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1. Introduction

Failure analysis is presented for a ruptured large-diameter bolted composite-to-metal joint of a
wind turbine blade during normal operation (Fig. 1). Although it is recognized that threaded fasteners
are widely used for clamping structural joints in many automotive, aerospace, and infrastructure
applications, the high concentration at the threat roots can dramatically reduce their fatigue
performance under dynamic loads [1-2]. Investigated flanged joint has a total of 54 preloaded
threaded studs to clamp the composite blade flange to respective metal hub flange on the wind turbine
tower. At the opposite end on the nut, each stud is held in the composite blade flange by a T-bolt. As
shown by Fig. 1 (b), during the initial installation, the stud would clamp together a stack of a)
composite blade flange, b) metal hub flange, c) a bearing, and d) a stiffener plate.

Consistent with widely reported findings in the literature, SEM testing and visual inspection of the
failure surfaces of ruptured flange studs in this study (Fig. 2) show that fatigue failure is mostly taking
place at the first fully engaged thread [3-4]. Bolt fatigue failure is often accelerated by a decay/loss
of its preload, which would dramatically increase its cyclic load amplitude due to a localized joint
separation. Suspected loss of stud preload in this study may be attributed to a large scatter in stud
preloading among the 54 studs at initial assembly due to bolt elastic interaction, frictional variation,
non-flat contact between clamped parts, temperature fluctuation, ....etc. [5-6].
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Fig. 1. (a) Front view of wind turbine (b) Cross section: stud and clamped parts

2. Materials and methods

A novel wireless technology is procured to strain gage a stud that continuously measures and
transmits real-time data on stud tension F. as well as operational bending moments M, and M, to
receiver/display in control room on the ground level; sample data on F., My, M, is shown in Fig. 3.
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3. Results, observations, and tentative conclusions

Numerous studs suffered ultimate failure. SEM inspection of fracture surfaces (Fig. 2) of several
studs shows the classical signs of slow growth of a fatigue crack (smooth beach marks) that are
followed by a rough brittle fracture surface leading to the final stage of stud fatigue rupture.
Additionally, it was noted that there was visible lubricant egress in clamped connections, indicating
that there may not be full joint contact throughout the blade-to-hub interface. More than 50% of the
observed gaps correlated to the area of associated bolt fatigue failure in the failed blade. The presence
of a significant air gap in the flanged assembly as a result of a lack of flatness of the retrofitted
stiffener plate was determined to be the primary cause of significant loss of localized clamping around
respective nearby stud(s), which eventually led to stud fatigue failure due to exposure to high in-
service force and moment amplitudes.
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Fig. 2. (a) Fractured sample, (b) SEM of fractured sample
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Fig. 3. (a) Stain gauges connected to stud; (b) Axial and bending stresses vs time relation

Finally, the data obtained from the strain gauges is used to plot the preload loss over time and
bending moments on the blade (Fig. 3). An average 10% preload loss was observed after 500 hours.
At this rate of preload decay, the residual clamp load is would be less than 50% of its presumed initial
value at installation every 6 months; should that rate of preload decay continue, undesirable increased
probability of cyclic localized joint gapping and/or separation. This would lead to cyclic bending
moments and shear force amplitudes that accelerate stud fatigue failure.

4. Acknowledgement

NSF IUCRC center for Composite and Hybrid Material Interfacing (CHMI)-Industrial Advisory
Board (IAB), for funding this research at the Oakland University site of CHMI.

5. References

[1] Piccatto, A, Belingardi, G, Wu, Z, & Nassar, SA. "Multi-Axial Fatigue of Sheet Metal Joints Under Clamp Load and Cyclic
Bending." Proceedings of the ASME 2017 IMECE. Volume 2: Advanced Manufacturing. Tampa, Florida, USA. November, 2017.
V002T02A092. ASME. https://doi.org/10.1115/IMECE2017-72691.

[2] Toribio, J., Gonzalez, B., Matos, JC. et al Fatigue behaviour of bolted joints. Met. Mater. Int. 18, 553-558 (2012).
https://doi.org/10.1007/s12540-012-4001-3.

[3] Pilkey, Walter D., Deborah F. Pilkey, and Zhuming Bi. Peterson's stress concentration factors. John Wiley & Sons, 2020.
https://doi.org/10.1002/9781119532552.

[4] Croccolo, D.; De Agostinis, M.; Fini, S.; Mele, M.; Olmi, G.; Scapecchi, C.; Tariq, M.H.B. Failure of Threaded Connections: A
Literature Review. Machines 2023, 11, 212. https://doi.org/10.3390/machines11020212.

[5] Nassar, S. A., and Alkelani, A. A. "Clamp Load Loss due to Elastic Interaction and Gasket Creep Relaxation in Bolted Joints."
ASME. J. Pressure Vessel Technol. August 2006; 128(3): 394-401. https://doi.org/10.1115/1.2218343.

[6] Nassar, S.A., Yang, X. "Novel Formulation of Bolt Elastic Interaction in Gasketed Joints." ASME. J. Pressure Vessel Technol.
October 2009; 131(5): 051204. https://doi.org/10.1115/1.3151814



https://doi.org/10.1115/IMECE2017-72691
https://doi.org/10.1007/s12540-012-4001-3
https://doi.org/10.1002/9781119532552
https://doi.org/10.3390/machines11020212
https://doi.org/10.1115/1.2218343
https://doi.org/10.1115/1.3151814

