the Ultimate
Limit State (ULS) load combination rules in Eurocode 1 (EN 1990, Table A1.1) [14].
Specifically, the reduction factor for wind loads is W ing = 0.6.

3.5 Tower divided into sections

While the external loads themselves (axial, bending, torsional) are applied at the
top of the tower, the internal stress distribution changes along its height. This
implies that different layup configurations will allow better material utilization. As
a consequence, the tower was divided into nine sections along its height, see Figure
3.4.

N

0.00 50,00 (m) ‘/I\
| o X

25,00

Figure 3.4: Visualisation of the divided tower geometry in nine sections.

The decision to divide the tower into nine sections was based on transportation and
manufacturing constraints. According to Modvion’s current practices, no section
should exceed 20 m, which gives a minimum of nine sections needed in the tower
design. Additionally, the longest sections were placed at the bottom of the tower,
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see Table 3.2, where the loads are dominated by axial force and bending moment.
In contrast, the upper sections experience greater variation in internal stresses, jus-
tifying finer division for more precise layup optimization.

Table 3.2: Tower section division based on height and load distribution (top to
bottom).

Section = Range (m) Length (m)

So (Top) | 148 - 166 18
S 131 - 148 17

S 114 - 131 17

Se 96 - 114 18

S 78 - 96 18

Sa 29 - 78 19

Ss 40 - 59 19

S 20 - 40 20

S1 (Bottom) 0-20 20

From this point forward, the notation used for the different sections in this report will
be S; ;, wherei = {1,2,3,4,5,6,7,8,9} denotes the section number, and j = {1, 2, b}
indicates the concept: TC1, TC2, or the benchmark model, respectively.

3.5.1 Initial layup configuration

From the perfomed hand calculations, described in chapter 2.2.2, and the theoretical
background about laminate stacking sequences, see chapter 2.2.1, the suggested
initial layup configuration for all nine sections in the geometry were:

So :[45/45/ — 45/ — 45/45/ — 455 (3.1)
Ss :[30/30/ — 30/ — 30/30/ — 30]s (3.2)
Sz :[20/20/ — 20/ — 20/20/ — 20]g (3.3)
S6 :[0/0/0/0/0/0]s (3-4)
S5 :(0/0/0/0/0/0]s (3.5)
S1:[0/0/0/0/0/0]s (3.6)
S5 :(0/0/0/0/0/0]s (3.7)
2 :[0/0/0/0/0/0]s (3-8)
S :[0/0/0/0/0/0]s (3.9)

Generally, the hand calculations and the benchmark results, indicate that a greater
number of 0° panels (increased thickness in 0° panels) is required for the bottom
two-thirds of the tower, S; — S, to effectively withstand the axial forces and bending
moments generated by both the turbine load and the increasing self-weight of the
structure as height decreases. In contrast, the uppermost sections, S7 — Sy, primarily
experiences torsional loading, suggesting that panels with an orientation of 445°
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should be emphasized to efficiently carry the shear stresses. Additionally, fewer 0°
panels are required in this region, as the self-weight is minimal at the top of the
tower. Moreover, the torsional stresses become less dominant with distance from the
top, which means that the initial layup for sections S7; and Sg does not necessarily
require full £45°%-orientation. Hence, a slightly lower rotated angle was selected for
these sections in the initial configuration.

3.6 Iterative optimization approach

The idea is to investigate whether there is a proposed layup configuration that op-
timizes the strength of the tower wall, while minimizing the thickness of the wall
and thus the material consumption. To optimize the layup, an iterative approach
was employed, modifying one section at a time, starting from the top section going
downwards, while keeping the others constant. This approach ensured a system-
atic parameterization. Initially, Sy was iterated while sections S; — Sg remained
unchanged. The results were then analyzed to determine the most optimal layup
for each section individually. Subsequently, the process was repeated for Sg, keeping
S1 — S7 and Sy fixed, where the layup configuration in section Sy corresponds to
the previously optimized solution. This iterative procedure was continued system-
atically until all nine sections were optimized.

The iterative analysis focused on evaluating different layup configurations to deter-
mine their impact on the structural performance of the tower. Several aspects were
investigated: firstly, the effect of rearranging panel order while maintaining the same
orientations. Secondly, the influence of increasing or decreasing the proportion of a
specific orientation within a section. Thirdly, alternative fiber orientations beyond
the conventional 0° and +45° were explored to evaluate the potential benefits of
finding a sweep spot orientation. And finally, the impact of varying the thickness of
certain orientations was studied to determine whether the total wall thickness could
be reduced while maintaining structural performance.

To evaluate the structural integrity of the tower, both safety factors and stress dis-
tributions were analyzed for all three load cases. The analysis included both local
and global strength assessments. The local analysis refers to evaluating safety fac-
tors and stress components within one section, while the global analysis refers to the
verification made that no optimization has affected the safety factors in neighboring
sections. Additionally, failure plots, based on maximum stress and Tsai-Hill criteria,
were used to identify critical panels and guide iterative improvements.

The desired results were extracted to a Parameter Set, enabling small corrections
directly within the set of in- and out-parameters and thereby reducing simulation
time. This approach allowed systematic variation of panel orientation angles and
thicknesses without manually modifying the model. Output parameters included
structural responses such as total deformation, tower volume, and safety factors for
the different failure criteria. Material and geometry properties were not parameter-
ized.
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Results & discussion

In this chapter, results obtained from the numerical analyses in ANSYS are pre-
sented and discussed. The first section focuses on the results from the iterative
design of a benchmark model, followed by results from the designs of the two tower
concepts (TC1 and TC2). Each section includes key insights from the iterations,
highlighting the impact of different layup configurations and design choices on the
tower’s structural performance. These results are discussed in terms of safety fac-
tors from two different failure criteria, and the overall optimization of the tower’s
material usage and strength.

4.1 Benchmark model

The benchmark model consists of only 0°-oriented panels throughout the whole
tower. Thus, only thickness iterations were studied for this baseline concept. The
wall thickness in each section were initially 300 mm and the thicknesses were iterated
for three neighbouring sections simultaneously, (So, — S7.5, Se — Sap and Sz — S1p)
with a restriction, given by Modvion, that the difference in thickness between two
neighbouring sections must not exceed 50 mm. In the Tables 4.1-4.2 the iterations
are presented together with the local safety factors in each section.

Table 4.1: Thickness iterations and resulting safety factors for Sections 7-9 in the
benchmark model under three load cases. The final selected design is highlighted.

Sop Ss.b S7p | Vol. | Sgp Max. Stress | Sgp Max. Stress | S7, Max. Stress

[mm] | [mm] | [mm] | m® | LC1 LC2 LC3|[LC1 LC2 LC3|LClI LC2 LC3
300 | 300 | 300 |1032 | 241 0.80 1.01 |1.69 1.00 1.26 | 1.57 1.25 1.55
325 | 300 | 300 | 1038|248 0.84 1.07|1.69 1.02 1.30 | 1.57 1.25 1.55
325 | 325 | 300 | 1045|258 0.84 1.07 | 1.72 1.05 133|160 1.29 1.62
350 | 325 | 300 | 1052 | 2.65 0.88 1.13|1.72 1.08 137 |1.60 1.29 1.62
350 | 325 | 325 | 1059|265 088 1.13|1.82 1.08 137|161 132 1.64
350 | 350 | 325 | 1066 | 2.76 0.88 1.13 | 1.85 1.11 140 | 1.60 1.37 1.66
375 | 350 | 325 | 1072 | 282 093 1.18 |18 1.13 144 | 1.60 1.37 1.66
400 | 350 | 325 | 1079 | 2.88 0.97 124 |18 1.14 146  1.60 1.37 1.66
425 | 375 | 325 | 1092 | 3.05 1.01 1.30 | 1.88 1.20 1.53 | 1.60 1.39 1.65

Section Sy is the most critical section in the benchmark model, due to the heavy
torsional loads. The thinnest wall thickness that can handle the torsion-dominant
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load case (LC2) for the uppermost section is 425 mm. The thinnest combination of
thicknesses in the top three sections is highlighted in Table 4.1, and used in further
iterations for the middle- and bottom three sections, S;;, — Sgp, see Table 4.2.

Table 4.2: Thickness iterations and resulting safety factors for Sections 1-6 in the
benchmark model under three load cases. The final selected design for each set is
highlighted. Thickness combinations highlighted in red will fail in section S.

S6. S5 Sip | Vol. | Sgp Max. Stress | Sz, Max. Stress | Sy, Max. Stress

[mm] | [mm] | [mm] | m®] | LC1 LC2 LC3|[LC1 LC2 LC3|LCl LC2 LC3
300 300 300 | 1092 | 1.33 1.63 140|127 196 1.27 | 1.35 227 1.37
275 300 300 | 1084 | 1.19 1.54 1.23 127 184 127|135 227 1.37
275 275 300 | 1074 | 1.22 154 129 | 1.17 1.8 1.20 | 1.26 2.13 1.28
275 275 275 | 1064 | 1.22 154 1.29 | 1.17 1.85 1.17 | 1.21 197 1.22
275 250 275 | 1055 | 1.13 1.4 1.18 | 1.05 1.77 1.07 | 1.15 1.95 1.17
275 250 250 | 1044 | 1.13 154 1.18 | 1.07 1.71 1.07 | 1.01 1.60 1.00

S3.p Sap S1p | Vol. | Ssp Max. Stress | Sgp Max. Stress | S;, Max. Stress

[mm] | [mm] | [mm] | m® | LC1 LC2 LC3|[LC1 LC2 LC3|LClI LC2 LC3
300 300 300 | 1044 | 1.09 1.80 1.10 | 1.14 1.87 1.15 | 1.17 1.80 1.15
275 300 300 (1033 | 1.09 1.81 1.10|1.08 1.77 1.09|1.17 180 1.15
275 275 300 | 1021 | 1.09 1.81 1.10|1.05 1.72 1.06 | 1.17 1.80 1.15
275 275 275 | 1007 | 1.09 1.81 1.10 | 1.056 1.72 1.06 | 1.08 1.67 1.06
250 275 300 | 1009 | 1.03 1.69 1.04 | 099 162 1.00 | 1.17 1.80 1.15
250 | 275 | 275 | 996 | 1.03 1.69 1.04 | 0.99 1.62 1.00 | 1.08 1.67 1.06

A general observation is that the top third of the tower shows the greatest potential
for improvement. Not only do the uppermost sections require relatively thick walls,
but their design also influences the dimensions of the sections below them. While the
upper sections increase the total material volume, this is compensated by reductions
in the lower sections. Because of the larger diameters at the base, removing panels
at the bottom saves significantly more volume than what is added by increasing the
same amount of panels at the top. A summary of the required thicknesses section-
wise is presented in Table 4.3. This highlights that varying wall thickness between
segments is necessary when using unidirectional layups.

Table 4.3: Summary of the benchmark model.

Section Layup config. Total Thickness [mm]
Sor | 0/0/0/0/0/0/0/0]0]5 b5
Ss» | [0/0/0/0/0/0/0/0]s 375
Sy | [0/0/0/0/0/0/0]s 325
Ses | [0/0/0/0/0/0]s 275
5o 0/0/0/0/0]s 250
Su 0/0/0/0/0];s 250
S [0/0/0/0/0/0]s 275
Sy | [0/0/0/0/0/0)s 275
S | [0/0/0/0/0/0]s 275
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4. Results & discussion

4.2 Tower Concept 1

For the first tower concept, material data for Kerto-Q was used with the possibility
of arbitrary panel orientations and several panel thicknesses, as explained in chapter
2.1.1. The optimization of TC1 was carried out with layup and thickness iterations.
The layup iterations were relevant for the tower sections that require increased shear
stiffness and thus twisted panels. For those parts of the tower where the torsional
loads are not as dominant, only wall thicknesses were investigated.

4.2.1 Layup iteration

In this part of the result, the development of the sweet spot angle for various tower
sections is shown and the optimal laminate layup based on safety factors is presented.
In Figure 4.1 the sweet spot angles for the top three sections can be identified as
the points where the safety factor curves for different load cases intersect. Along
the x-axis, the panel orientation angle is varied, while the y-axis shows the resulting
safety factor. Since the safety factor for one load case often increases at the expense
of another, the intersection points represent an optimal compromise. These (sweet
spot) angles are thus considered the most balanced solutions.
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Figure 4.1: Variation of local safety factors in sections Sg1, Ssi, and S7; as a
function of panel orientation for the three load cases (angle-ply laminate). The
results plotted on the y-axis are based on the Maximum Stress and Tsai-Hill failure

criteria.

In section Sy, the bending stiffness tend to decrease significantly for panel orien-
tations larger than +£35°. The sweet spot angle for this section was found to be
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22°, according to maximum stress. Observe that there is no clearly defined optimal
orientation, especially in section Sg ;. Instead, the results indicate a relatively wide
range of near-optimal panel orientations. In this case, angles between 18° and 27°
yield similar safety factors across all three load cases. This means the sweet spot
angle does not correspond to one distinct angle, but falls within a region where mul-
tiple orientations provide comparably high performance. Therefore, 22° was chosen
as a representative value within this range, striking a balance between LC2 and
LC3 while maintaining strong performance for LC1. This interpretive approach is
applied in the evaluation of the sweet spot angles in sections Sg; and S7,;, where
multiple angles can be justified as optimal depending on which load case is priori-
tized. Worth noting in Figure 4.1b is that the intersection point between the safety
factors of the two load cases does not occur at the same angle, hence the sweet
spot angle will not be the same according to the Tsai-Hill criterion. The reason
for this is that for angles between 15° — 45°, the numerically derived safety factors
using Tsai-Hill does not correlate equally good with the experimental safety factors.
It is instead interpreted as an underestimation as it is a more conservative failure
criterion. Another key observation is that the trends of the safety factor curves for
LC1 and LC3 with increasing panel orientation remain similar across sections Sg;
and S7; (see Figures 4.1c-4.1f). This indicates that the increased torsional stiffness
achieved at higher panel angles does not improve the overall performance under the
general load case (LC3). This supports that LC3 remains primarily influenced by
bending-dominated behaviour. Besides only using oriented panels throughout the
wall thickness, an alternative way of balancing bending- and torsional stiffness in
the top sections is to replace a pair of +6°-panels with 0° orientation, keeping it a
balanced and symmetric layup configuration. The highlighted layup in Table 4.4
have the best balance between the safety factors for all three load cases.

Table 4.4: Numerical results for the two different failure criteria of several layup
configurations in Section 9.

#

Max. Stress Tsai-Hill
LC1 LC2 LC3|LCl1 LC2 LC3
1. | [45/45/ — 45/ — 45/45/ — 45]¢ | 0.92 1.30 1.01 | 0.88 1.08 0.91
2. | [22/22/ — 22/ —22/22/ —22]¢ | 1.75 120 1.22 | 1.41 0.90 0.95
3.| [45/45/—45/—45/0/0]s | 122 1.21 132|114 1.00 1.21

Section 9 (sweet-spot)

In the same way the sweet spot angle is found for Sy ;, the optimal panel orientation
for Sg; is shown in Figures 4.1c-4.1d. In the case of Sg; the sweet spot will be
14° which is an indication that the torsional load case is less dominant. Having
an angle-ply laminate is not nessesarily the layup configuration that gives the best
trade-off between the performance for all three load cases. In Table 4.5 the evolution
of safety factors are shown, going from the initial layup configuration, via the sweet
spot orientations for Sg; and Ss 1, to a combination of angles that provide the best
balance. Layup #4 in Table 4.5 is the chosen configuration for Ss ;.
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Table 4.5: Numerical results for the two different failure criteria of several layup
configurations in Section 8.

# | Section § (sweet-spot) Lclz&axicsztresscza LC1TSEICI;IIHLC3
1. [ [30/30/ =30/ —30/30/ —30]s | 120 1.23 0.07 | 008 1.09 0.84
2. | [22/22/ — 22/ —22/22/ —22]¢ | 123 1.27 1.00 | 112 1.06 0.92
3. | [14/14) — 14/ — 14/14/ — 14]g | 126 131 1.06 | 1.22 0.95 0.98
4| [30/22/ —30/ —22/0/0]s | 1.22 123 1.09 | 116 1.03 1.1

The optimal panel orientation for S7;, when having an angle-ply laminate, is 10°
which can be seen in Figures 4.1e-4.1f and confirmed in Table 4.6. No other manip-
ulations seemed as a better fit for this section of the tower.

Table 4.6: Numerical results for the two different failure criteria of several layup
configurations in Section 7.

# | Section 7 (sweet-spot) Lcl\faXL(jSQtreSIfcza LClTsilCI;IIILC3
1. [ [20/20/ =20/ —20/20] —20]s | 1.31 1.33 107 | 1.19 1.16 0.98
2. | [14/14/ — 14/ — 14/14/ — 14]s | 1.36 141 1.12 | 132 112 1.06
3. | [10/10/ — 10/ — 10/10/ — 10]s | 1.39 146 1.18 | 1.37 1.09 1.11
4. | [10/10/ —10/ —10/0/0lg | 141 141 1.19| 140 1.06 1.09

With the chosen layup configurations for the top three sections (#3 in Table 4.4, #4
in Table 4.5, and #3 in Table 4.6), a safety factor distribution is obtained for the top
one-third of the tower, see Figure 4.2. The grey region in all plots corresponds to
the top isolated band of high safety factors, which are not of interest for the failure
analysis and are therefore excluded from the discussion.

For the bending-dominated load case (LC1), the safety factor tends to decrease
toward the bottom of each section, forming a U-shaped gradient profile. As we move
down the tower, larger regions become influenced by this load case, consistent with
the increasing effect of bending and axial forces. In contrast, Figure 4.2b illustrates
the safety factor distribution under the torsion-dominated load case (LC2). Here,
the minimum safety factors follow a spiral pattern through the top sections. The
low safety factor regions appear to rotate slightly between sections Sy 1, Ssi, and
S7.1, showing the torsional effects. Lastly, Figure 4.2c shows the combined load case
(LC3), which reflects a mixture of the safety factor distributions from LC1 and LC2.
The result is a blend of the vertical gradient from LC1 and the spiral distribution
from LC2.
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Figure 4.2: Distribution of the maximum stress safety factor for all three load
cases in sections S7; — Sg1. In Figures (a)—(c), section Sg; is at the far left and
section S7; at the far right of the wall structure.

Finally, for section Sg; it was shown that there is no need for any oriented panels,
meaning that the torsional loads will not govern the design for this region of the
structure. As presented in Table 4.7, the layup configuration #6, consisting only
of 0° panels yields the highest safety factor across all three load cases for both
failure criteria. This indicates that introducing off-axis orientations does not improve
the structural performance. Consequently, the bottom two-thirds of the tower can
be considered non-critical with respect to torsional effects, and purely main grain
direction, 0°, can be used in the sections 511 — S without the need for further
layup iterations.

Table 4.7: Numerical results for the two different failure criteria of several layup
configurations in Section 6.

7| Section 6 (sweet-spot) Lc¥axtggresf63 LClTSEICI;hHLm
1. | [10/10/ — 10/ — 10/10/ — 10]s | 1.01 1.43 094 | 0.99 1.25 0.90
2. [8/8/ — 8/ —8/8/ — 8] 1.02 149 0.96 | 1.00 1.26 0.92
3. [6/6/ —6/ —6/6/ — 6] 1.02 158 0.99 | 1.02 1.27 0.94
4. [4/4) — 4) — 4/4) — 4] 1.03 150 1.02 | 1.03 1.28 0.96
5. 2/2/ —2/ —2/2) — 2] 1.05 143 1.06|1.04 1.31 0.99
6. [0/0/0/0/0/0]s 1.06 1.41 1.11]1.05 1.35 1.02
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As shown in Figure 4.3, the safety factor distribution in section Sg; exhibits a U-
shaped profile. The minimum safety factor is found at the top of the section, i.e.
at the interface with section S7;, and increases towards the bottom, reaching its
maximum just before entering section S5;. This gradient suggests that the these
regions of the tower are not governed by LC2. Instead, it supports the conclusion
that a main grain direction (0°) is the most effective configuration for these sections,
even under torsional loading.

C: Static Structural C: Static Structural
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Figure 4.3: Distribution of the maximum stress safety factor for a torsion-dominant
load case (LC2) in sections Sg; and Sj ;.

4.2.2 Thickness iteration

To minimize the wall thickness in each section of the tower, the thickness of each
indivual LVL panel is parameterized and iterated. The key factor when iterating
thickness is keeping the laminate balanced, i.e. the thickness for every +#6 orienta-
tion has to be equal to the thickness for the corresponding —6 orientation. This is an
important feature because an unbalanced laminate can lead to direction-dependent
behavior. In this study, load cases include combinations of bending, axial, and tor-
sional loads. For the torsional load case in particular, the direction of applied torque
(e.g., along +2) is arbitrary and could just as likely occur along —Z. By keeping
the laminate balanced, the structural response remains symmetric and direction-
independent, ensuring the results are meaningful and not biased by arbitrary load
direction assumptions (see Table 3.1). For the bottom sections, Sy 1 — 56 1, that only
have 0° panels, the thickness for an arbitrary panel is changed. Table 4.8 below
illustrates how different distributions of panel thicknesses impact the performance
of sections Sg1, Ss1, and S7;, having the same total wall thickness. The thick-
ness iterations are ordered going from the top section downward. For Sg; and Sg 1,
which include main grain direction (0°) panels in their layups, the rows are sorted to
show increasing 0° panel thicknesses. This arrangement helps visualize what ratio
between rotated- and non-rotated panel thicknesses that yields the most balanced
performance. The notation for the arrangement of thicknesses between the panels
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follow the same principle as the notation for panel orientations (as described in
chapter 2.2.1), but instead of brackets, parantheses are used.

Table 4.8: Results for the local safety factors depending on thicknesses of the
panels in Section 7-9.

# Section 9 Total Max. Stress Tsai-Hill
[45/45/-45/-45/0/0]s mm] | LC1 LC2 LC3|LClI LC2 LC3

13.

1. (25/25,/25,/25/16/16) 264 | 091 1.11 1.01|083 092 088
2. (25/22/22/25/19/19) 264 | 098 1.10 1.10 | 0.90 0.91 0.96
3. | (22/22/22/22/22/22)s 264 | 1.05 1.08 1.18|0.98 0.89 1.04
4. | (22/19/19/22/25/25)s 264 | 1.11 1.06 1.17 | 1.05 087 1.06
5. (19/19/19/19/28/28) ¢ 264 | 1.17 1.03 1.15|1.12 0.85 1.03
Section 8 Total Max. Stress Tsai-Hill
[30/22/-30/-22/0/0]s | [mm] [LCI LC2 LC3|LCI LC2 LC3
6. (31/22/31/22/16/16)s 276 | 1.03 1.18 1.03 | 0.97 1.01 0.95
7. (25/25/25/25/19/19)5 276 | 1.06 1.17 1.04 | 1.00 0.99 0.96
8. (28/19/28/19/22/22)5 276 | 1.07 1.16 1.04 | 1.01 098 0.97
9. | (31/16/31/16/22/22)s 276 | 1.06 1.17 1.04|1.01 098 0.97
10. | (25/19/25/19/25/25)5 276 | 1.09 1.14 1.04 | 1.04 095 0.97
11. (28/16/28/16/25/25) 5 276 | 1.08 1.14 1.04 | 1.03 0.96 0.97
12. | (16/25/16/25/28/28)s 276 | 1.12 1.09 1.03 | 1.08 0.92 0.97
( )

19/22/19/22/28/28) 276 | 1.11 1.10 1.03 | 1.07 0.93 0.97

Section 7 Total Max. Stress Tsai-Hill
[10/10/-10/-10/10/-10]¢ | [mm] | LC1 LC2 LC3|LC1 LC2 LC3
14. (25/25/25/25/22/22) s 288 | 1.34 138 1.14 | 1.31 1.05 1.02
15. (28/22/28/22/22/22)¢ 288 | 1.34 138 1.14 131 1.05 1.02
16. (28/19/28/19/25/25) ¢ 288 | 1.33 138 1.14 130 1.04 1.02
17. (28/25/28/25/19/19) ¢ 288 | 1.34 137 114|131 1.05 1.03

For section Sy i, the results show that increasing the total 0° panel thickness by 12
mm leads to a significant improvement in performance for the bending-dominated
load case (LC1). At the same time, the 12 mm thickness reduction in the +45° pan-
els does not affect the performance under the torsion-dominated case (LC2) as much.
The best-performing configuration consists of 100 mm of 0° panels and 164 mm of
+45° panels, indicating that the optimal thickness ratio is approximately 40% axial
(0°) and 60% rotated (£45°). For Sg; the results indicate that there is not much of
a difference between the thickness distributions #6 — #10. However, in configura-
tions #12 and #13, where the thickness of the more rotated (30°) panels is reduced
in favor of increased thickness in the less rotated (22°) panels, a trend is observed:
the safety factor for LC1 increases, while it decreases for LC2. This implies that
thicker rotated panels favor torsional stiffness (LC2), whereas thicker less-rotated or
non-rotated panels improve performance under axial and bending-dominated loads
(LC1). Since the rotated panels are rotated to different degrees, it is not convenient
to compare the ratio of thicknesses to the previous section. Finally, for S7;, which
contains only rotated panels, the distribution of individual thicknesses has no effect
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on performance, provided the total wall thickness remains constant.

When the panel thickness is modified for one section at a time, there is a risk that
stress concentrations will occur due to the thickness transitions between sections.
These discontinuities can lead to local failure in neighboring sections, even if their
initial safety factors were approved. Therefore, the thickness of each section is not
reduced below that of the section directly above it, even if the local safety factor
suggests that further optimization is possible. This is done to avoid negative effects
on the structural performance of the upper sections. This can be seen, for example,
in section 7, where additional reductions were possible, but would have negatively
affected the performance of section 8 due to the resulting thickness mismatch. For
the rest of the sections (511 —Se.1), which consist of purely 0° orientations, thickness
for an arbitrary panel in the layup was changed. The final wall thicknesses achieved
are presented in Table 4.9.

Table 4.9: Results for the local safety factors depending on thicknesses of the
panels in Section 1-6.

Total Max. Stress Tsai-Hill

mm] | LC1 LC2 LC3|LCI LC2 LC3
25/25/25/25/22/22)s | 288 | 1.04 1.40 1.08 | 1.03 1.35 1.01
25/25/25/25/22/22)s | 288 | 1.03 1.78 1.04 | 1.03 1.52 1.02

[0/0/0/0/0/0]5

56,1
S50

( )

( )
Si1 | (25/25/25/25/22/22)g | 288 | 1.04 191 1.06 | 1.03 1.51 1.02
Ss1 | (25/25/25/25/22/22)5 | 288 | 1.11 1.94 1.13 | 1.11 161 1.11
Sa1 | (25/25/25/25/28/28)s | 312 | 1.00 1.75 1.01 | 1.00 1.64 1.00
Si1 | (25/25/25/25/28/28)s | 312 | 1.04 1.62 1.03 | 1.04 162 1.04
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For verification, the global safety factor distribution for all three load cases are
illustrated in Figure 4.4.

(a) LC1

(b) LC2

(c) LC3

Figure 4.4: Global distribution of the maximum stress safety factor for all three
load cases in all tower sections.

As previously seen, the minimal safety factors occur in sections Sg; and Sy;. At
the top of the tower the torsinal effects (LC2) are dominating, and the safety factor
minimum will therefore occur in the top section (see 4.4b). For the other two load
cases (LC1 and L.C3), the dominated loads are the axial force and bendning moment,
which leads to the safety factor minimum found at the top of section Sy ;, indicated
in Figures 4.4a and 4.4c. The total volume of the optimized TC1 was 1007 m® and
the final design of the concept is summarized in Table 4.10.

Table 4.10: Summary of TC1

Section Layup config. Thickness config. Total Thickness [mm]
Sou [45/45] — 45/ — 45/0/0]s | (22/19/19/22/25/25)5 264
Ss.1 [30/22/ — 30/ —22/0/0]s (25/19/25/19/25/25) 5 276
Sr1 | [10/10/ — 10/ — 10/10/ — 10]s | (25/25/25/25/22/22)s 288
Sei 0/0/0/0/0/0]5 (25/25/25/25/22/22) 288
S5 0/0/0/0/0/0]5 (25/25/25/25/22/22) 288
Sii 0/0/0/0/0/0]s (25/25/25/25/22/22)s 288
S31 0/0/0/0/0/0]5 (25/25/25/25/22/22) 288
Sa1 [0/0/0/0/0/0] (25/25/25/25/28/28) 5 312
Sii 0/0/0/0/0/0] (25/25/25/25/28/28) s 312
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4.3 Tower Concept 2

Unlike the first tower concept, Tower Concept 2 uses material data for Kerto-Qe.
The differences in material properties are presented in Table 2.2. Furthermore,
the maximum allowable panel orientation is limited to 4+25°, and only one panel
thickness is available: 25 mm. The layup iterations were initially based on the
sweet spot results obtained from the previous tower concept. However, due to the
change in material and thereby differences in directional property ratios, the sweet
spot investigation was re-simulated. The starting point was the previously identified
sweet spot angles, with variations of £4° introduced to verify whether the optimal
layup orientations differ for the three upper sections in this new concept. Since only
one panel thickness is available in TC2, thickness iterations can only be carried out
in discrete steps by removing or adding entire panels. To enable such iterations while
maintaining a balanced and symmetric laminate configuration, an even number of
rotated panels is required in the layup. This ensures that thickness can be adjusted
by removing or adding 0° panels.

4.3.1 Layup iteration

Since previously shown that the bottom two-thirds of the tower perform best with
only 0° panels, only the top three sections were tested for different layup configura-
tions. The sweet spot angles for TC2 are presented in Figure 4.5.
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Figure 4.5: Safety factor plots for two failure criteria (Maximum Stress and Tsai-
Hill) for Sections Sy, Ss2, and S7o. The optimal panel angles (sweet-spots) are
found in the region where safety factors for the different load cases intersect.

Compared to the sweet spot angles obtained for Tower Concept 1 (TC1), the optimal
panel orientations for the three upper sections shift slightly when the updated Kerto-
Qe material data are used in Tower Concept 2 (TC2). For TC1, the identified sweet
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spot angles were 22°, 14°, and 10° for sections Sy, Ssi, and S71, respectively. In
contrast, TC2 resulted in sweet spot angles of 22°, 12°, and 6° for the same sections.
Only the top section (Sg) shares the same optimal angle between the two concepts.
It is important to note that the sweet spot is not always a single, well-defined value,
but rather a region where multiple angles yield comparably high safety factors. As
illustrated in Figure 4.5a, the top section could arguably have an optimal angle
closer to 25°, yet 22° was chosen due to its more favorable performance for the
first load case (LC1). Although LC2 and LC3 intersect at 25°, the variation of the
safety factors are minor compared to the drop in safety factor for LC1, making 22°
a reasonable choice. Moreover, in practical terms, when manufacturing panels with
rotated angles, achieving an exact orientation is limited by Modvion’s production
tolerances. Therefore, sweet spot regions, where a range of angles provide similarly
high safety factors, are at least as relevant as pinpointed optima. The selection
of a sweet spot angle is therefore partially interpretive, as there even might exist
multiple intersection points between safety factor curves for different load cases (see
Figure 4.5e). The critical consideration is which load case governs the design of the
section. Thus, identifying the most sensitive load case and prioritizing it in the angle
selection becomes a matter of preference. In this study the chosen sweet spot angles
for TC2 were 22°, 12°, and 6°, but were further changed to a layup containing an
even number of rotated panels and the rest being 0°, see Table 4.11.

Table 4.11: Numerical results for the two different failure criteria of several layup
configurations in Section 7-9.

# | Scction 9 (sweet-spot) L0¥axi§§re8503 LC1TSEICI;IIHL03
[ [22/22) —22] —22/22] =225 | 177 118 1.21] 148 008 102
2. | =22/ = 22/22/22/ — 22/22]5 | 1.76 1.36 141 | 147 093 1.12
3. | [=22/—22/22/22/0/0]s | 1.82 1.25 1.33 | 1.60 0.86 1.05
# | Section 8 (sweet-spot) LC?aXL(JSQtreSLscz), LClTSEICI;hHLCS
4 [ [12/12) =12/ —12/12/ —12]5 | 158 L4l 129 | 154 1.05 L17
5. | =12/ —12/12/12/ — 12/12]5 | 1.60 151 1.36 | 156 1.01 117
6. | [—12/—12/12/12/0/0ls | 1.62 144 134|159 096 1.13
# | Section 7 (sweet-spot) Lclidaxtgztresscg LClTSEICI;IHLCB
71 [6/6/=6/—6/6/ —6ls | 1.60 141 142|156 1.26 1.9
8. 6/6/ — 6/ — 6/0/0]s 160 137 142 | 157 123 1.2
9. 0/0/0/0/0/0]s 157 121 152|156 1.19 1.32

By adding 0° panels, the safety factor for LCl—associated with bending stiff-
ness—increases, while the torsional performance (LC2) slightly decreases. These
unrotated panels enable discrete thickness iterations without losing the balanced
and symmetric layup structure. As shown in Table 4.11, the highlighted layups
were carried forward into the thickness iteration phase.
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4.3.2 Thickness iteration

Table 4.12 illustrates how the total tower volume evolves as 0° panels are removed.
For reference, a tower with a constant wall thickness of 300 mm throughout all
sections would result in a total volume of 1032 m3. Among the evaluated configura-
tions, thickness combinations that are highlighted in red indicate failure, while the
thickness combinations highlighted in green are the chosen wall thicknesses. Here,
S22 becomes the critical section, with safety factors dropping to exactly 1.00 in both
LC1 and LC3. The safety factor distribution for all three load cases are illustrated
in Figure 4.6.

Table 4.12: Comparison of safety factors and tower volume during progressive
thickness reduction from the initial 300 mm configuration.

So.2 Ss.2 S72 | Vol. | Sgg Max. Stress | Sgg Max. Stress | S;9 Max. Stress
[mm] | [mm] | [mm] | m?] [ LC1 LC2 LC3|[LC1 LC2 LC3|LClI LC2 LC3
225 225 225 | 970 | 1.25 120 110|120 113 1.14|1.11 129 1.17
200 225 225 964 | 1.25 1.14 1.09 |1.20 1.13 1.14|1.11 129 1.17
200 200 225 957 | 1.27 1.03 1.06 | 1.06 1.12 1.03 | 1.11 1.06 1.10
200 200 200 | 950 | 1.12 1.12 1.00 | 0.96 1.06 097 | 1.07 1.21 1.12
S6.2 S5.2 Si2 | Vol. | Sgg9 Max. Stress | Ss9 Max. Stress | Si9 Max. Stress
[mm] | [mm] | [mm] | m* | LC1 LC2 LC3|[LC1 LC2 LC3|LCl LC2 LC3
250 250 250 901 | 1.11 1.29 1.17 |1.07 1.73 1.08 | 1.15 195 1.17
225 250 250 | 893 | 094 1.28 097 | 1.07 1.61 108 | 1.15 1.95 1.17
225 225 250 | 884 | 1.01 1.28 1.06 | 0.94 1.59 0.96 | 1.05 1.78 1.07
225 225 225 | 873 | 1.01 1.28 1.06 | 0.97 1.57 0.97 | 0.98 1.61 0.99
S3.2 S2.2 S12 | Vol. | Ssg9 Max. Stress | So9 Max. Stress | S;¢ Max. Stress
[mm] | [mm] | [mm] | [m*] | LC1 LC2 LC3|LCl1 LC2 LC3|LCl LC2 LC3
250 275 275 | 852 | 1.04 1.71 1.05| 1.00 1.64 1.00 | 1.08 1.68 1.07
250 250 275 | 839 | 1.09 1.82 1.10 | 096 1.58 097 | 1.08 1.68 1.07
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(b) LC2

(c) LC3

Figure 4.6: Global distribution of the maximum stress safety factor for all three
load cases in all tower sections (TC2).

As for the first tower concept, TC2 will also have its safety factor minima in sections
Sy9 and Sy 9. The grey region in the color plots corresponds to the top isolated band
of high safety factors, which are not of interest for failure analysis and therefore not
discussed further. The final design for TC2, summarized in Table 4.13, results in a
total tower volume of 852 m?.

Table 4.13: Final layup and thickness configurations for all sections in Tower
Concept 2 (TC2).

Section Layup config. Thickness config. Total Thickness [mm]
Ses | [—22/ — 22/22/22]s | (25/25/25/25)s 200
Ss.2 [—12/ —12/12/12]5 (25/25/25/25) s 200
Sra | [6/6/—6/—6/0]s | (25/25/25/25/25)s 225
Sz [0/0/0/0/0]s (25/25/25/25/25)s 250
S 0/0/0/0/0]s (25/25/25/25/25)s 250
Sis 0/0/0/0/0]s (25/25/25/25/25)s 250
S3.2 [0/0/0/0/0]s (25/25/25/25/25)s 250
Saz 0/0/0/0/0/0)s | (25/25/25/25/25/25)s 275
Sis 0/0/0/0/0/0]s | (25/25/25/25/25/25)s 275
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Conclusion

This study sets out to investigate the potential for material optimization in a lami-
nated timber tower structure through adjustments in wall layup and thickness con-
figuration. The aim is to evaluate how different design strategies, represented by
different tower concepts, can reduce material usage while ensuring structural safety
under three different load cases.

As shown in Table 5.1, the final optimized design (TC2) achieved a significant mate-
rial reduction of 15.4% compared to the benchmark model. While TC1 maintained
the same total volume as the benchmark, it demonstrated how a slight change in
material data (Kerto-Q and Kerto-Qe) can influence the distribution of wall thick-
ness across sections. Table 5.1 also provides information about the thickness for the
thickest and thinnest tower wall sections for all three designs.

Table 5.1: Material optimization

Model name | Volume [m®] | Percentage | Thickest [mm)] | Thinnest [mm]

Benchmark 1007 100% 425 250
TC1 1007 100% 312 264
TC2 852 84.6% 275 200

The biggest difference between the benchmark model and the tower concepts (TC1
and TC2) is the location of the thickest section. In the benchmark model, the top
section requires the thickest tower wall, whereas in TC1 and TC2, the thickest sec-
tions are instead located at the bottom of the tower, with the top being the thinnest.
This reversal is due to the change in panel orientation at the top of the tower in
TC1 and TC2, which is specifically designed to better resist the torsional effects
induced by the turbine. It was also shown that the lower two thirds of the tower
do not benefit from rotated panels and perform best with purely 0° orientations. In
contrast, the upper three sections all have an optimal panel orientation, also called
the sweet-spot orientation. The sweet spot angle gradually increases going from the
bottom to the top of the tower, indicating the dominance of the torsional loads at
the top of the tower. In some sections, more than one sweet spot angle may exist, or
there may be a range of angles that yield comparable safety factors. In such cases,
the final choice becomes a matter of design preference, depending on which load
case is prioritized in that specific region.

However, while these results provide valuable insight, they are shaped by the model-
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ing choices and simplifications made throughout the study. Certain limitations and
assumptions may have influenced the outcome — and recognizing them is essential
for understanding both the strengths and the boundaries of the conclusions drawn.
One such limitation is the division of the tower into nine sections. In particular, the
upper sections, where torsional loads are more significant and the panel orientation
is more sensitive, could potentially benefit from a finer subdivision. By dividing
these top sections into smaller segments, the sweet spot angle could be adjusted
more gradually along the height of the tower. On the other hand, the choice of nine
sections is justified by real-world logistics, and since the lower segments are governed
primarily by axial forces and bending moments, they do not require varied layup
configurations — making larger segments at the base a reasonable design choice.
Another choice that most probably have influenced the outcome of this study is the
load cases. Two out of the three load cases chosen in the study represent extreme
scenarios for the different types of loads. The bending moment and torsional loads
are isolated to evaluate how the panel orientations respond to each load type indi-
vidually, while a more general load case (LC3) includes all load types and serves as
a verification case. However, the number of load case combinations is significantly
greater and there is possibly a load case that would have caused the safety factor
in a certain section to be < 1. Buckling and delamination are also not something
that this study provides an answer to. Regarding buckling, it can be said that there
is global and local buckling, where the global refers to the entire tower, while the
local refers to the buckling of a single section. The local type of buckling involves
a delamination in the tower wall in the section, which is something that needs to
be investigated further. It is something that is affected by the adhesive and its
properties. The fact that it is not taken into account in this study is because the
classical laminate theory used has the limitation that it assumes perfect lamination
and no stresses out of plane, i.e. in the radial direction in this case.

5.1 Future perspectives

One key observation from this study is the impact that a small improvement in
longitudinal strength can have on material optimization. By comparing the two
tower concepts TC1 and TC2—where the only difference is the material data used
(Kerto-Q vs. Kerto-Qe)—it becomes evident that an increase in compressive and
tensile strength leads to a reduction in total material volume. This highlights how
sensitive the final design is to improvements in the mechanical properties of the ma-
terial, especially the longitudinal direction. The strength data used for Kerto-Qe in
this study is based on modified values derived from material testing. This suggests
that if future updates or variations in the DoP (Declaration of Performance) con-
firm even higher strength values, particularly in the longitudinal direction, it could
further improve the potential for material-efficient design. Continued material de-
velopment and validation through testing should therefore be seen as one key for
future improvements.

Another suggestion for future investigations, from a material optimization perspec-
tive, is to explore alternative reinforcement solutions that complement LVL struc-
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tures. The key is to identify composite materials that can be effectively integrated
into the existing manufacturing process involving glued LVL panels. For instance,
the bottom sections of the tower could be reinforced in the longitudinal direction
using a fiberglass composite sheet, either embedded between the LVL layers or ap-
plied externally to the wall. Alternatively, reinforcement could be focused on the
upper sections, where a new sweet spot orientation for the reinforcement is used,
allowing the LVL panels to remain purely in the 0° direction. This kind of hybrid
approach might be a solution in the future that not only provides improved strength
and structure in the tower wall, but also offers a cost-effective solution.
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