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Abstract
Fiber reinforced polymer (FRP) composite materials have been used in a variety of civil and infrastructure applications since
the early1980s, including in wind turbine blades. The world is now confronting the problem of how to dispose of decommis-
sioned blades in an environmentally sustainable manner. One proposed solution is to repurpose the blades for use in new struc-
tures. One promising repurposing application is in pedestrian and cycle bridges. This paper reports on the characterization of a
13.4-m long FRP wind blade manufactured by LM Windpower (Kolding, Demark) in 1994. Two blades of this type were used as
girders for a pedestrian bridge on a greenway (walking and biking trail) in Cork, Ireland. The as-received geometric, material, and
structural properties of the 27 year-old blade were obtained for use in the structural design of the bridge. The material tests
included physical (volume fraction and laminate architecture) and mechanical (tension and compression) tests at multiple loca-
tions. Full-scale flexural testing of a 4-m long section of the blade between 7 and 11 m from the root of the blade was performed
to determine the load-deflection behavior, ultimate capacity, strain history, and failure modes when loaded to failure. Key details
of the testing and the results are provided. The results of the testing revealed that the FRP material is still in excellent condition
and that the blade has the strength and stiffness in flexure to serve as a girder for the bridge constructed.
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The Re-Wind Network (www.re-wind.info) is a network
consisting of five universities and industry affiliates in the
United States, UK, and Ireland that conducts research
on the repurposing of fiber reinforced polymer (FRP)
composite wind turbine blades. The network has been in
operation since 2017 and has published conceptual repur-
posing design catalogs (1, 2). Several of these concepts
have been developed in greater detail: affordable housing
(3), pedestrian bridges (4), and transmission power poles
(5). The Re-Wind Network is currently designing and
constructing two full-scale demonstration wind blade
repurposing projects: a power pole prototype is being
constructed in Kansas, in the United States, and a pedes-
trian bridge prototype was constructed in Cork, Ireland.
This paper discusses the experimental characterization of
a wind blade used as a girder in the Cork bridge.

FRP composite materials are not biodegradable and
present unique problems for waste management at their

end-of-life (EOL). The impact of polymers on the envi-
ronment and society has become a major concern in
many countries. In response to the European Directive
(6), the option of disposing of EOL FRP blades in land-
fills is now restricted by landfill bans or taxes and reuse,
recycling, and recovery targets. Since the 1990s, there

1Department of Civil, Structural and Environmental Engineering, Munster

Technological University, Cork, Ireland
2School of Civil and Environmental Engineering, Georgia Institute of

Technology, Atlanta, GA
3School of Engineering and Architecture, University College Cork, Cork,

Ireland
4School of Natural and Built Environment, Queen’s University Belfast,

Belfast, UK
5School of Architecture, Georgia Institute of Technology, Atlanta, GA

Corresponding Author:

Lawrence Bank, lbank3@gatech.edu

us.sagepub.com/en-us/journals-permissions
https://doi.org/10.1177/03611981221083619
https://journals.sagepub.com/home/trr
https://www.re-wind.info
http://crossmark.crossref.org/dialog/?doi=10.1177%2F03611981221083619&domain=pdf&date_stamp=2022-05-18


has been a developing body of research that has studied
the issues of recycling and EOL of FRP composites, in
general, and composite wind blades in particular. Recent
analyses of the key issues related to the EOL of wind tur-
bine blades can be found in Liu and Barlow (6), Jensen
and Skelton (7), Cooperman et al. (8), Bank et al. (9),
WindEurope (10), EPRI (11), and NCC (12). It is esti-
mated that approximately 40million tons of FRP blade
waste will need to be disposed of by 2050 if no action is
taken in the interim (3, 6).

A pedestrian bridge concept was identified by the Re-
Wind Network in 2017 at the start of the research as a
suitable application for repurposing blades. Early work
on the concept and a preliminary design and analysis for
an 8-m long pedestrian bridge using an A29 wind blade
has been described in research by Suhail et al. (4). The
Re-Wind Network calls this concept the ‘‘BladeBridge.’’
In early 2020, the University College Cork team became
aware of extensive plans for the development of pedes-
trian and cycle ways in Ireland. The Irish Program for
Government pledged 1million euros per day on cycling
and walking infrastructure, which included the construc-
tion of hundreds of pedestrian bridges. In mid-2020, the
Re-Wind Network shared information with Cork
County Council planners about the BladeBridge concept.
The planners were interested in the sustainable nature of
the bridge, and consequently chose to consider a
BladeBridge for one of the planned greenway bridges.
Munster Technological University (MTU) then requested
and was granted seed funding through the MTU
Research Office to support blade testing, and the detailed
design and construction of a BladeBridge in their
Structural Engineering Laboratory. The Georgia Tech
(GT) team developed architectural renderings and struc-
tural models of possible concepts for the prototype
bridge (Figure 1a). The BladeBridge, installed in January
2022 before final earthworks, is shown in Figure 1b.

In late 2020, the BladeBridge location was selected by
the Midleton to Youghal Greenway project manager.
The decision was made to build the bridge over a tribu-
tary of the Dungourney River in a prominent setting on
the greenway. The location (Figure 2a) is 2 km from the
start of the greenway at the Midleton railway station.
The existing corroded steel beams were removed and the
new BladeBridge was constructed over the river gap (cur-
rently a dry bed). The span is approximately 5m with a
12� skew. Thirteen LM 13.4 blades used on Nordex N29
turbines (13, 14) manufactured in 1994 were donated by
Everun (https://everun.ltd), a wind farm asset manage-
ment company in Belfast, Northern Ireland. Eight blades
were transported to MTU and five blades to Queen’s
University Belfast (QUB). The blades were transported
intact to the MTU Structural Engineering Laboratory.
The 2.3-m long blade tips that served as aerodynamic

brakes on these early generation blades were removed
before shipping. One blade was used for testing and
another two were used in the bridge superstructure.
Figure 2b shows one blade in the MTU structures labora-
tory yard.

The pedestrian and cycle bridge with dimensions of
approximately 5m long 3 3m wide was designed
according to the Eurocode (15). The dead (permanent)
loads consist of the self-weight of the blade girders, a
steel deck panels, cross-beams, and handrails. The static
live (variable) load cases are (1) a uniformly distributed
load, qfk, of 5 kN/m2 on the entire deck, and (2) the acci-
dental 12 ton vehicle load case stipulated by the client.
For the ultimate load analysis, the partial safety factors
gG=1.35 for dead (permanent) loads and gQ=1.5 for
live (variable) loads were used. In addition to this, a hori-
zontal braking load at deck level, a concentrated load at
the top of the handrail, and bridge natural frequency cri-
teria, including user comfort criteria, stipulated by the
code (15) were considered. The material partial factors
for the design were taken from research by Ascione et al.
(16), as described in a study undertaken by Gentry et al.
(17). Fatigue loading is not required for a pedestrian
bridge per the Eurocode (15), the AASHTO LRFD
Guide Specifications for Pedestrian Bridges (18), or the
AASHTO Guide Specifications for FRP Pedestrian
Bridges (19). Creep was considered as per the Eurocode
(15) and the AASHTO guide specification for FRP
pedestrian bridges (19). Further details of the design
process and the final design can be found in Zhang
et al. (20).

Characterization of the LM 13.4 Wind
Blade

Determination of Geometric and Material of the Wind
Blade

The LM 13.4 has a length of 11m when the brake at the
tip of the blade is removed. The maximum chord length
of the blade, measured from the leading- to the trailing
edge, is located at 2.51m from the root. To conduct the
study of the blade’s physical and mechanical properties,
the wind blade was cut into sections of approximately
1m each. Figure 3 shows the side view and stations every
meter along the wind blade length. Figure 4 shows details
of the blade cross-section at Station 7.

Very few investigators have reported data for physical
or mechanical properties of previously in-service and
subsequently decommissioned wind blades (21–23). The
LM 13.4 spar cap and shear webs are glass FRP as
described in the Nordex N29/250 technical description
and data (13, 14). Resin burnout tests were conducted in
accordance with ASTM D2584 (24) to determine the
laminate properties of the wind blade’s FRP material.
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Figure 1. (a) Renderings of concepts for the Cork BladeBridge and (b) installed BladeBridge in Cork, Ireland.

Figure 2. (a) Bridge site and (b) LM 13.4 blade on arrival at the Munster Technological University (MTU) structures laboratory yard.

Figure 3. (a) Side view of the LM 13.4 blade and station numbering and (b) airfoil cross-sections at stations.
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Samples measuring approximately 25mm 3 50mm were
extracted from five stations (denoted by S2, S4, S7, S9,
and S10 in Figure 3) and heated in a furnace at 565 + /
2 28�C until all carbonaceous material had disappeared.
Initial and final weights were recorded to determine the
fiber mass percent of each sample. This was converted to
the volume fraction as per ASTM D3171 (25). Once the
test was completed, each sample’s fiber layers were care-
fully separated, photographed, and weighed, to deter-
mine the sample’s laminate stacking sequence listed in
Table 1.

The strength and longitudinal tensile modulus of the
FRP composite extracted from the spar cap and shear
webs at Station 4 were obtained from tensile and com-
pressive tests in accordance with ASTM D3039 (26) and
ASTM D3410 (27). The sandwich shells in the trailing
edge panels of the blade were not tested at this time.
Ultimate tensile and compressive strengths of the FRP
composite were obtained. Coupons were cut from 250-
mm long 3 250-mm wide spar cap and shear web panels
at Station 4. Because of the curved contour of the blade
(see Figure 4), the coupons from the spar cap were
obtained by removing the outer layers of the material to

give flat coupons containing only the unidirectional
layers. Given that the shear web surfaces were already
flat (see Figure 4), these coupons were cut directly from
the panels. For tensile testing, the coupons were 250-mm
long 3 20-mm wide 3 6 to 7-mm thick. For compressive
testing, coupons were 155-mm long 3 20-mm wide 3 6
to 7-mm thick. Epoxy glass tabs were bonded at both
ends of the specimens. The results of tests are shown in
Table 2. Table 3 shows how these data compare with the
very limited data from decommissioned wind blades
that have been reported in the literature (21–23).
Unfortunately, detailed values for volume fraction and
coupon location were not always reported with these
data. However, it can be seen that the data in Table 2 are
similar in magnitude to those reported by others and are
therefore felt to be reasonable for design purposes.

Determination of the Structural Properties of the Wind
Blade

Details of the cross-section for calculation of the section
properties at Station 7 are shown in Figure 5a. The stan-
dard wind blade nomenclature is used: LP—low pressure
side; HP—high pressure side; LE—leading edge; TE—
trailing edge. The analytical model does not include the
low-modulus foam in the sandwich panels within the
trailing edge panels that can be seen in green color
Figure 5b. The composite section properties were calcu-
lated from the analytical model, which was created by
LiDAR scanning of the blade and matching the scans
with known airfoils in a proprietary software known as
BladeMachine (28). This was augmented with thickness
measurements and material property data taken from
the blade. The wind blade was divided into eight zones
for calculation of properties: (1) the leading edge web,
(2) the trailing edge web, (3) the low pressure spar cap,
(4) the low pressure leading edge shell, (5) the high pres-
sure leading edge shell, (6) the high pressure spar cap, (7)
the high pressure trailing edge, and (8) the low pressure
trailing edge. The thickness and material properties of

Table 1. Physical Properties Obtained from Burnout Testing of the Spar Cap and Shear Web of the LM 13.4 Wind Blade

Physical property

Wind blade component

Spar cap Shear web

Station 2 Station 4 Station 7 Station 10 Station 4

Fiber volume fraction 0.38–0.41 0.4–0.43 0.36–0.39 0.40–0.42 0.31–0.33
Stacking sequence

(from outer surface
to inner surface)

CFM/ 6 45/0-90/CFM/
(UD)10/0-90/CFM

CFM/ 6 45/0-90/CFM/
(UD)9-13

a/0-90/CFM
CFM/ 6 45/0-90/CFM/

(UD)7/0-90/CFM
CFM/ 6 45/0-90/

CFM/(UD)4/0-90/CFM
(0-90/CFM)7

Note: CFM = continuous filament mat; 6 45 = balanced + 45/245 fabric; UD = unidirectional fabric containing weft (90) fibers; 0-90 = balanced 0-90 fabric.
aThe UD layers vary in number across the width of the panel.

Figure 4. Details of Station S7 in the LM 13.4 wind turbine blade.
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each of these zones were input into BladeMachine to
determine the composite centroid and calculate the sec-
tion properties.

The key properties for structural analysis of the wind
blade used in this configuration were the edgewise

flexural stiffness, (EI)yy, and the edgewise transverse
shear stiffness, GAs. The transverse shear stiffness,
required to perform the deflection calculations that
included shear deformation, was approximated as the
projected height of the wind blade 3 twice the average
shell thickness of the blade at a given section. The flex-
ural and shear stiffnesses vary as a function of length
from the blade root, and this variation must be
accounted for in the stress and deflection calculations.

The edgewise flexural and transverse shear stiffnesses
at the stations used in the full-scale specimen are given in
Table 4. The longitudinal moduli used for the shell, the
spar cap, and the web were 27.5, 27.5, and 10.0GPa,
respectively, as reported in Table 1. A shear modulus of
4.6GPa was assumed for all parts (i.e., the shell, the
webs, and the spar caps). Future testing will include
shear tests on the LM 13.4 as well as additional repeats

Table 2. Mechanical Properties of the Spar Cap and Shear Web Obtained at Station 4 in the LM 13.4 Wind Blade

Mechanical property

Spar cap Shear web

Number of specimens Value Number of specimens Value

st
long (MPa) 4 342 6 19 5 207 6 26

sc
long (MPa) 5 415 6 29 5 164 6 10

st
trans (MPa) 5 16 6 1 - -

sc
trans (MPa) 4 72 6 7 - -

Elong (GPa) 1a 27.5a 1 10a

Note: st
long

= longitudinal tensile strength; sc
long = longitudinal compressive strength; st

trans = transverse tensile strength; sc
trans = transverse compressive

strength; Elong = longitudinal tensile modulus.
aMeasured with extensometer.

Table 3. Comparison of Mechanical Property Test Data with Literature

Spar cap of N29 (LM13.4)a Alshannaq et al. (21)b Sayer et al. (22)c Ahmed et al. (23)d

st
long (MPa) 342 597 477 350

sc
long (MPa) 415 503 447 230

Elong (GPa) 27.5 36.8 26.7 15.6

aThis paper: vf = 35% to 43%.
bAlshannaq et al. (21): spar cap of a 37 m long GE37 blade (vf = 48%–50%).
cSayer et al. (22): spar cap of DEBRA-25 blade (2.0 to 2.4 m from the root) with a total length of 11.6 m (similar to the N29 blade).
dAhmed (23): spar cap of a 20 year-old wind blade (unidentified) with a total length of 9.8 m (similar to the N29 blade).

Figure 5. (a) Cross-section of the analytical model at Station 7
and (b) actual blade section at Station 7.

Table 4. Stiffnesses at Stations in the Test Specimen

Station (EI)yy (N2m2) 3 106 GAs (N) 3 107

7 37.1 6.92
8 26.0 6.37
9 16.5 5.57
10 11.2 4.81
11 6.99 4.23
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of the other mechanical tests. The thickness of the shell
for the model was taken as 8mm for all stations, how-
ever, to account for the extra thickness in the spar cap
region, 4, 3, 2, 1, and 0mm were added to the 8-mm shell
for Stations 7, 8, 9, 10, and 11 respectively. The thickness
of the shear webs were taken as 8mm.

Determination of the Load-Deflection Behavior of the
Blade in Edgewise Bending

The large load test rig at the Structural Engineering
Laboratory at MTU was used to conduct a four-point
bending test of a 4-m long section of the blade from
Stations 7 to 11 (shown in Figure 3a) in edgewise bend-
ing. This was the largest section capable of being tested
in the test frame. For the actual bridge design, the stiffer
and stronger section from Stations 0 to 5 were used, as
shown in Figures 1b and 3. The large load test rig at
MTU can apply vertical loads up to a total magnitude of
1,000 kN. The blade section was oriented in accordance
with the conceptual design of the BladeBridge such that
the leading edge of the blade was at the bottom, webs
were kept horizontal, and the chord axis was vertical as
shown in Figure 1, a and b. The blade was placed in
light-gauge steel frames complete with timber wedges to
maintain lateral stability of the test specimen under load
application as shown in Figures 6 and 7. Timber bearing
pads were cut to the profile of the blade to serve as sup-
ports for the blade beam. The clear distance between the
face of the supports was 3.52m. Load was applied to the
test specimen by a spreader beam system under each
hydraulic jack with slots cut in the skin of the blade such
that the spreader beam system applied load directly to
the upper (TE) web of the test specimen. Vertical deflec-
tion (DISP 1 and DISP 2) was recorded using linear vari-
able differential transformers (LVDTs) placed under the
blade beam at the points of load application. Lateral

displacement of the compression face of the blade beam
was recorded at midspan with LVDTs. Strain gauges
(SG1 and SG2) oriented in the longitudinal direction
were bonded to the skin of the specimen at midspan.
Load cells were provided under each hydraulic jack and
all instrumentation was logged with a multichannel data
acquisition monitoring system operating at a sampling
frequency of 10Hz across all instruments.

The load versus deflection plots at DISP 1 and DISP
2 are shown in Figure 8, a and b. The maximum total
load sustained by the test sample was 87.2 kN (equiva-
lent applied moment 54.1 kN-m) with an associated ver-
tical displacement (averaged) at the loading points of
18.5mm. The load-deflection history of the test is com-
plex and key stages are as follows: after an initial period
of bedding-in of the sample on the timber bearings, the
load was increased gradually to approximately 65 kN

Figure 6. Test fixture dimensions and details.

Figure 7. Test rig with wind blade test specimen in the
laboratory.
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and held with the sample demonstrating linear-elastic
behavior. As the load was held, the sample continued to
deflect. When the deflection ceased, the load was
increased to 70 kN and again held with the sample con-
tinuing to deflect. Once this deflection had ceased, the
load was increased until failure, which was characterized
by an explosive sound, a minor load reduction, and fur-
ther deflection. The sound was attributed to the separa-
tion of the shear web flanges from the skin at the bottom
(LE) shear web and the splitting of the bottom (LE) of
the blade half-shells in the area of the supports (see
Figure 9). At this point the specimen was severely dam-
aged. The test load was reduced to approximately 25 kN
and held. Deflection continued to 30.7mm (average) as
progressive failure propagated through the specimen.
Though the specimen was significantly damaged at this
point, load was increased to 50kN to examine its resi-
dual integrity. Load redistribution in the specimen dur-
ing this reloading phase was complex owing to the extent
of damage to the beam, and the LVDTs recorded a
reduction in deflection at the load points (attributed to

crushing at the left-hand support). A further explosive
sound (attributed to longitudinal splitting at the leading
edge) was heard and the sample was then fully unloaded.
The residual deflection was 3.7mm (average).

Discussion

The experimental investigation of the wind turbine blade
revealed several important items that contributed to the
design of the bridge. Based on the material testing, the
FRP material appeared to be in excellent condition. No
defects or delaminated regions were seen. The fiber layup
was easy to determine and the fabric type easy to identify.
Fiber volume fractions were consistent with the manufac-
turing methods used for blades of this generation. The
full-scale test showed linear-elastic behavior up until fail-
ure and then a progressive failure after the peak load.
The initial failure occurred at the connection between the
shear web flanges and the outer shell. This was followed
by a splitting failure at the leading edge of the wind blade
(the girder bottom in the test) where the two half-shells
were bonded together when manufactured. The full-scale
testing revealed the importance of building a stiff dia-
phragm at the supports and securing the web flanges to
the shell.

Future Work

Connection tests of the floor beams to the blade were
also conducted and will be reported elsewhere. Creep
testing on the full-scale bridge prototype will be per-
formed before opening the bridge to the public.
Additional material coupon tests, including ASTM fati-
gue tests and creep tests, will also be conducted to deter-
mine long-term performance of the material. The

Figure 8. (a) Load versus deflection at Location 1 and (b) load versus deflection at Location 2.

Figure 9. Station 7 after sectioning at completion of the test
showing failure locations.
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BladeBridge will be instrumented and monitored in situ
and the results reported in the future.

Conclusions

The results of the studies reported to characterize an LM
13.4 wind blade were used by the bridge engineers to
design and analyze the bridge, as well as to develop the
details, specifications, and construction methods needed
for the Midleton to Youghal Greenway BladeBridge that
was constructed in County Cork, Ireland in January 2022.
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