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* Codes and standards
e Structural Engineering Analysis and Design
* Example Projects
* BladeRoof
* BladePole
* BladeBridge

* Cork Project — Testing, Design &
Construction

HHHHHHH

2N
AN\
" RE-WIND |

30LUTIONS
RLLELL S




Re-Wind Partners, Projects, Funding

Network University Members: Current Project Partners:
* Georgia Tech * Logisticus Group

e City University of New York * ENEL Green Power

e University College Cork e Siemens-Gamesa RE

* Queens University Belfast e Cork County Council

* Munster Technological University * NYC Dept of Design and
Funding (~$2m 2014-current) Construction (DDC)

* NSF (CBET, PFI, I-CORPS) * IEA Task 45

 NYSERDA

* SFI
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Blade Repurposing Concepts

Re-Wind Network
=wae  Catalog Fall 2021

2021




Some Re-Wind Blade Repurposing Concepts

Ly .

BladeBridge

BladeBarrier




What's a wind blade?
Exterior

Vestas V82 from a 2004 1.65 MW turbine
40m long blade ~ 2.5m at max chord




Interior

46.7m long Clipper C96
Spar Box (2 shear webs)

37m long GE 37
| -Beam Spar (1 shear web)
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Codes and Standards

Structural Design with FRP Materials
g N

LAWRENCE C. BANK

1996 2006




THE DESIGN OF FRP

JRC SCIENCE FOR POLICY

PROSPECT FOR NEW GUIDANCE IN

Support 10 e IMpiemantation, NaMOoNZaton
and further development of the Eurocodes

REPORT

Proge! o hee Cetiaws = e Deagp df 197 Srcirm

Prospect for New Guidance
in the Design of FRP Structures

https://eucia.eu/userfiles/files/Eucia Pros
pect%20for%20New%20Guidance%20in%2
0the%20Design%200f%20FRP%20Structur

Fibre-reinforced polymer
bridges - guidance
for designers

https://www.ciria.org/ItemDetail ?iPr
oductCode=C779F&Category=FREEP
UBS

EuCIA &s web2.pdf Composites LK
20 17 2017 ‘ﬂlh;;:;'-‘-g:;u-; NG




Table 5.2

Partial factor y,,, for laminates and structures (from Ascione et al, 2016)

Quality process and certification

Laminates and structures

The draft of the CEN Technical Specification (TS) ‘Design of

Fibre-Polymer Composite Structures” was submitted to CEN at

Certified production process and quality system 10
Material/mechanical properties derived from tests 115
Material/mechanical properties derived from theory or technical literature 135

the end of January 2020 for a review process by the National

Table 5.3 Partial factor y,,, for laminates and foam cores (from Ascione et al, 2016) Standards BOdies_ The TS' expected to be puinShed by 2023’
e Yoo represents the second step of the general procedure
aminate type
Suength verification _ Local stability _ Globalseabillty established by CEN/TC250 in order to create a new generation
Variation coefficient 135 15 135 f
vV, =0.10 . i i
postaurd lamnates 4S040 of Structural Eurocodes.
ariation coefficien
010<V, =017 16 20 15
Variation coefficient
_ V,<010 16 1.8 16
Non-post-cured laminates Variation coefficient Table 5.5 Recommended values for conversion factors based on Ascione et al (2016)
0.10<V, £0.17
Foam under shear 1 SLS (stiffness) ULS (strength) Notes
Foam core
Foam under compression 1 Recommended values are applicable where the
design maximum temperature for the structure
Temperature Hex 09 09 does not exceed T, — 20°C, where Tg is the glass
transition temperature.
- Recommended values are for external bridge
Humidity 1, 08 08 applications with post-cured FRP laminates.
In the absence of more rigorous determination
1.0 for short-term effects | 1.0 for short-term effects of creep e_ffects, a valus of 0'_5 1S reco_mmended
Creepyn, to determine the long-term stiffness, in
0.5 for long-term effects | (.5 for long-term effects combination with the quasi-permanent
combination of actions.
Verification should be Fatigue is to be verified directly at ULS for
Faticue 0.9 carried out in accordance | structures vulnerable to fatigue. The 5, factor
EUE 1y ) with Section 6.5 in may be taken to be 1.0 for footbridges that are
Ascione et al (2016). not unusually sensitive to wind.
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2.3.4 Material partial factors

Ym=VYv1 " Ywm2

Ym1 IS the material partial factor linked to
uncertainties in obtaining the correct material
properties. (1.0, 1.15, or 1.35)

Y\ 1S the material partial factor owing to
uncertainties in material properties due to the
nature of the constituent parts and depends on the
production method. (1.35, 1.5, 1.6, or 2.0)

Characteristic value must be defined as:
5 % fractile if a low value for a material property

Worst Case=1.35x2.0=2.7 1/2.7=0.37
BestCase=1.0x1.35=1.35 1/2.7=0.74

2.3.6 Relevant conversion factors

The total conversion factor, n,, for the limit states
analysis should be determined from:

nc = I”'ct ) r]cm ) r]cv ) I”'cf

N IS the conversion factor for temperature effects;
(0.9 0or 1.0)

Nem IS the conversion factor for humidity effects;
(0.7,0.90r1.0)

N 1S the conversion factor for creep effects; (0.25
to 1.0 depending on load duration)

N is the conversion factor for fatigue effects
(required when fatigue load cycles is expected tg" 72a)-
exceed 5000) WiND
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BS EN IEC 61400-5:2020

BSI Standards Publication

Wind energy generation systems

Part 5: Wind turbine blades

bsi.

2020

6.6.4 Partial safety factors for materials
6.6.4.1 Definitions

The value of the partial safety factor for materials accounts for the inherent variability and
uncertainties in FRP materials, laminated sandwich structures, bonded joints, methods and
load resolution. To account for this, the material factors shall be specifically developed for
each material type and combination of materials. This can be done either through a reliability-
based dedicated test program or through an empirical approach. When using an empirical
approach, appropriate partial safety factors shall be applied as follows:

m = Ym0 Ym1 ’m2 ’m3 Ym4 ’m5

where

Ymo 1S the “base” material factor (to be included in all analyses);

¥m1 1S the factor for environmental degradation (non-reversible effects);
7m2 1S the factor for temperature effects (reversible effects);

¥m3 IS the factor for manufacturing effects;

¥ma 1S the factor for calculation accuracy and validation of method;

¥ms 1S the factor for load characterization.
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ASCE STANDARD

ASCE/SE]

74-XX

Load and &
Remstancé Factor
Design{LRFD) for
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What is needed for Engineering Analyses

1. External geometry — Airfoil shapes along the length, prebend and twist
along the length.

2. Internal geometry — location and thickness of spar caps, webs, and shell
sandwich panels along the length.

3. Material types (e.g., glass, polyester, epoxy) and laminates (or sandwich
laminates) for spar cap, shell and webs, Mass (or volume fractions) of
fiber and resin in the laminates in the spar cap, shell and webs, Fabric
types used (e.g., +-45, mats, UD)

4. Strength and stiffness in the longitudinal and transverse directions and
shear strength and stiffness of the spar cap, shell and web laminates; of
the spar cap, shell and web laminates. Bearing strength for connections.
As-received properties and estimate of residual related to virgin.

5. Global blade structural properties along the length El,, El,, GJ, KAG
(where x and y and the chord axis and its perpendicular through the -
centroid of the cross-section. Principal axes and shear center.) |




Re-Wind BladeMachine

BladeMachine is software that
automates the generation of
architectural, engineering and
fabrication models of the wind blades

The BladeMachine is written largely in
Rhino/Grasshopper and python.

Patent Pending: Georgia Tech




BladeMachine - 1. LiDAR scanning
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Patent Pending: Georgia Tech




BladeMachine - 2. Geometry Construction

Patent Pending: Georgia Tech




BladeMachine 3. “Thick” Model




BladeMachine - 4. Section Properties and
Stress Analysis
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Examples of Engineering Analyses

1. FEM of a blade section used as a roof for a
40m? affordable house

2. Structural analysis of an entire blade used as a
230 kV transmission pole

3. Design and analysis of a pedestrian and cyclist
bridge for a greenway
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Airfoil cross-sections

Root (circular Transition region (from circular to airfoil cross-
cross-section) sections)
Spar Cap Shell

(b)

Trailing

Leading Edge

Edge

Shear
Wehb

Tip




—~ 0.2 mm

-~ essentially zero =
must be the newtral axis
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edge
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panel

xS
- 250 MPa
r

" .25.0 MPa
Shear web

sandwich
panels

E-WIND

NETWORK

BLADFE
=

OF PLIRPOS NG
QLUTIONS




BladePole Example

Patent Pending: Georgia Tech




BladePole - Detailed Design
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Height (m)
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Figure 4. Diagrams for: (a) controlling axial stresses from load case 1; (c¢) controlling
shear stresses from load case 2




The BladeBridge (2016 - to-date)

2016- 2017 — Initial Concepts and Alternative Designs; Specific blade identification for
demonstration project (LM13.4 or V44), LiDAR scanning of V44 blade

2018 — Blade mechanical and structural properties determined; Preliminary bridge
structural analysis and design completed

2019 - First (ever) paper published on the BladeBridge analysis and design

R. Suhail et al., (2019), “Analysis and Design of a Pedestrian Bridge with Decommissioned FRP Windblades
and Concrete,” Proceedings of FRPRCS14, Paper 176, Belfast, UNITED KINGDOM.

2020 - N29 (LM 13.4) Blades obtained from Everun in Northern Ireland and delivered
to Munster Technological University in Cork; Bridge design engineer Kieran Ruane
joins team; BladeBridge approved in County Cork, Ireland.

2020 — N29 blades delivered to Queen’s University Belfast for 8 m test bridge.

2021 — Blade characterization and testing. Bridge detailed design.

2021 — BladeBridge currently being constructed and installed (Oct-Dec 2021).

2022 — Paper at Transportation Research Board, Washington, DC (Jan, 2022) A~

K. Ruane et al., (2022) “Experimental Investigation of an FRP Wind Turbine Blade for use as a '*lI \
Bridee Girder” | Bgrwu'!n: }
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BladeBridges

Nordex N29 (~13 m) Vestas V44 (~“21 m)
Vestas V29/A29 12-15 m BladeBridge
5-8 m BladeBridge




BladeBridges

GE 37 (~*37m)
15-25m BladeBridge

Clipper C96 (~46m)
25-35m BladeBridge




BladeBridges

Extensions

Asymmetrical




2017-2018 - Preliminary Concept and CAD model

Why this “simple” design?

* Mass market not bespoke

 Itis “simple” for structural
analysis, design and construction

* Fits all size blades

Dr. Russell Gentry, Georgia Tech




Edge wise EI (N-mm?)

2018-2019 - Preliminary Structural Analysis
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Dr. Raj Suhail and Dr. Jian Fei Chen, Queen’s University Belfast




2018-2019 - Preliminary BladeBridge design

NACA-63-235
Airfoil

/—Hmdrail

TE Panel
4 Blade rotation axis

Spar box

NACA-63-235
Airfoil

hell

Timber deck
3"x 8"planks

Spar cap -
"3 } 1842 mm —_— v per o0
LE Panel
. === —— Thickness of skin = 2.788mm; thickness of spar caps = 14.5mm
Thickness of web plates = 5.92mm; Gelcoat=0.5mm; Foam thickness= varriable
Web foam
Web plates

Dr. Raj Suhail and Dr. Jian Fei Chen, Queen’s University Belfast




The Cork BladeBridge - 2021
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Context

Span~ 5.0

Width ~ 3-4m

Skew ~ 18°

S EXISTING STEEL
o
BEAMS
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Context - Original Plan
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Conceptual Design

Ms. Zoe Zhang, GT




Conceptual Design




Conceptual Design
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Conceptual Design
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Windblade Alighment

Il

LM -

Complexity of Geometry must be accounted for in actual designs:
Pitch of blades, straightness of blades, spacing between blades

Ms. Zoe Zhang, GT




Sourcing Blades - Laser Scanning




Working with the N29 Blades - MTU Structures Laboratory

50




Working with the N29 Blades - MTU Structures Laboratory




Working with the N29 Blades - Scanning & Measuring
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Working with the N29 Blades
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N29 Testing and Investigating

Static loads Connections GFRP burn-out




N29 Testing and Investigating - Static Load Tests

TEST SECTION

AL
AALE

ELEVATION QE .TEST SECTION

———————L0AD APPLICATION
+ LOAD CELL

——=TEEL SPREADERS
BEARING ON TOF WES
BN
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N29 Testing and Investigating - Static Load Tests




N29 Testing and Investigating - Static Load Tests
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N29 Testing and Investigating - Static Load Tests

Load (kN) V Vertical Displacement (mm)
100

90
80
70
60
50

40

Total Load (kN)

30
20
10

0
-5.000 A 0.000 5.000 10.000 15.000 20.000 25.000 30.000 35.000

-10
Average Vertical Displacement (mm)




N29 Testing and Investigating - Connection Tests (3 No.)

" 1 1
' ' l aft I: . !

4
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e M12 Grade 8.8 Bolts

e M12 Grade 8.8 BlindBolts

e 12 dia Threaded Bar




N29 Testing and Investigating - Connection Tests (3 No.)




N29 Testing and Investigating - Connection Tests (3 No.)




N29 Testing and Investigating - Connection Tests (3 No.)




N29 Testing and Investigating - Connection Tests (3 No.)

o\
T -

i

NETWORK

IIIIIIII




N29 Testing and Investigating - Connection Tests (3 No.)

Vertical Load (kN)

Load (kN) V Displacement (mm)
60000

50000
40000
30000
20000

10000

0 5 10 15 20

-10000

Vertical Displacement (mm)

25

30




N29 Testing and Investigating - GFRP Burnout & LS-DYNA FEA (GT)




N29 Testing and Investigating - GFRP Burnout & LS-DYNA FEA (GT)

Part and Material Identification

Part 1 —Shell Part 4 —Spar cap from 7m to 8m

Part 3 —\Webs Part 7 — Spar cap from 8m to 9m
Part 5 — Spar cap from 9m to 10m
Part 6 —Spar cap from 10m to 11m

Dr. Russell Gentry, GT
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Blade Bridge - Design Development

PROPOSED BRIDGE




Blade Bridge - Design Development
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Blade Bridge - Design Development
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Blade Bridge - Design Development
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Blade Bridge - Design Development

Turbine blade bridge balustrade - Idea 1

4" potential cut line for shorter balustrade

|
|
e
|
_ |

' 1400mm
>
E. '—"'\"
!:I

dry river
e ——

Idea 1 - railing offset from blade

- balustrade appears to float above the blade, and tapers J\ b
smoothly away at the point there is no further risk of A M
falling JCT Th
- maximises width of path between railings, ensuring v"
required 3m is achieved

- retains access to the surface of the blade, allowing its

smaoth surface and tacility to be experienced without

obstruction Section:

Balustrade is fixed to bridge structure on the
off-side from the deck, allawing the balustrade to
"float” above the blade.

Top and bottom rail, galvanised flat bar. Intermediate e o

5 : : above: turhine blades zre usually seen (rom a dislance. The
posts galvanised square hollow section. Infill of upright bridge creates an opporturity to appreciate them closer al
galvanised steel solid circular bar ar mesh. hand.

thepaulhogart

,  Comhairle Contae Chorcai
Cork County Council




Blade Bridge - Design Development

Turbine blade bridge balustrade - Idea 2

B T T

E
E

=

L]

1'!_[ i
above; alurminium pinwheels ficed to the uprights of the
balusirade so thal they can spin in the wnd

dry river
_-—'_'_-_._-_-_'_.
'? %

|dea 2 - wirbine pinwheels applied to railings s 4 f

s ; “ghiz inspira.ion - Majla H Zei !

- small aluminium pinwheels fixed to the halustrade rﬁ“h”'::”'nd. 'J:r'd, dﬂ 3 o

highlight the use of the turbine blade as part of the

bridge structure halow: o-ouped wind turhines -

- Incorporates a playful feature within the balustrade to
strengthen the identity of the hridge and add meaning

Top and hottom rail, flat har painted steel, Intermediate
posts painted square hollow section steel. Infill of up-
right painted steel solid circular bar with painted alumin-
lum ratating pinwheels.

Sectian:

Balustrade iz fixed to bridge deck allowing simple
construction, Potential requirement to widen deck
to achieve required 3m width between railings.

company

Comhairle Contae Chorcai
Cork County Council
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Blade Bridge - Design Development

Turbine blade bridge balustrade - Idea 3

thepaul hogarthcompany

-f“ potential cut line for shorter balustrade

i m Comhairle Contae Chorcai
ESEN Cork County Council

1400mmn

dry river
el

Idea 3 - applied ribbons

- ribbens of metal applied to the ribbons represent the
flow of wind along the blade
- ribbeons would need to be raised sufficiently off ground

to prevent climbing —p : T H—
Top and bettom rail, galvanised flat bar. Intermediate

posts galvanised square hollow section. Infill of upright

galvanised steel flat bar with galvanised or painted steel Section:

ribbans fixed from back.

Balustrade is fived to bridge deck allowing simple

ahove: ribbons applied 1o the rallings commumicate the : : i y
current of air round the blade construction. Potential requirement to widen deck

to achieve required 3m width between railings.
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Blade Bridge - Design Development

Turbine blade bridge balustrade - Idea 4

1400mm

Idea 4 - variable thickness railings

- simple railing thickens and reduces in response to the
shape of the blade

- greater vis'bil ty around the blade focuses attention
there, while the surrounding landscape is partially

screened
- shorter extent of railing still allows access to the blade

Top and bottom rail, galvanised flat bar. Intermediate
posts galvanised square hollow section. Infill of upright
galvanised steel flat bar, double thickness as shown.

dry river
]

e

Section:

Balustrade s fixed to bridge deck allowing simple
construction. Potential requirement to widen deck
to achieve required 3m width between railings.

thepaul hogarthcompany

; Comhairle Contae Chorcoi
g Cork County Council
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Blade Bridge - Design Development

Turbine blade bridge balustrade - Idea 4

||"' - H

Ul |
o). )i

HHHIH

dry river

P

ldea 4 - axtension

- railing continues to follow the line of the blade, taper-

ing down to the point where it meets the ground

- railing emphasises the form of the blade, and helps to

integrate it better into the context

Top and bottom rail, galvanised flat bar. Intermediate
posts galvanised square hollow section. Infill of upright
galvanised steel flat bar, double thickness as shown.

L i

abowe: articulation of railings creates banding

M IHIIIIHrIIJIII. AT
| f

thepaul hogarthcompany

B Comhairle Contae Chorcai
i Cork County Council
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Blade Bridge - Design Development

Turbine blade bridge balustrade - Idea 5

- text to the top of the balustrade refers to the former use of the turbine blade
-text could act as a point of interest and engagement for riders, and an en-
couragement ta keep going

- text TBC, but could, for example, read "the wind at your back” for riders trav-
elling east, and "the wind in your hair" for those heading west

Top and bottom rail, galvanised flat bar. Intermediate posts galvanised square
hollow section. Infill of upright galvanised steel flat bar, double thickness in
places if to be combined with Idea 4.

thepaul hogarthcompany

B Comhairle Contae Chorcal
' Cork County Council
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Blade Bridge - Design Development

Turbine blade bridge balustrade - materials

Galvanised mild steel

= hard wearing »
w effective contrast with
turbine blade ®

Painted aluminium

reference to modern wind
turbine blades

effective contrast with
turbine blade used in bridge
stand out from surrounding
landscape to highlight the
bridge

Weathering steel

B

*

effective contrast with
turbine blade
integration into the
landscape

thepaul hogarthcompany

Comhairle Contae Chorcai
Cork County Council
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