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Abstract

Constrained layer damping treatments are widely used in mechanical structures to damp acoustic noise and
mechanical vibrations. A viscoelastic layer is thereby applied to a structure and covered by a stiff constraining
layer. When the structure vibrates in a bending mode, the viscoelastic layer is forced to deform in shear mode.
Thus, the vibration energy is dissipated as low grade frictional heat. This paper documents the efficiency of
passive constrained layer damping treatments for low frequency vibrations of cylindrical composite specimens
made of glass fibre-reinforced plastics. Different cross section geometries with shear webs have been investigated
in order to study a beneficial effect on the damping characteristics of the cylinder. The viscoelastic damping
layers are placed at different locations within the composite cylinder e.g. circumferential and along the neutral
plane to evaluate the location-dependent efficiency of constrained layer damping treatments. The results of the
study provide a thorough understanding of constrained layer damping treatments and an improved damping
design of the cylindrical composite structure. The highest damping is achieved when placing the damping
layer in the neutral plane perpendicular to the bending load. The results are based on free decay tests of the

composite structure.
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1 Introduction

Glass fibre-reinforced plastics (GFRP) are well suited for use in high voltage applications, such as insulators or
overhead transmission pylons, due to the inherent non-conductivity of the raw material. This enables a rigid
attachment of overhead transmission lines to the cross arm of each composite pylon, resulting in an increased
dynamic interaction. Induced vibrations, such as from the severe cable vibration phenomenon known as gallop-
ing, will therefore be directly transferred to the slender composite mast structure and may lead to catastrophic
failure of the entire structure due to excessive vibration amplitudes at resonance [1]. These low-frequent gal-
loping vibration amplitudes at frequencies between 0.5 Hz and 2 Hz depend e.g. on the cable vibration mode,
the cable tension and the span length [2] and can be reduced by designing the composite power pylon to act
as a supportive damper. By introducing passive damping supplements, such as the constrained layer damping
(CLD) treatment, the energy dissipation in the composite structure may significantly be increased due to the
shear deformation of the integrated viscoelastic material (VEM) damping layer located between two stiff layers:
layer 1 - host structure and layer 2 - constraining layer (CL) [3].

In contrast to tuned resonance dampers, such as tuned mass dampers or tuned liquid dampers configured to
damp a certain frequency, the passive CLD treatment may be suitable to damp galloping vibrations within a
larger frequency range [4]. However, the additional weight of the VEM and the CL may reduce the stiffness and
consequently the natural frequency of a structure, when keeping the overall dimensions constant. The trend in
the design of passive CLD treatments for lightweight structures is therefore increasing towards damping patches
instead of a full damping layer coverage [5]. The VEM-patches are typically located at areas with high shear
deformation, which is usually close to the nodes of a mode shape. The added weight of a passive CLD treatment
can be reduced by 50 % with respect to full layer damping, while maintaining the overall damping performance
[6]. However, many possible locations with high shear deformation exist along a power pylon arm because of
the variety of attached conductor line bundles - each with the potential to vibrate by itself or in combination
with other cables or cable bundles. Due to the wide range of resulting vibration scenarios of a composite cross
arm, the investigation of VEM damping patches is therefore not part of the paper, and has to be addressed in
future investigations.

The focus in this paper will be on a full coverage of VEM damping layers in the length wise direction of the
generic composite cylinder instead, as the effect of additionally implemented structural elements such as stiffen-
ing web on the damping behaviour is investigated. An optimization process regarding a reduction of the amount
of applied VEM within a damping-enhanced cross-sectional design concept may be an interesting topic to be
investigated further. The cross sectional shape of the structure will also have a great impact on the efficiency of
CLD treatments. The proportion of the shear deformed VEM area which is further away from the neutral axis
is higher for rectangular cross sections compared to equivalent circular cross sections and will therefore result in
better damping [7]. Despite the obvious advantages of rectangular cross sections with regard to damping, the
design of the power pylon arm and tower is restricted to a cylindrical outer geometry by the designer. However,
no design restrictions are defined for the inside of the composite cylinder, providing a design flexibility with
respect to the application of passive CLD treatments within the pylon arm and tower structure [8, 9].

To the best knowledge of the authors, a comprehensive, experimental and numerical analysis of passive CLD

treatments with regard to various positions along the cross section of hollow composite cylinders has not been



conducted yet. Therefore, different structural damping-design configurations based on various CLD treatment
locations are investigated for eight generic, hollow composite cylinders. The resulting energy dissipation during
flexural vibrations is experimentally investigated by analysing the free vibration decay and calculating the loss
factor n for the first bending mode.

Furthermore, the experimental results are used to validate a numerical damping analysis based on the modal
strain-energy approach, taking the fibre direction material properties into account [10, 11, 12, 13]. A script
written in Python enables the calculation of the system modal damping of the composite structure using the

finite element analysis (FEA) software package ABAQUS [14].

2 Aim and outline of the paper

The aim of the paper is to provide a method for the dynamic design of generic composite cylinders with maximum
vibration damping. Different cross sectional designs are investigated in order to evaluate the location-dependent
damping enhancement by CLD treatments. The presented results and properties may be considered in the
dynamic design of the next generation of composite power pylon arms.

The damping enhancement of generic composite cylinders is achieved by using viscoelastic damping layers at
various locations in the cross section. Eight generic cross section designs are presented and evaluated with
regard to its stiffness-weight ratio. Prototypes are manufactured using the filament winding technology and
tested statically and dynamically with regard to bending stiffness and damping properties. The results are used
to verify the numerical model for the modal damping prediction. Finally, the comparison of experimental and

numerical results is presented and discussed.

3 Design of the generic composite tube
This section provides a detailed description of the design and manufacturing of the different generic composite
tubes with and without implemented damping layers. The laminate design as well as the load assumptions are

derived from the full-scale composite power pylon arm structure at a location close to the root-end.

3.1 Composite power pylon structure

The composite power pylon consists of a tubular column section, supporting a pair of cantilevered and tapered
composite cylindrical arms at which three pairs of twin bundle conductor lines are directly attached on each
arm (see Fig. 1). The composite arm structure is thereby designed for vertical and transverse bending loads
in x and y directions due to the cables weight and common loads from climatic situations such as individual
or combined ice and wind loading [16]. Furthermore, vibrating cables due to galloping will introduce dynamic
bending loads to the power pylon arms. Based on an optimised, stiffness driven design of the power pylon arms,
the laminate thickness gradually decreases from the thick-walled layup configuration at the root-end section to
the thin-walled shell-like zone at the tip of the arm.

The power pylon structure will be designed with maximal stiffness, preventing any resonant vibrations of
the pylon at typical galloping frequencies. However, any change in cable tension and span length requires a

re-examination of the vibration behaviour of the cable-pylon-system and, if necessary, an individual stiffness



Table 1: Geometric and stacking properties of the generic composite tube.

Parameter

Layup and Dimensions

Free specimen length [
Constant inner diameter D;
Weall thickness "host structure’
Host structure layup
Constraining layer (CL) layup
Layer thickness GFRP [£45°]
Layer thickness GFRP [+ 10°]
Layer thickness VEM
Spacer plate thickness

950 £ 5 mm
79.0 mm
4.0 mm
[£45°, £45°, £ 10°, £45°]
[+£10°]
0.88 mm
1.00mm (segment) - 1.35 mm (circular)
0.58 mm

3.0 mm

adjustment of the power pylon. At the same time,

adequate damping of the composite structure is required in

order to minimize vibrational amplitudes of the cables and the cross arm due to galloping and thereby prevent

severe structural damage.

Tuned resonance dampers are not feasible damper solutions, as they are adjusted to damp only a single frequency

instead of typical galloping frequencies in a range between 0.5 Hz and 2 Hz. Furthermore, high electro-magnetic

fields do not allow the use of active controlled damping devices.

Instead, non-conductive CLD treatments are well suited for the application in high-voltage power pylons as

these are low cost, robust, reliable and maintenance-free structural vibration control methods [17]. However,

the application of CLD treatments may considerably reduce the advantage of a lightweight design, defined by

the stiffness-weight-ratio, when restricting the geometry [18]. Either the static stiffness of a structure is reduced

Figure 1: Composite power pylon with directly

coordinate system [15].

attached overhead transmission line bundles in the global



while keeping the weight constant or vice versa.

In this work, the design focus is on maximizing the vibration damping of the composite structure, while keeping
the natural frequencies constant. The outer dimension should therefore remain unchanged, so that a potential
reinforcement is applied to the inside of the structure. The increase in weight is tolerated and only of minor
importance, as the power pylon is considered mainly a static structure not excited at its own resonance fre-
quency. The appearance of galloping overhead transmission lines causing the power pylon to vibrate is a rare
but dangerous incident and is therefore considered as an important design criteria for power pylons [19].

The trade-off between an increase in weight and the related increase in costs with regard to material, manufac-

turing, transportation and installation must also be considered.

3.2 Generic composite cylinder with passive damping treatments

Based on the design of the composite power pylon cross arm, generic composite specimens are developed in the
scale of 1:10 with respect to dimensions and stacking sequence of the laminate. The generic composite cylinders
represent the cross sectional properties of the cross arm at a position close to the root end section, assuming
loading conditions that are free of clamping effects. For reasons of simplicity and comparability, all generic
composite specimens are non-tapered, cylindrical and hollow with constant laminate properties along the entire
length. The dimensions and layups are specified in Tab. 1.

The efficiency of a damping layer strongly depends on its shear deformation and therefore on the position in
the host structure. The VEM is preferably located far from the neutral plane for structures undergoing flexural
vibrations, due to the maximum flexural deformation [20].

Alternatively, the positioning of the VEM layer close to the neutral plane also leads to high shear strains in the
damping material due to the presence of maximum shear stresses [21]. The damping is thereby most effective
when two VEM layers are positioned symmetrically and close to the neutral plane during bending, separated
by a stiff mid plane laminate of the host structure [22, 11]. As the design flexibility of CLD treatments is
very limited for hollow cylinder structures with regard to its position, a laminated shear web may therefore be
introduced into the neutral plane in order to provide a stiff structure for a potential CLD treatment close to
the neutral plane (see Fig. 2). The VEM damping layers can then be applied symmetrically to both sides of
the neutral plane, representing the most efficient damping scenario described above.

It is assumed that the highest damping performance will be achieved when flexing in the direction perpendicular
to the CLD-treated shear web plane. The ribs are positioned in one or two directions in order to possibly damp
vibrations of the power pylon arm in x and | or y direction of the global coordinate system (see Fig. 1), caused
by the directly mounted overhead transmission line bundles, which are vibrating due to galloping. The resulting
loading direction at the pylon arm thereby depends on a symmetric or asymmetric cable vibration mode [23].
The application of VEM damping layers along a the circumference in accordance to the above mentioned posi-
tions with maximum shear deformation consequently leads to the following damping layer configurations for the
generic composite cylinder: Eight cross-sectional design concepts were investigated (design A to I) in order to
evaluate the efficiency of various VEM layer positions along the cross section. An overview of the eight designs
is presented in Fig. 2.

The load carrying laminate thickness (section I, IT) with t = 4.0 mm remains constant for all design concepts, due
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Figure 2: Overview on the different cross-sectional designs with details to the stacking sequence and loading

direction (not drawn to scale).

to structural requirements, explained in detail below. The application of viscoelastic damping layers (section V
and VI) on the in- and outside in combination with stiff constraining layers (section III and IV) will generate
the CLD treatment. An integration of VEM damping layers into the load carrying laminate to further increase
the damping is not considered in the present paper, as a safe load introduction of the overhead transmission
lines into the cross arm is strongly required over the structural lifetime of 100 years. However, interleaved
damping layers may considerably weaken the load carrying laminate so that a reliable load introduction may
not be obtained. The alternative approach to reinforce the load introduction areas along the slender composite
cross arm in a subsequent step is not as trivial in a filament winding process of a near neat shaped cylindrical
structure, and may therefore not considered any further. For the sake of simplicity, a constant wall thickness for

all generic composite cylinders is assumed in the present paper for evaluating the effect of various damping layer



configurations on the overall damping behaviour. It is expected that the application of stiff constraining layers
may increase the stiffness and vibration behaviour. In order to fairly compare the different design concepts
with regard to damping and vibration frequency, the specimens are grouped based on the level of applied CLD
treatments (No CLD, CLD,yt, CLDjy out). However, this approach is a trade-off between the implementation
of structural requirements and scientific evaluation of damping enhancement treatments. Each cross-sectional
designs may be assessed in terms of an ’increase in cross-sectional complexity’ and ’increase in weight and
wall thickness’. As the complexity of the cross-sectional design is directly related to an expensive, costly and
time-consuming manufacturing process, a concept with high complexity (concept G or I) may be chosen when a
high damping in combination with a high stiffness-weight ratio is required. In contrast, the application of CLD
treatments to specimens with a low cross-sectional complexity leads a considerable increase in wall thickness
and weight, when keeping the natural frequency constant (concept A to C).

However, a grouping with respect to an ’increase in cross-sectional complexity’ is described in detail as follows:
In the first group (A to C), the VEM layer is applied only circumferential on the outside (B) or on the in- and
outside (C), covered by a stiff CL, respectively. The CLD treatment applied on the inside of the structure is
assumed to be less effective than a CLD treatment on the outside, due to a reduced distance from the neutral
plane and thus smaller flexural deformations. However, each CL represents a thin and individual laminate,
coupled to the host structure only by the VEM damping layer. When the host structure flexes, the additional
laminate deforms, introducing shear strains in the VEM and thereby damping. The laminate of the host struc-
ture consists of eight layers, each defined by a fibre direction ¢ with respect to the axial direction z in the global
coordinate system of the cylinder [£45°, £45°, + 10°, £45°] (see Fig. 1). The presented fibre orientations
of the generic composite cylinder are equivalent to stacking sequence of the composite cross arm, earlier defined
by the designer.

In the second group (D to F), a shear web made of two symmetrical GF-EP composite layers with a material
orientation of ¢ = £ 45 ° is introduced, representing the inner layer of the host structure laminate. A fibre direc-
tion of ¢ = £45° was chosen since mainly shear stresses occur during bending and a reliable manufacturability
of that fibre angle is feasible by filament winding. The remaining +45°, +10° and +45° layers of the host
structure are of cylindrical shape. The layup and thickness of the host structure is thereby kept constant for
all design concepts A to I. For concept E, the CLD treatment is only added to the outside of the structure. In
order to further increase the damping of the generic composite structure, VEM damping layers are also placed
close to the neutral plane with its maximum shear stresses. Thereby, two individual and hollow half cylinders
are generated by the inner CL.

In the third group (design G and I), two perpendicular shear webs are introduced the same way as described
for the one-web design concept D to F, resulting in four individual quarter cylinders. A rotation of the shear
web with respect to the loading direction leads to a variation in static stiffness, natural frequency and damping.
Therefore, the two significant loading directions 0° and 90° with regard to the shear web plane will be inves-
tigated for design concept D, E and F. The composite cylinders of concept G and I are only loaded in 45°, as
a loading in 0° and 90° is equivalent to the conditions investigated for the design concepts D, E and F. The
concept and the loading is specified in its notation, where the cross sectional design concept is defined by a

letter (A to I) and the loading direction (0°, 45° or 90°) is stated by a number (e.g. 1.45).



3.3 Materials

The materials used for manufacturing the generic composites cylinders are considered to be the same as for
the composite power pylon arms. A glass fibre (GF) roving EC17-2400-352 with 2400 tex and a sizing suitable
for epoxy and vinyl-ester from PD Fibre Glass was used in combination with the PRIME 20 epoxy (EP) resin
and the slow hardener from Gurit [24, 14]. The static material properties of GF-EP were determined based on
a planar unidirectional (UD) composite plate, made up of a UD GF fabric with an area weight of 475 g/m?
(incl. 35 g/m? of a chopped strand mat) and the Prime 20 Epoxy [14]. The static GF-EP properties at room
temperature are given as follows: Ej; = 27.6 GPa, Egy = 5.3 GPa, G12 =2.0 GPa, v 15=0.345 and p=1.79 g/cm?
[14]. The particular polyurethane (PU) material DYAD 601 from Soundcoat with a thickness of 0.58 mm was
selected as VEM damping layer for the damping investigation of the generic composite cylinder, due to its
optimised damping performance at temperatures prone for galloping vibrations around 0°C. However, any
other VEM may be selected, depending on the required damping performance. The surface of the elastomer
was initially coated with a B-Flex epoxy formulation, assuring a high adhesive quality [25].

PU materials are the most commonly used VEM’s for vibration control. However, these materials exhibit
frequency and temperature dependent material properties with an optimal damping characteristics of a narrow
frequency and temperature range [26]. The dynamic stiffness and damping properties of DYAD 601 are therefore
discussed in more detail in section 5.1. However, the Poisson’s ratio is assumed to be constant with v = 0.49
for the investigated frequency and temperature range [27]. The density of DYAD 601 was determined as
p =104 g/cm?®.

3.4 Manufacturing of test specimens

The damping behaviour of GF-EP was determined at coupon and structural level with two different sets of
GF-EP specimens: 1) Unidirectional (UD) composite coupons were used to characterise the fibre direction
dependent damping behaviour. 2) Various composite cylinders with different cross section designs were man-
ufactured by filament winding in order to demonstrate the potential of VEM damping layers with regard to a

vibrating power pylon arm.

3.4.1 Manufacturing of coupons

The same coupon specimens, used for a previous damping investigation [14], were dynamically tested to char-
acterise the fibre direction damping at room temperature between 20 Hz and 60 Hz. The first natural frequency
of the investigated composite cylinders lies within this frequency range. The static and dynamic properties of
the two different sets of specimens are thereby assumed to be of the same order of magnitude, due to the use of
similar UD GF materials. A detailed description of the generic composite cylinder manufacturing is presented

in the following.



3.4.2 Manufacturing of generic composite cylinders

Filament winding is a well suited manufacturing process for cylindrical composite parts with a constant layup
throughout the whole specimen due to its high efficient, automated and low cost fabrication characteristics [28].
Although a typical range of fibre layup angles for filament winding is between 20 ° and 85 °, local reinforcement
with very low winding angles can be implemented during the manufacturing process by the use of pins for fibre
redirection at each end of the mandrel [29]. This layup modification might be used to reinforce the compression
side of slender composite power pylon arm structures subjected to bending loads in order to prevent buckling.

A segmentable aluminium mandrel was designed and CNC-milled in order to manufacture the different cross-

sectional designs using a wet filament winding process (see Fig. 3).

Spacer plates

Figure 3: Manufacturing of the generic tubular composite structure using a filament winding machine and the

tool segments.

Thereby, a wet GF, impregnated by a resin bath prior to the placement process, was positioned and cured on
the mandrel (tool). By either winding on a single tool segment, a ’two-segment assembly’ or a ’four-segment
assembly’, generic composite specimens consisting of two shear webs (design concepts GtoI), one shear web
(design concepts D to F) or no shear web (design concepts A to C) may be manufactured. In case of a composite
cylinder with only one shear web and no VEM damping layer (design concept D), the manufacturing process

consists of five stages:

1. Assembly of two tool segments and a 3 mm thick spacer plate, forming a cylinder half,

2. Filament winding of the first layer of the host structure laminate with ¢ = +45° on the two cylinder

halves respectively (see Tab. 1),
3. Mounting of the two cylinder halves to a 'two-segment assembly’,

4. Finalizing the winding process with the three remaining host structure layers with ¢ = +45°, + 10°,

and £ 45°,
5. Thickening the end section for clamping, curing and mandrel removal.

The manufacturing process for composite cylinders without shear webs (design concept A to C) significantly

simplifies, as the mounting procedure described in step 3.) vanishes. The fully assembled, cylindrical mandrel



with its 3 mm thick spacer plates, representing the shear webs, may be used directly. For design concepts with
shear webs (concept D to I), the shear webs vary in thickness, depending on the presence of VEM damping
layers (shear web thickness of concept D: 1.76 mm | concept F: 4.9mm). This causes an ovalization of the
cross section, which may lead to a slight change in bending stiffness compared to its equivalent circular concept
(concept A, B or C). Therefore, the ovalization of the cross section was considered in the numerical model in
order to fairly compare the different damping designs.

Dependent on the cross-sectional design (concept B, C, E, F or I), the VEM damping layer was applied by
wrapping a 70 mm wide stripe of DYAD 601 helically and gap-free on the wet GF-EP structure. The final layup
was cured under constant rotation in a climate chamber for 10 hours at 70 °C before pulling out the mandrel.
The end sections were thickened and subsequently lathed to an outer diameter of D, =~ 100 mm in order to
provide constant clamping conditions. The reinforcement is about 100 mm long and made of n GF-EP layers,

each with a fibre direction of ¢ = £85°, as shown in Fig. 4.

C

B D F G

100

Figure 4: Selection of different manufactured cylindrical composite design concepts, where the inner area is

visible.

Due to the constant outer diameter of the mandrel with Dy, =79 mm, the outer diameter of the cylindrical
composite structure increases by applying CLD treatments, when keeping the laminate thickness of the host
structure constant (e.g. concept A to C). This violates the initial design restriction (see section 3.1) because
such restrictions are simply hard to realize with a single mandrel. Therefore, the results will be appropriately
normalized in order to ensure comparability between the different concepts (see section 3.2).

The weight and fibre volume content of the manufactured specimens with regard to their different cross-sectional
design concepts are listed in Tab. 2. The fibre volume content was calculated by the known total weight of the
structure, the amount of the used fibre (and VEM material) as well as the related densities.

In Fig. 5 the inner and the outer damping layer distribution is shown for the cross-sectional design concept 1.45

by a schematic and a realistic micro-section.
4 Numerical damping calculation

The numerical prediction of the modal loss factor of a vibrating composite cylinder is based on the modal

strain-energy approach [30], manually implemented into the commercially available finite element (FE) software

10



Table 2: Design-related properties of the different generic composite cylinders.

Cross-sectional design
Parameter
A B C D E F G I

Mass [kg] 2.04 3.00 3.69 232 336 4.67 256 530
Fibre volume content [%] 51.0 45.6 51.3 50.4 53.4 484 488 424

VEM-Layer

Figure 5: Distribution of the VEM for the cross-sectional design concept 1.45 (left) and zoom into the interesting

area (right).

ABAQUS [31, 14]. The loss factor n can be calculated as
1 AU
= — — ]'
"o U (1)
The dissipated energy and the stored energy with regard to a single oscillation is represented by AU and U,
respectively. The energies are fibre direction dependent, due to the orthotropic nature of composite materials.
The element-wise calculation of AU and U is therefore based on the local material coordinate system (i,j = 1,

2, 3) [11] by

ol el ylm] (2)

with O'Z-;-n], GET] and VI representing the stress and strain components as well as the m-th element volume,

respectively. The modal loss factor for the first natural frequency 7; of a composite structure with N layers,

each with a total number of elements N, may then be computed by

1

g: 23: 23: (mi Ui[;n] (k))
- : (3)

=1
>SS W)

The finite element (FE) model of the generic composite cylinder is composed of fully integrated, 8-node hex-

ahedron elements. Adjacent layers with equal thickness were section-wise modelled using the composite layup

11



module provided by ABAQUS [32]. The results of the numerical damping prediction and the experimental

decay test are compared in order to verify the FE model.

5 Experimental test setup

This section provides a detailed description of the procedures used to experimentally determine the dynamic
mechanical properties of the VEM damping layer, the unidirectional (UD) composite coupons and the generic
composite cylinder at room temperature. The Dynamic Mechanical Thermal Analysis (DMTA) and the Vi-
brating Beam Test (VBT) were used to investigate the damping properties on the material and structural level.

All experimental data sets are published and freely available [33].

5.1 Dynamic mechanical analysis of viscoelastic material

The Dynamic Mechanical Thermal Analyser (DMTA) used for the damping characterisation of the DYAD 601

samples was a Q800 from TA with shear sandwich clamps, as shown in Fig. 6.

Moveable clamp

Figure 6: Clamped VEM films to analyse the shear damping by DMTA using the Q800 from TA.

The dynamic mechanical properties were analysed under two environmental conditions: I) conditions prone for
cable galloping (-20° and 0° | from 0.5 Hz to 2Hz) and II) conditions for generic composite cylinder testing
(20° | 50Hz). The frequency dependent complex shear modulus G* of the VEM may be calculated by

G* ()= VG N2+ G (N2 (4)

where G'(f) and G”(f) represent the frequency dependent shear storage and shear loss modulus, respectively
[34].

All DMTA shear tests have been performed within the linear viscoelastic range of the elastomer, so that constant
material properties can be assumed. An approximately linear viscoelastic behaviour of DYAD 601 was quasi-
statically determined for shear strains below 1.5 % with regard to the three different test temperatures -20°C,
0°C and 20°C (see Fig. 7).

The dynamic characterisation of DYAD 601 was therefore carried out at strains well below 1.5% (see section

12



5.1). The calculation of the frequency dependent complex E-modulus E* of elastomer materials such the DYAD
601 may be calculated by

E*(f) =3G"(f), ()

assuming incompressibility (v = 0.5) [35].

20
|
I
15 - ,l .....
! | Linear viscoelastic range
— ]
=3 [ N« :
g 04, | - --220°C
5 < (O 0°C
- ! .
5 47 —20°C
1
)
)
O T T T T T
0 2 4 6 8 10 12

Strain [%]

Figure 7: Strain sweep of DYAD 601 for the relevant temperatures: -20°C, 0°C and 20 °C.

5.2 Damping analysis of unidirectional GFRP coupons

Due to the relatively low damping of fibre-reinforced thermoset materials at room temperature compared to
viscoelastic elastomers, the dynamic moduli E* and G* for GF-EP is considered to be constant within the
studied frequency range and therefore assumed to be equivalent to the static moduli (see section 3.3) [36]. The
fibre direction dependent damping properties were determined using the vibrating beam test method (VBT),
which was successfully verified in a previous investigation [14]. An initial tip displacement of 5 mm was used
for all investigated specimens. Furthermore, the free length of the vibrating coupon specimens were adjusted
in order to determine the damping at different frequencies.

Two GF-EP specimens were tested per fibre direction without readjusting the clamped sample before repeating
the measurement three times (six measurements in total per fibre direction and frequency). A logarithmic trend

line was applied for each fibre direction in order to visualize the trend of the frequency dependent damping.

5.3 Damping analysis of generic composite cylinders

All cylindrical composite specimens were provided with an end-sectional outer diameter of D, = 100 mm for
constant clamping conditions. Metallic inserts with circular, semicircular or quarter-circular cross sections were
pressed into each end section of the composite specimens in order to prevent the cross section to become oval
during clamping and loading. The reinforced end of the cylinder was fixed to a strong table by two pairs of steel

half shells, screwed together with four screws, each with a tightening torque of 200 Nm. The half shells were
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designed with an interference fit with regard to the outer diameter of the composite cylinder, in order to obtain
constant clamping conditions by press fit. The clamping half shells were supported by four bracing elements in
order to further stiffen the clamping area.

The static stiffness was determined by applying a bending load with a hydraulic lifting device. The signal was
logged using a 3kN load cell in combination with an analog input module NI 9237 from National Instruments.
In contrast, the excitation of the flexural vibration for the dynamic investigation of the composite cylinder
occurred by impulse. The cylinder was therefore hit by a rubber block mounted on a bracket in vertical

direction. The test setup is shown in Fig. 8.

Steel GF-EP Vibrating composite Impulse
half Reinforcement  cylinder
shells J\/\—
I [}

[)
\ Bracmg
elements
Clamping
area
Strong

Displacement sensor

>3
table

Analysis unit ) acquisition
D)

Figure 8: Schematic free vibration test rig for composite cylinders.

The resulting vibration amplitudes were kept below 0.8 % of the free cylinder length of [ = 960 mm =+ 3 mm,
depending on the bending stiffness of each composite structure. It is assumed that air damping is constant
within this range. A laser displacement sensor optoNCDT 1402 from Micro-Epsilon with a sampling frequency
of 2000 Hz together with an analog input module NI 9215 from National Instruments were used to log the
declining sine curve of the freely vibrating cylinder. The accuracy of the measurement parameters were verified
in a previous damping investigation [14].

It is assumed that mainly the first mode dominates the dynamic behaviour of the structure. The first 10 periods
were neglected in order for activated higher modes to die out. Any influence from other modes are thereby
neglected. An exponential curve may be fitted as an envelope g(¢) on the response signal, which can be described

for the first mode as
g(t) = Xoe™ " (6)

The first natural angular frequency, the damping ratio and the initial displacement are thereby represented by

w1, ¢ and X, respectively [37]. The loss factor of the vibrating composite structure may be calculated by

n~2¢. (7)

In order to evaluate the influence of the clamping, which is typically leading to a frequency dependent viscous

behaviour, dead weights were mounted to the tip of the cylinder. The resulting variation of the first natural
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frequency f; = wi/27 in the range between 20 Hz and 60 Hz is not supposed to strongly effect the damping
of the composite structure. Each composite cylinder, representing a specific cross-sectional design, was tested

without readjusting the clamped specimen before repeating the measurement at least 12 times.

6 Results and Discussion
The dynamic mechanical properties of the composite structure as well as its individual materials are presented,

followed by the comparison with the numerical model.

6.1 Dynamic properties on material level

The cylindrical composite structures listed in Fig. 2 are composed of unidirectional GFRP layers with various
orientation and to some extent with viscoelastic damping layers. In order to predict the modal loss factor 7; of
the vibrating composite structure by the modal strain-energy method, the damping of each individual material
involved must be known. The dynamic mechanical properties of the VEM and the UD-GFRP have therefore

been analysed at temperatures and frequencies of different environmental conditions.

6.1.1 Viscoelastic material

The loss factor as well as the storage and loss moduli of the VEM were investigated by DMTA at conditions
close to structural testing of the composite cylinder (20 °C and 50 Hz) and conditions close to galloping (-20°C
and 0°C, 0.5 Hz, 1 Hz and 2Hz). The damping results are presented in Fig. 9 and are in line with the literature
[38].
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Figure 9: Frequency dependent loss factor of the VEM 5, ,,,, for -20°C, 0°C and 20°C.

As expected, the dynamic material properties of DYAD 601 show a strong frequency and temperature depen-
dency, which is typical for VEM’s. The maximum damping is observed at 0 °C and low frequencies up to 2 Hz,
verifying the proposed temperature range in the data sheet [25]. The glass transition temperature range is
therefore assumed to be close to 0°C at low frequencies. An increase in frequency leads to a different behaviour

of the loss factor depending on the temperature. While the damping decreases with increasing frequency at
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0°C, the damping increases at 20°C and remains constant at -20 °C. The maximum damping capacity of the
DYAD is therefore assumed to be between 0°C and 20°C, as at higher frequencies the glass transition and
therefore the peak damping shifts to higher temperatures [39].

In Fig. 10 the storage and loss moduli for DYAD 601 are presented for different temperatures and frequen-
cies. An increase in frequency from 0.5Hz to 50 Hz only slightly changes the storage modulus at -20°C and
20 °C, whereas the storage modulus quadruples at 0 °C. Furthermore, the loss modulus at 0 °C is slightly higher
compared to -20 °C and increases with increasing frequency. The glass transition temperature Tg is therefore
assumed to be between -20 °C and 0°C for low frequencies, shifting towards 0 °C with higher frequencies.

The observations are coherent with the literature, as Tg is always below the temperature of the peak damping
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Figure 10: Frequency dependent storage and loss modulus of the VEM for -20°C, 0°C and 20°C.

[34]. Based on the results above, the viscoelastic material properties of DYAD 601 may be approximated by
G'(f) =29.07 In(f) + 111.93 [GPa], (8)

G"(f) = 28.00 In(f) + 22.03 [GPa], (9)

as a function of the frequency at 20°C.

6.1.2 UD-composite coupons

The fibre direction dependent modal damping of GF-EP was investigated at room temperature using the VBT
method for coupon specimens with five fibre directions 0°, 30°, 45°, 60° and 90°. The frequency dependency
is evaluated by distributed measurements between 20 Hz and 60 Hz, whereas the results at 20 Hz are based on
a previous investigation [14].

The modal damping was determined at higher frequencies by gradually reducing the free length of the clamped
composite coupons. The first 50 periods were considered for analysing the damping by Eq. (6) and (7). The
fibre direction dependent damping properties for the five fibre directions at 20 °C are presented in Fig. 11 with
respect to frequencies in the range between 20 Hz and 60 Hz.

A slight increase in the loss factor with frequency is observed for all investigated fibre directions. The trend

and magnitude of the damping for GFRP is in accordance to the literature [40]. The direction dependent
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Figure 11: Fibre direction dependent damping properties of GF-EP for varying frequencies [VBT, 20°C]

Table 3: Fibre direction dependent modal damping properties 711, 722 and 712 of GF-EP based on the Adams-
Bacon approach and VBT measurements at 20 °C and 30 Hz, 40 Hz and 50 Hz.

30 Hz 40 Hz 50 Hz
Material

mi - ome2 [ ome2 om0 omee ) ome o ) me ] omz [

GF-EP  0.0062 0.0142 0.0130 0.0070 0.0148 0.0139 0.0076 0.0155 0.0146

modal damping 711, 1720 and 115 of a representative UD GF-EP layer was calculated based on the Adams-Bacon
approach [41, 14].

The properties are presented in Tab. 3 for 30 Hz, 40Hz and 50 Hz, in order to provide damping data for the
simulation of the generic composite cylinder under varying tip loads. The direction dependent modal damping

properties of GF-EP at galloping relevant environmental conditions are presented in literature [14].

6.2 Static and dynamic characterisation on structural level

The modal damping of the cylindrical composite structure was investigated experimentally by the free decay
method and compared numerically using the modal strain-energy method. Furthermore, the static bending stiff-
ness of the eight composite cylinders with various cross-sectional designs was determined in order to understand

the relation between the increasing outer geometry and the natural frequency of the first bending mode.

6.2.1 Static structural testing

In order to investigate the change in bending stiffness by applying various CLD treatments on cylindrical
composite structures with a constant inner diameter of D; = 79 mm, quasi-static bending tests were conducted.

In Fig. 12 the bending load-deflection curves of selected specimens are presented.
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Figure 12: Static load-displacement curves for a selection of specimens with different cross-sectional designs.

The bending stiffness of all cross-sectional design concepts behaves linearly within the analysed range of deflec-
tion of approximately 0.8 % of the free cylinder length. The noise-like pattern of each curve may be explained by
stick-slip effects relative to the clamping fixture or the load introduction elements close to the tip of the cylinder.
The presented curves may be assigned into three groups in order to fairly compare the effect of additionally
implemented stiffening webs, as the application of constraining layers to the in- and outside, purely floating on
the VEM, have a major impact on the bending stiffness: 1.) specimens without CLD treatment (concepts A,
D and G), 2.) specimens with a CLD treatment only on the outside (concept B and E) and 3.) specimens with
a CLD on the in- and outside (concept C, F and I).

The difference in bending stiffness between the groups originates mainly from the increase in wall thickness by
the application of CLD treatments or the increase of diameter of the host structure (load carrying laminate) by
adding a CLD treatment on the inside of the cylinder (concept B and C) (see Fig. 2).

The differences in bending stiffness within the groups may be explained by the presence of shear webs or the
slight ovalization of the cross section (see section 3.4.2). The variation of the free vibration length of 960 mm
within the range of £ 3 mm may also lead to a slight impact on the static bending stiffness.

However, the reference structure (design concept A) shows the lowest bending stiffness, followed by the concept
D.0 and concept G.45. The slight increase is due to the vertical oriented shear web with its well suited fibre
orientation of ¢ = + 45°. The presence of two shear webs, inclined by 4 45° to the loading direction (concept
G.45), leads to a slightly higher bending stiffness compared to one shear web parallel to the loading direction
(concept D.0).

The bending stiffness increases further by adding a circumferential CLD treatment on the outside (concept E.O,
E.90 and B). A stiffening effect by an additional, vertical oriented shear web (concept E.0) is not observed at
this magnitude of bending stiffness. However, the slight decrease in bending stiffness for design concept E.90
compared to the concepts B and E.0 may be due to its slight ovalized cross section. The differences in stiffness
between concept C and F.90 are also assumed to be due to the ovalized cross section, resulting in a higher
effective diameter when loading in the direction of 90° (see Fig. 2). As already shown for concept G.45, two

inclined shear webs with an inclination of + 45° to the loading direction lead to a further increase of bending
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stiffness (concept 1.45).

6.2.2 Dynamic structural testing
The modal damping of the composite structure was determined by a free vibration test at room temperature.
The test rig with a mounted 1.45 specimen is shown in Fig. 13, superimposed by its equivalent numerical

FE-model.

Figure 13: Test rig with clamped cylindrical specimen (design concept 1.45).

The free vibration was initiated by an impulse in vertical direction, using a rubber block mounted on a bracket.
The orientation of the shear webs was thereby adjusted with regard to the excitation direction for each specimen.
It is assumed that the response signal is mainly related to the first activated bending mode. Therefore, an
envelope may be exponentially fitted on the free decay curve of the vibrating composite structure, resulting in
the damping ratio by Eq. (6). However, the first 10 periods were neglected in order for potentially activated
higher modes to die out (see Fig. 14a and 14b).

In order to verify the dominance of the first flexural mode, a Fourier analysis of the experimental time-history
was carried out for the cross-sectional concept A. As expected, the resulting frequency plot, shown in Fig. 15,
verifies the dominance of first flexural mode at about 50 Hz and a neglectable peak at about 450 Hz.

The natural frequencies of composite specimens with different cross-sectional designs were determined in order
to evaluate the influence of additional CLD treatments. However, a quantitative comparison is not appropriate,
as the diameter increases between the groups, each with a similar outer geometry (No CLD to CLD,,: to
CLD;p,out) (see section 6.2.1).

Therefore, the first natural frequencies were compared qualitatively for the different groups, supported by the
stiffness-weight-ratio (see Fig. 16). The free specimen length of 1 = 960 mm + 3mm was kept constant for
all investigated composite structures. The first natural frequency varies with f; = 50 Hz £+ 6 Hz only slightly
for all investigated specimens. The increasing outer dimensions between group 'NoCLD’ and 'CLD,,;’, each
represented by concept A and B, is demonstrated by an increase in the stiffness-weight-ratio, respectively.

However, a clear increasing stiffness-weight-ratio also implies that the VEM damping layer is too stiff. The
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Figure 14: Normalized free decay (a) of a vibrating composite cylinder with the cross-sectional design concept

B, on which an exponential decay curve was fitted (b).

VEM simply transfers the shear stresses to the floating and stiff constraining layer and therefore unintentionally
contributes to the structural stiffness, instead of deforming in shear. A reduction of the VEM shear stiffness is
thereby assumed to enhance the shear deformation and thus the energy dissipation. A variation in the VEM
stiffness will be discussed in more detail in section 6.2.3. However, the application of the CLD treatment to the
inside of the cylinder (concepts B and C) is verified to be less effective due to an unchanged stiffness-weight-
ratio. Furthermore, the application of shear webs parallel to the loading direction is not an effective method to
increase the stiffness with respect to weight, demonstrated by a decreased stiffness-weight-ratio (concept A vs.

D.0 | Bvs. E.0 | C vs. F.0). The purely cylindrical cross section is therefore the most effective with regard to
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Figure 15: Results of the Fourier analysis with regard to the experimental time history of the cross-sectional

concept A for the range Pig < Punalysed < Ps0-
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Figure 16: Results of the first natural frequency f; for all cross-sectional design concepts in relation to its

stiffness-weight-ratio.

the investigated cross-section designs, represented by concept A, B and C and its highest natural frequency f;
within each group.

Shear webs with a 90 ° orientation (concept D.90, E.90 and F.90) lead to lower natural frequencies compared to
shear webs in 0°, due to the vanishing contribution to the structural stiffness but increase in weight. A shear
web in 90 © may therefore only be used for the application of CLD treatments close to the neutral plane in order
to increase the damping of a vibrating composite cylinder.

Although a considerable potential of the CLD treatment is assumed to be untapped due to the high VEM

stiffness, the resulting damping is shown for all cross-sectional designs in Fig. 17.
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Figure 17: Results of the modal loss factor 7; related to the first bending mode.
As expected, the damping of composite cylinders without CLD treatments (concept A, D and G) is significantly

below the damping of specimens with a CLD treatment on the outside (concept B and E), followed by specimens

with CLD treatments on the in- and outside (concept C, F and I). The reference design concept A exhibits
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thereby the lowest damping. In the group of specimens without VEM damping layers, a slight increase is
observed for specimens with shear webs (design concepts D and G).

Furthermore, the specimen with two shear webs, inclined by £45° to the loading direction (concept G.45),
shows slightly higher damping compared to specimens with one shear web parallel to the loading direction
(concept D.0). This may be explained by the fibre direction of ¢ = £45° of the shear webs and its matrix
dominated, high damping properties.

A significant increase in damping is achieved by introducing CLD treatments. An application on the outside of
the cylinder (concept B and E) leads to an increase of ca. 90 %. A shear web parallel to the loading direction
(concept E.0) has no effect on the loss factor at this level of damping, generated by a CLD treatment on the
outside of the structure. The highest damping, compared to the reference concept A, is observed for specimens
with CLD treatments on the in- and outside (concept C, F, and I), corresponding to the largest amount of
applied VEM. The damping increases by ca. 130 % for concept C and ca. 190 % for concept F.90.

The specimen with the highly complex cross-sectional design 1.45 leads to an increase of ca. 180%. Only a
slight increase in damping is observed for concept F.0 compared to C, as only a small portion of VEM is located
within the neutral plane, experiencing shear, compared to F.90. As expected, the highest damping is observed
for concept F.90, which represents the largest amount of VEM subjected to shear deformation: at the shear
web close to the neutral plane and along the circumference, far away from the neutral axis.

It is expected that composite structures, which are composed of viscoelastic materials, show the same trend of
frequency dependent behaviour as each individual material involved (see Fig. 9 and 11). Therefore, the modal
damping of all cylindrical composite specimens was determined at three different frequencies by attaching tip

masses. The results are plotted in Fig. 18.
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Figure 18: Variation of the test frequency for all cross-sectional design concepts at room temperature.

The same trend of frequency dependent damping is observed compared to the raw materials used for the cylin-
drical composite structure: GFRP and VEM. The damping decreases with decreasing frequencies. Furthermore,
the significant damping enhancement by introducing CLD treatments is clearly demonstrated for a frequency
range between approximately 20 Hz and 60 Hz.

As the modal loss factor 77 was determined for all investigated specimens at varying frequencies with 52 Hz 4+ 5 Hz

22



(see Fig. 16), the loss factors and natural frequencies were normalized by the results of the reference concept
A in order to enable comparability. The ratio of normalized damping to the normalized frequency therefore
describes an equivalent damping, which refers to the first natural frequency of concept A. The results are shown

in Fig. 19.
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Figure 19: Results of the normalized frequency and loss factor (with respect to the reference design concept A)

and its related damping-frequency-ratio.

The equivalent damping represents the damping behaviour at a frequency f;, = 51.4 Hz and therefore facilitates
comparability between the specimens. Only slight changes in the trend are observed between the equivalent
damping (Fig. 19) and the results of the first loss factor n; (Fig. 17). In general, the damping increases directly
proportional to the amount of VEM used for the CLD treatment.

For specimens without CLD treatments, the damping slightly increases by adding shear webs with a fibre
orientation of ¢ = £ 45°, as its matrix dominated damping values enhances the overall damping. As expected,
the increase in number of shear webs from 1 to 2 leads to an increase in the equivalent damping (concept D.0
to G.45). However, this effect is hardly observed for specimens with a CLD treatment on the outside (concept
B, E.90 and E.0) due the dominating effect of VEM. The equivalent damping increases even further when
considering a CLD treatment to the in- and outside (concept C, F.90, F.0 and 1.45). The highest damping is

Table 4: Increase in damping with regard to the reference design concept A or the representative design concept

of each group A, B or C.

Increase in Cross-sectional design concept
damping [%] Group 'No CLD’ Group "CLD,;’ Group 'CLDjy, out’
with respect to ... A D9 DO G445 B E9 EO C F.90 F.0 1.45
A Ref. 76.2 79.7 81.0 106.3 1753 132.6 172.0
14.2 147 284
.. A, Bor C Ref. Ref. 2.0 2.7 Ref. 334 12.7 318
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Table 5: Results of the numerical frequency analysis of the cross-sectional design concept A.

Mode 1 2 3 4 5 6 7 8

Frequency [Hz] 48.2 482 285.1 285.1 4682  699.6 699.6 708.3

Mode type Bending (out-of-plane) Torsion Bending (in-plane) Axial

therefore observed for concept F.90, demonstrating the potential of the additional CLD treatment close and in
parallel to the neutral plane.
The percentage-wise increase of the damping is represented in Tab. 4, with regard to either the reference design

concept A or the representative design concept of each group A, B or C.

6.2.3 Comparison of numerical and experimental results

The experimental results were used to verify the numerical model, which predicts the first natural frequency f;
and the related modal damping 7; of the cylindrical composite structures with varying cross-sectional design
(see section 4). The experimental and numerical results of the first natural frequency are presented in Fig. 20.
A good correlation of the experimental and numerical results of the first natural frequencies for all investigated
cylinder concepts is observed with the trend of a slight under-prediction by the FEA. The consistency of the
under-prediction indicates an inaccuracy related to the material properties or the manufacturing process. The
material properties, used for the numerical analysis, may be too conservative although the same GF and resin
were utilized (see section 3.3).

Another source of error may be related to the manufacturing process: constant change of fibre direction by a
few degrees or a slightly different layer thickness may result in a lower predicted natural frequency.

In order to verify the experimental results of the Fourier analysis, demonstrating the dominance of the first

flexural mode, a numerical frequency analysis was carried out (see Tab. 5). As expected, the numerically
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Figure 20: Numerical and experimental results of the first natural frequencies.
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and experimentally determined natural frequencies of the first flexural mode coincide with an error of about
5%, demonstrated for the cross-sectional design concept A (see Fig. 15). The observed peak at about 450 Hz
is associated with the first torsional mode. However, the intensity is very low, so that any influence may be
neglected. The comparison of the experimental and numerical damping is based on the presented loss factors
in Fig. 21. The numerical predicted loss factors are considerably lower than the experimental values. However,
the same trend of the damping is captured by the simulation for all cross-sectional design concepts, although the
differences increase disproportionally with the application of VEM damping layers (concept B, C, E, F and I).
The predicted damping for concepts without CLD treatments are maximum 39 % lower than the experimental
results (concept G.45), compared to maximum 64 % for concepts with CLD treatments (concept F.90). The
increased mismatch may be attributed to a much softer clamping area, caused by the continuous VEM, compared
to concepts without CLD.

Although metallic inserts were used to allow each end section to be compressed and clamped, a continuous
VEM layer can deform and creep in axial direction of the specimen, leading to a reduced clamping pressure and
therefore to an increased friction damping. These clamping effects, substantially increased by an applied VEM,
lead to higher experimental damping values, which are not captured in the numerical model.

Furthermore, a variation in the tolerance of the lathed end section of the composite cylinders may lead
to different clamping conditions and therefore to a different contribution of friction damping. An enhanced
specimen stiffness may also result in an increase in clamping effects and therefore in damping. The horizontal
displacement of the metallic clamping were measured, while specimens with different bending stiffness were
loaded: a maximum displacement of 0.005 mm or 0.06 mm was observed at a bending load of 0.85kN or 1.6 kN
for concepts A or I, respectively. This leads to an enhanced friction damping relative to the strong table and
therefore an increase in the measured decay.

A correction factor may be applied in further investigations to account for the discrepancies in the clamping
area mentioned above, causing differences between the experimentally and numerically determined loss factor.

Several displacement measurements at various locations in the clamping area may therefore be considered in
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Figure 21: Numerical and experimental results of the modal loss factor related to the first bending mode.
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order to understand the phenomenon and to determine the relative displacement between the points of interest.
However, the highest damping was observed for the specimen with the cross-sectional design concept F.90. This
result is expected, since a large area of VEM is well located where the largest shear stresses appear (see section
3.2). As mentioned in section 6.2.2, the VEM DYAD 601 is seemingly too stiff in order to allow sufficient shear
deformations. Instead, the occurring stresses may simply be transferred to the constraining layer, leading to
an increase in structural stiffness but no damping. Therefore, the effect of the VEM stiffness on the modal
damping n; and first natural frequency f; was numerically investigated for the design concept F.0 and F.90
using the modal strain-energy method. A decrease of the storage modulus G’, while keeping the loss factor n
constant, will relatively adjust the loss modulus G by
el

=5 - (10)

n

The results are presented in Fig. 22.
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Figure 22: Effect of the shear modulus of the VEM on the first natural frequency f; and the related structural
modal loss factor 7, for the concepts F.0 and F.90.

As expected, the reduction of the VEM stiffness results in the same constant decrease of the first natural
frequency for both concepts. The initial decrease in loss factor is unexpected, but may be explained by the
non-appearance of shear deformation within the VEM, located on the circumference. The trend is the same for
both concepts, where the only difference is the orientation of the shear web.

However, the modal loss factor increases for both concepts below the shear modulus Gy, of about 30 MPa,
but slightly decreases with a shear modulus lower than 1 MPa only for concept F.0. In contrast, the loss factor
for concept F.90 continuously increases and exceeds its initial value of n; = 0.0138. The shear deformed VEM
is plotted in the x,z plane in Fig. 23 for the concept F.90, when a shear modulus of G = 0.33 MPa was used.
The shear deformation of the VEM is equally distributed between the top, bottom and middle section, close to
the neutral plane of the composite cylinder. This is expected as the four individual composite sections (1x Host
structure, 2x inner CL, 1x outer CL), only coupled by the VEM, deform the same way as the load carrying host

structure. The deformation plot verifies the higher loss factor compared to the concept F.0 with its shear web
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Figure 23: Numerical model of concept F.90 (vibrating in 90°) with its shear deformed VEM layers (E,).

oriented perpendicular to the neutral plane. The efficiency of a CLD treatment within the neutral plane has

hereby been demonstrated successfully.

7 Conclusion

The present paper provides a method for the design of highly damped cylindrical composite structures under
dynamic loading with passive CLD treatments, which can be used as sound basis for the design of the next
generation of composite power pylon arms. The enhanced damping design is demonstrated by the experimen-
tal and numerical investigation of various cross-sectional design concepts, which differ in their complexity and
weight. Furthermore, the manufacturing of generic composite cylinders by filament winding, the experimental
modal analysis and the determination of the modal damping is thoroughly described.

A numerical damping model based on the modal strain-energy method finally confirms the trend of the exper-
imental results with regard to the first natural frequency f; and the related modal loss factor n;. Depending
on the design requirements with respect to stiffness and weight, different levels of damping can be achieved in
relation to cost and manufacturing capabilities.

The application of circumferential CLD treatments lead to a considerable increase of weight and wall thickness,
while keeping the cross-sectional complexity constant. In contrast, shear webs with or without CLD treatments
lead to an increase of the cross-sectional complexity, while keeping the change in stiffness and mass low. The
maximum damping is achieved for the cross-sectional design concept F.90 with its high complexity and weight.
However, a CLD treatment close to the neutral plane of the cylindrical composite structure is found to signifi-
cantly increase the modal damping. A low stiffness of the VEM is thereby of crucial importance for a maximum

shear deformation and damping. The main conclusions are drawn as follows:

- The damping of cylindrical composite structures can be enhanced by integrating shear webs (max. + 28 %)
without applying CLD treatments. The complexity of the cross section thereby increases directly pro-

portional, causing extra costs and effort during manufacturing.
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- The application of circumferential CLD treatments leads to an increase in damping of max. 106.3%

(concept C) compared to the reference design concept A.

- An additional increase in damping is observed by max. 33 % (concept C to concept F.90), when applying

CLD treatments in parallel and close to the neutral plane.

- The damping prediction of clamped composite cylinders, using the modal strain-energy method, leads
partly to large deviations depending on the amount of applied VEM, due to different clamping conditions.
The damping of specimens without CLD treatments can be predicted with deviations of max. 39 %, due

to the disregard of friction damping in the clamping zone.
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