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ABSTRACT

Offshore wind towers currently are made of steel predominantly and are
susceptible to corrosion because of harsh environments. Further, steel structures are
prone to fatigue fracture attributable to cyclic loading, which mandates frequent inspection
and maintenance. As a result, it leads to undesirably high costs and hinders the
deployment of offshore wind energy. Therefore, it is imperative to explore a cost-effective
and structurally efficient alternative to the currently dominant steel wind towers. This
research proposes an innovative and resilient ultra-high performance concrete (UHPC)
alternative that is expected to overcome the challenges of fatigue damage and corrosion
issues encountered in the steel wind towers. The tower system proposed will take
advantage of UHPC’s superior properties and demonstrate creative features that provide
enhanced structural performance. This paper presents a conceptual design of a UHPC
wind tower system, including its key components and connection between adjacent
precast UHPC columns. Successful deployment of this UHPC system could offer
designers and owners a revolutionary perspective on future offshore wind tower
structures.
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1. INTRODUCTION

The ongoing transition to a decarbonized energy sector has made wind power one
of the fastest-growing energy sources today, and hundreds of thousands of wind turbines
provide over 740 gigawatts (GW) of capacity worldwide. According to the International
Renewables Agency, this capacity must increase nearly ten-fold by 2050 to meet the
Paris Agreement’s climate goals (Gielen et al. 2019). To take advantage of higher wind
speeds, offshore wind towers generally are approximately 500 feet high. This results in
enormous static, dynamic, and cyclical loading from factors such as the turbine’s own
weight, wind shear, and the blades’ rotation (Khodabux et al. 2020). Currently, wind
towers are made of steel predominantly and are susceptible to corrosion because of
harsh environments. Further, steel structures are prone to fatigue fracture attributable to
cyclic loading (Quilligan et al. 2012), which mandates frequent inspection and
maintenance. This research proposes an innovative and resilient ultra-high performance
concrete (UHPC) alternative that is expected to overcome the challenges of fatigue
damage and corrosion issues encountered in the steel wind towers.

UHPC is characterized by its exceptional mechanical properties and durability. The
material's high compressive and tensile strengths, combined with its durability, make it
suitable for infrastructure exposed to dynamic and severe loading conditions (Azmee &
Shafig 2018). Existing research has highlighted these attributes making it an ideal
candidate for constructing offshore wind towers. Wu et al. (2022) developed a wind tower
design 120 m in height using UHPC and concluded that UHPC shows promise as a viable
alternative to traditional steel and normal-strength concrete towers. Further research
corroborates that UHPC can be used to replace reinforced concrete in wind towers while
providing further strength and durability (Lin et al. 2023). Despite these promising
attributes, the application of UHPC in offshore wind towers remains relatively unexplored.
Its use in road infrastructure, however, has been deeply studied. Most notably the U.S.
Federal Highway Administration has adopted the use of UHPC in multiple superstructures
of bridges providing valuable insights into its mechanical performance and long-term
durability (Graybeal 2013). Therefore, the authors believe that use of precast UHPC
offshore wind towers is promising, considering UHPC’s superior durability and
sustainability subject to corrosive environments.

One of the challenges related to the precast UHPC offshore wind towers is
development of feasible and construction-friendly connection details between adjacent
precast members. Numerous researchers have explored the connections between
precast concrete members. For instance, splices or grout sleeves are one possible
connection type that may be viable for column-to-column connections. Fig. 1 shows an
example of a grout sleeve connection. Another existing method of connecting precast
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components is using a pinned joint that is casted into the concrete. The joint requires

locking pins to be hammered in after the column joints are inserted to lock the columns
together. Anchor bolts and column shoes are a common method of connecting precast
concrete components. Fig. 2 shows a rendering of an anchor bolt and column shoe. This
study aims to investigate the development of a UHPC wind tower system, detailing its key
components and connection between adjacent precast UHPC columns.
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Fig. 1 Example of grout sleeves (Liu et al. 2021)
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Fig. 2 Anchor bolt and column shoe rendering (Yrjola et al. 2023)
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2. SYSTEM DESCRIPTION

The following section describes a conceptual design of a 500-foot-tall wind tower,
which consists of 10 prefabricated units, each 50 feet tall. Each unit is made of precast
UHPC towers and transverse spacers (Fig. 3). The use of prefabricated components will
eliminate the need for any temporary shoring and facilitate construction. The adjacent
units will be connected using high-strength threaded rods during construction. All columns
include pretensioned strands designed for various load cases. Fig. 4 shows a rendering
of a UHPC tower for illustration purposes. Fig. 5 illustrates the connection between
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adjacent columns. The column section includes an optional void to minimize weight (Fig.
5a). Each column end has a steel “tub” with pre-cut slots for threaded rod connections
(Fig. 5b), which will be grouted with UHPC after connections are made (Fig. 5c¢). The
bolted connection eliminates the need for vertical post-tensioning, relying on the steel
tubs to resist the moment within the strand development region. This hybrid system is
designed to facilitate installation and ease construction.

Fig. 4 Rendering of a UHPC tower
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Fig. 5 Connection between adjacent columns: (a) section at joint; (b) elevational view
showing steel “tubs”; (c) elevational view showing high-strength threaded rods
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3. DEMONSTRATION SPECIMEN

A small-scale demonstration specimen was created to show one unit of the proposed
wind tower system as illustrated in Fig 3. The demonstration specimen was scaled down
to approximately 1.5% of the original proposed dimensions. The specimen has a total
height of 10 inches and a total width of 14 inches. The six hexagonal columns are 10
inches in height and were created using concrete poured into 3D printed molds (Fig. 6).
Fig. 7 shows all 6 completed columns.

Fig. 6 UHPC placed in 3D printed mold Fig. 7 UHPC columns

After the columns were finished, 3D printed forms were made for the platforms to
produce the transverse spacers along the columns. The columns are designed to be at a
20-degree angle for illustration purposes so two different platform molds were needed to
ensure that the columns stay at the correct angle. The columns and transverse spacers
were joined together using grout. Fig. 8 shows the completed specimen in elevational and
plan views.
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Fig. 8 Demonstration specimen — elevational and plan views

The demonstration specimen made in the laboratory provided insights on
simplifying the production of actual tower units. It is suggested to produce individual
columns using the same steel forms repetitively for cost-effectiveness. The columns can
be shipped to the construction site and supported by a temporary shoring system at the
required angles. Stay-in-place forms can be used to pour transverse spacers. Once the
spacers achieve the required strength, individual units will be installed, and connections
made between adjacent units.

4. CONCLUSIONS

This study explored a conceptual design for an offshore wind tower using precast
UHPC components instead of steel. A preliminary connection detail was proposed for the
joint between adjacent UHPC columns. A small-scale demonstration specimen was
developed to showcase one unit of the proposed system. The successful integration of
UHPC in offshore wind tower construction is anticipated to represent a significant step
forward in achieving a sustainable and resilient renewable energy infrastructure. This
advancement would contribute to the economic feasibility of offshore wind energy and
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support the global transition to renewable energy sources by providing a more reliable

and sustainable infrastructure solution.

REFERENCES

Azmee, N.M., and Shafig, N. (2018). Ultra-high performance concrete: From fundamental
to applications.

Gielen, D., Gorini, R., Wagner, N., Leme, R., Gutierrez, L., Prakash, G., Asmelash, E.,
Janeiro, L., Gallina, G., Vale, G. and Sani, L. (2019). Global energy transformation: a
roadmap to 2050.

Graybeal, B. (2011). UHPC in the US Highway Infrastructure.

Khodabux, W., Causon, P. and Brennan, F. (2020). Profiling corrosion rates for offshore
wind turbines with depth in the North Sea. Energies, 13(10), p.2518.

Lin, L.R., Zhang, X., Wu, X.G., Wang, X., Zhang, X.S., Wang, H., (2023). Structural
behavior of UHPC transition segment of wind tower without ordinary reinforcement
under serviceability limit state.

Liu, H., Qi, Y., Chen, Z., Tong, H., Liu, C., Zhuang, M., (2021). Ultrasonic inspection of
grouted splice sleeves in precast concrete structures using elastic reverse time
migration method.

Quilligan, A., O’'Connor, A. and Pakrashi, V. (2012). Fragility analysis of steel and
concrete wind turbine towers. Engineering structures, 36, pp.270-282.

Wu, X., Zhang, X., Bhattarai, H., Hwang, H., Yang, J., Kang, S. (2022). Structural
Behavior Analysis of UHPC Hybrid Tower for 3-MW Super Tall Wind Turbine Under
Rated Wind Load.

Yrj6la, J., Kinnunen, J. (2023). Bolted Column Shoe Connections — Sustainable and
Smart Solution for Precast Structures



