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The increasing consumption of wind energy necessitates the development of taller concrete turbines towers with
larger installed rotors. A previous study demonstrated that a dual layer system that incorporates protective
layers made from engineered cementitious composites (ECC) improves the durability performance of these
towers (Jin and Li, 2019 [1]). However, the introduction of ECC layers could affect the tower design due to its
low elastic modulus relative to concrete. This paper first studies the structural impacts of the concrete towers
with added ECC layers. An iterative method is employed to examine the requirements of strength, deflection,
natural frequency and fatigue. The results show that ECC protective layer produces nonconsequential effects on
tall concrete towers with less than 4% increase in tower diameter. After satisfying the aforementioned requirements, a durability analysis is conducted to compare the tower designs with and without ECC layers. The
results indicate that the application of ECC layers significantly delays the initiation of chloride-induced corrosion
of steel reinforcement and prolongs the service life of concrete wind turbine towers by four times. Therefore, this
study allays the concerns that ECC protective layers may compromise the tower’s structural performance and
confirms its potential application in tall wind turbine towers for improved durability performance.

1. Introduction
The increasing costs of fossil fuels combined with a growing
awareness of how their harvesting and use negatively impacts global
climate have propelled a drastic growth in renewable and cleaner energy production [2,3]. Amongst these renewable energies, wind energy
is considered one of the most important [4]. Globally, the cumulative
wind energy production has experienced exponential growth, increasing from 40,000 MW in 2000 to 432,419 MW in 2015 [4]. In the
U.S. alone, the percentage of total generated electricity produced from
wind increased from virtually 0% in 2000 to 4.1% in 2015 [2]. This
increase in the U.S. is expected to continue into the next decade as the
Department of Energy aims to generate 20% of all energy production
through wind energy by 2030 [5].
To address the growth in the wind energy market, taller wind turbine towers with larger installed rotors are being constructed to utilize
greater and more stable wind at higher altitudes [6]. In order to achieve
these taller and more powerful wind turbines, concrete has been considered as the primary construction material [7,8], using slip-form
construction and prefabrication methods [9,10]. When the height of the
wind turbine tower reaches above 100 m, the tower stiffness has to be
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designed carefully to avoid excitation and damage from resonant oscillations due to wind, earthquakes, and turbine operations. Therefore,
high strength concrete (HSC) [6,11] and post-tensioned concrete tower
designs [12] have become of interest to address the need for tall wind
turbine towers. Moreover, the implementation of the post-tensioned
HSC can help reduce tower cross-sectional dimensions, which allow for
a more cost-effective tower design.
Although the use of concrete makes the construction of tall wind
turbine towers feasible, both normal strength concrete (NSC) and HSC
are prone to cracking [13,14]. Such risks in the durability of NSC and
HSC drives a concern for high maintenance costs. This concern is further amplified if the towers are located in coastal regions and are exposed to an aggressive environment, which can be the case for wind
turbines that aim to capture high-speed winds along the coast lines and
ocean shore [15].
To improve durability performance, the previous study conducted
by Jin and Li [1] developed a novel lightweight engineered cementitious composites (ECC) material to serve as a protective layer to partially replace the tall concrete wind turbine towers. Previous research
has suggested that the ECC layer can be used as permanent formwork
for cast-in-place concrete towers [1,16]. Studies have shown that with a
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Fig. 1. Schematic view of tower’s cross-section: (a) Type I and II; (b) Type III and IV.

performance but also simultaneously eliminates the use of nominal mild
reinforcement.
However, it should be noted that the elastic modulus of ECC is lower
than NSC or HSC due to the lack of coarse aggregate [22]. This may
affect the tower stiffness attributable to its partial replacement of material in the cross-section of the concrete tower. Therefore, this paper
investigates the effects of ECC layers on the design of concrete wind
turbine towers in terms of strength, deflection limit, natural frequency,
and fatigue resistance [8,12,23]. Since it is a preliminary study, this
paper employs a simplified design method for the purpose of demonstration. A cylindrical tower with a circular hollow cross section is selected for aerodynamic reasons as it allows the tower to be designed
functionally for wind load in all directions (Fig. 1) [12]. The more
comprehensive designs for commercial concrete wind turbine towers
with other shapes and loading conditions can be found in other research
[12,24–26].
In this paper, the design method will be discussed first, followed by
the key design parameters. The materials discussed in this paper are
normal strength concrete (NSC), high strength concrete (HSC), and two
types of ECCs are selected for protective layers: lightweight (LW) ECC
[1] and M45 ECC, the most commonly studied version of ECC [27].
Three tower heights are investigated for each tower type: 100 m, 150 m
and 200 m. Four types of tower designs are analyzed and illustrated in
Fig. 1: I) NSC wind turbine towers, II) HSC wind turbine towers, III)
hybrid HSC tower with LW-ECC layers, and IV) hybrid HSC tower with
M45-ECC layer. For Type I and II tower design, nominal mild reinforcement is used for cracking control while for Type III and IV, the
mild reinforcement is assumed to be eliminated due to the contribution
of ECC layers [1]. All towers are post-tensioned. The design results in
terms of the material selection and tower geometry will be compared
and the durability analysis will be carried out to demonstrate the advantages of ECC layers on concrete wind turbine towers.
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Fig. 2. Iterative design process for tall concrete wind turbine towers.

Wind turbine towers are designed to sustain multiple loads during
their service life, including the self-weight of the tower, wind turbine
loads, direct wind loads on the tower, and seismic loads, if applicable.
The detailed load conditions are defined and can be found in LaNier
2005 [12], which is based on ASCE 7-05 [28] and IEC 61400-1 [29]. As
discussed in the introduction, ECC layers may raise the concern of
compromising structural performance due to its lower elastic modulus.
Therefore, a design method using an iterative process is employed to
determine material selection and tower geometry that satisfy the required strength, deflection limit, natural frequency, and fatigue resistance (Fig. 2).
The results of the tower design methodology include the tower
height, type, and geometry. The tower geometry is represented by the
outer diameter of concrete tower design, since the tower wall thickness
is assumed to be constant for the purpose of comparison and demonstration. As discussed in the introduction, the optimization of tower
design, including tower wall thickness and tapered tower design can be
found in other resources [8,26].

thickness of only 50 mm (equivalent to the thickness of concrete cover
in reinforced concrete design [17]), ECC layer with its high cracking
resistances could turn a wide concrete crack into multiple tight cracks
with crack widths less than 100 μm. The self-healing nature of ECC will
further reduce the crack width [18]. This strategic use of ECC layers
helps reduce the penetration of water and aggressive chemicals, delaying the initiation of steel corrosion [19]. For example, the layer helps
mitigate chloride-induced corrosion, which is considered the leading
cause of reinforced concrete deterioration [20,21]. In addition to excellent cracking resistance, the ECC also exhibits both high flexural
fatigue resistance against bending and ultra-high tensile ductility (more
than 200 times than that of normal concrete) [1]. The high cracking
resistance and ultra-ductility also promote the elimination of nominal
mild reinforcement (Fig. 1), whose main purpose is to limit the cracking
of concrete [12]. Therefore, this hybrid ECC/concrete system not only
extends the tower’s service life with its improved durability
2
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Table 1
Material properties.
Material Property
3

Density, ρ (kg/m )
Compressive Strength, fc (MPa)
Tensile Strength, ft (MPa)
Elastic Modulus, E (MPa)

NSC

HSC

LW-ECC

M45-ECC

MR

PT

2400
50
NA
33,500

2500
150
NA
57,900

1500
30
3
12,500

2300
50
5
25,000

7800
NA
420
196,500

7800
NA
1860
196,500

Based on material selection for each tower type and initial tower
geometry with load conditions, the required ultimate strength can be
checked first. The tower can be considered a large, vertically installed
cantilever beam. The bending moment for each tower type can be
calculated by multiplying the applied loads by the corresponding
height. The moment capacity can be calculated through determining
the stress areas and distributions in the pole cross-sections through the
height of the tower [30]. Based on the moment capacity, the required
tensile and compressive forces can be determined. The tensile force is
used to determine the required amount of post-tensioning reinforcement since the post-tensioning reinforcement will be the only member
taking tensile force. As illustrated in Fig. 1 and in other design reports
[8,12,23], the post-tensioning reinforcement is installed in the middle
of the tower wall. Although ECC’s tensile strength could contribute to
the tension force, for a conservative design, it is assumed to be carried
by post-tensioning reinforcement in this paper. The compressive force is
used to determine the compressive stress on concrete materials, which
is then used to check if it exceeds the compression strength used for the
design. If the compressive strength is exceeded, the geometry has to be
modified to start another iteration of verifying the design inputs.
After satisfying the strength requirement, it is required to check the
limit of the deflection at the top of tower, where the turbine is installed.
Currently, there are no standardized deflection limits for tall concrete
wind turbine towers, but two references were found to address this
question. Studies [8,23] use ACI 307 [31], which is a standard for the
design of reinforced concrete chimneys because there are many similarities between wind turbine towers and concrete chimneys in terms of
the tower height, structure and loading conditions. According to ACI
307 [31], the maximum allowable deflection is set to be 4% of tower
height. Nicholson [32] alternatively uses 1% of tower height as the
maximum allowable deflection for a more conservative design and
adequate turbine performance. Therefore, this paper adopts the conservative value of 1%. As the elastic modulus of each material is known,
the tower’s stiffness can be calculated by using previously determined
tower geometry and configuration. The calculated tower stiffness is
checked against the required tower stiffness, which can be derived from
the previously determined moment capacity. If the calculated tower
stiffness fails to meet the required design parameter, the tower geometry has to be updated again to fulfill the deflection limit requirement.
After fulfilling the required deflection limit, the tower design has to
satisfy the required natural frequency constraint to avoid excitation and
damage from resonant oscillations due to wind, earthquakes, and blade
operations. The natural frequency of the tower can be calculated using
the mass of the tower, the mass of the tower head, the height of the
tower, and the estimated stiffness. The natural frequency of the tower is
then checked to see if the natural frequency falls into the optimal range,
which will be further elaborated in Section 3.4. If it does fall within the
optimal range, the tower geometry is accepted for fatigue check. If not,
the tower geometry has to be updated until the natural frequency requirements are met.
The fatigue loads that a wind turbine tower experiences are attributed to wind, earthquake and turbine operations [8,12]. Based on the
results from LaNier [12], the effects of fatigue loads are more critical on
steel reinforcement, including both mild and post-tensioning reinforcement, than on concrete. Since this paper focuses on the effect of
ECC layers on concrete wind turbine towers, the design of

reinforcement for post-tensioned concrete wind turbine towers to sustain fatigue load is beyond the scope of the study. The detailed fatigue
design can be referred to other research [12,24,25]. For concrete materials and ECC, it is understandable that they are more susceptible to
flexural tensile fatigue from wind load than to compressive fatigue from
the turbine operation because the compressive fatigue stress is insignificant when compared to their compression strength. For flexural
fatigue, the concern is the formation of cracks on the surface of concrete
tower, which in turn compromises the durability performance [20,21].
This concern has been addressed by the exceptional cracking and fatigue resistance of ECC layers [1]. Based on [12], the compressive fatigue stress is less than 10% of the compressive strength of concrete
materials [12]. According to Model Code 1990 [33], the concrete fatigue reference design strength is about half of the compressive strength
of concrete materials. Therefore, it is safe to say that the fatigue load is
not critical for the design of concrete wind turbine towers, even with
ECC layers. However, the influence of fatigue loading on wind tower
durability remains a topic of discussion among wind turbine tower
design experts [12,24,34].
Based on this iterative design approach, the final design results in
terms of tower geometry and configuration for each tower type can be
determined. A durability analysis will be performed to examine the
durability performance of the different tower design types.
3. Parameters for tower design
3.1. Materials
Based on the design method, the required material properties for
determining design parameters are density, compressive strength, tensile strength, and elastic modulus, which are listed in Table 1. The
material properties of NSC and HSC are borrowed from LaNier [12] and
Wille et al. [35] respectively. The compressive force from turbine and
tower’s self-weight is assumed to be distributed by concrete and the
result is checked against compressive strength. Their elastic moduli are
estimated based on their compressive strength (Eq. (1) [17]):

E = 4730 × fc 1/2

(1)

where E: elastic modulus (MPa); fc: compression strength (MPa).
The material properties of LW-ECC are based on the mix design and
results developed by Jin and Li [1]. The material properties of M45-ECC
are based on the mix design and results from Wang [27]. As recommended by LaNier [12], the post-tensioning reinforcement (PT)
comprises 7-wire low relaxation strands with a diameter of 15 mm, and
their material properties are based on ASTM A416/A416M [36].
As recommended by [12], the minimum mild reinforcement (MR)
used in Type I and II concrete towers for cracking control is #4 rebar
with a diameter of 13 mm and installed at a spacing of 300 mm. The
material properties of #4 rebar is based on ASTM A615/A615M [37].
3.2. Stiffness
Although the lateral deflection and natural frequency of a wind
turbine tower could be influenced by the flexibility of the foundation
and soil system, the tower is assumed a fixed support cantilever in this
study for evaluating its structural performance using different
3
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materials. The main factor that affects the lateral deflection and the
natural frequency of the tower is the tower stiffness. As a fixed support
cantilever, the stiffness comes from two parts: the elastic modulus (E),
which is based on the material properties, and the moment of inertia (I),
which depends on the tower geometry. In this paper, all materials are
assumed to deform compatibly. Therefore, based on the material
properties and tower type and geometry, the tower stiffness (EtIt) can be
determined in the following manner.

Et It = EC IC + EECC IECC + ES IS

where Pw is wind pressure; A is the area that is subjected to the wind; Cd
is the drag coefficient. The wind pressure is calculated based on Eq. (8).
The maximum wind pressure is determined from the maximum wind
speed, also known as survival speed. According to Jha [39], the maximum allowable wind speed for wind turbine operation is 60 m/s.

(rCo4

rCi4 )
4

nIS

where V: wind velocity.

(2)

3.4. Natural frequency
As discussed in Section 2, it is critical to design the natural frequency of tall wind turbine towers to avoid excitation and damage from
resonant oscillations due to wind, earthquake, and blade operations.
Sources of resonant oscillations from wind can be referred to [40,41],
who suggest that tall structures normally lie between 100 and 1000
cycles per hour for wind loads, further suggesting it is easier to design
structures with natural frequency that is at higher end. Therefore, a
natural frequency of tall wind turbine tower greater than 1000 cycles
per hour, equivalent to 0.3 Hz, is desirable to avoid resonant oscillations from wind.
In order to avoid resonant oscillations due to earthquakes, wind
turbine towers are designed to have natural periods larger than 2 s,
avoiding large inertial forces induced by tower acceleration (given the
tower mass) [42,43]. As natural period is the inverse of the natural
frequency, a natural frequency that is lower than 0.5 Hz is desirable.
The detailed earthquake design for concrete wind turbine towers can be
found in [8,43].
In addition, the wind turbine tower should also be designed with
adequate natural frequency to avoid any resonant oscillations from
turbine operations. The turbine operational frequencies can occur from
the blade’s passing frequency and rotational frequency. The passing
frequency of a three-blade rotor is lower than 0.2 Hz, while the rotational frequency is higher than 0.6 Hz for a 5 MW wind turbine. These
are typical energy outputs for tall wind turbines with a height greater
than 100 m [8,12]. Therefore, the natural frequency for the tall wind
turbine tower should be within a safe range of 0.2 and 0.6 Hz to avoid
oscillations from the blade operations [8,12].
Based on the above discussions, the optimal natural frequency of a
tall wind tower can be determined. The value should be between 0.3
and 0.5 Hz, which also coincides with the design value from LaNier
[12].
According to Harrison, Han and Snel [44], the method for estimating the natural frequency of a wind turbine tower (ωt) is stated
below.

(3)

where rCo and rCi are outer and inner radiuses of the concrete tower core
respectively (Fig. 1); n is the number of reinforcement bars and Is is the
second moment of inertia for the reinforcement.
The second moment of inertia for ECC layers (IECC) is based on Eq.
(4).

IECC =

4
4
(rECCo
rECCi
)
4

(4)

where rECCo and rECCi are outer and inner radii of ECC layers respectively (Fig. 1). The second moment of inertia for the inner and outer
ECC layers can be calculated separately and added together. As recommended by Jin and Li 2019 [1], the thickness of both inner and
outer ECC protective layers is set to be 50 mm for improving the durability performance. This value is also the thickness of concrete cover in
the design of reinforced concrete [17]. Therefore, the difference between rECCo and rECCi is 50 mm in this paper.
The moment of inertia for steel reinforcement (Is) is based on Eq.
(5).

IS =

rS4
+ rS2 × L2
4

(5)

where rS is the radius of reinforcement; L is the distance between the
center of concrete wind turbine tower and the center of steel reinforcement.
For the purpose of demonstration, this paper alters the outer radius
of concrete tower with a fixed wall thickness to determine the moment
of inertia for the required tower stiffness. Based on the Eq. (2), the HSC
tower with its higher stiffness is expected to have smaller cross-sectional dimensions than NSC tower. Based on the design in LaNier [12],
the wall thickness of 1 m is assumed in this paper for tower design. In
this way, the outer radius of concrete tower can represent the tower
geometry. The optimization of the tower design, including wall thickness and tapered-shaped towers, and the detailed designs can be referred to other research [12,24,38].

t

Et It
H 3 (mh +

mt
)
4

t

2

(9)
(10)

where ωt is tower natural frequency in rad/s, and NF is natural frequency in Hz; H is the tower height; Et It is tower stiffness; mh is mass of
the wind turbine head, and mt is the mass of tower, which can be derived from the material properties and tower geometry.

In this study, approximate static expressions are used for calculating
the tower’s deflection. With the calculated tower stiffness (EtIt), the
deflection at the top of the tower can be estimated by Eq. (6). As discussed in Section 2, the maximum allowable deflection is 1% of tower
height.

FW H
3Et It

= 1.75

NF =

3.3. Deflection

=

(8)

Pw = 0.611 × V 2

where E is elastic modulus for each material, the value of which can be
found in Table 1, and I is moment of inertia for each material, the value
of which can be determined as below.
For a circular-shaped hollow sectional tower, the second moment of
inertia for the concrete (IC) tower core is based on Eq. (3).

IC =

(7)

Fw = Pw × A × Cd

3.5. Durability analysis
The major deterioration for reinforced concrete is the chloride-induced corrosion of steel reinforcement, which directly relates to the
service life of concrete wind turbines. For concrete wind turbines, even
those reinforced by mild reinforcement [12], the width of a crack can
be expected to increase from 150 μm to 300 μm throughout its fatigue
life [45–47] and under steel corrosion. In contrast towers with ECC
layers only experience microcracks with widths below 50 μm

3

(6)

where δ is deflection at the top of tower; Fw is wind load; and H is tower
height.
The wind load (Fw) is calculated based on Eq. (7).
4
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throughout their fatigue life, regardless of the use of mild reinforcement
[1]. When concrete cracks, chloride ions can easily travel through these
cracks to the steel reinforcement during the initiation phase (e.g. when
the wind turbine tower is exposed to a marine environment). After the
chloride concentration level reaches a critical threshold value, depassivation occurs in the protective layer surrounding the steel.
Therefore, ECC layers with their ultra-high cracking and fatigue resistances can help reduce chloride transportation, delaying the initiation of chloride-induced corrosion of steel reinforcement.
To quantitatively investigate the benefits of ECC layers on delaying
the initiation phases of chloride-induced corrosion, this paper uses
Crank’s solution to Fick’s second law (Eq. (11)) to estimate the initiation phase (ti) [48].

CI = CS [1

erf

x
]
2 De ti

Table 3
Amount of concrete materials used for a single tower (m3).
Tower type

100 m

150 m

200 m

I
II
III
IV

879
722
738
738

2475
1978
2049
2025

5434
4334
4492
4428

0.3 Hz to 0.5 Hz. This design would result in a 60% increase in consumption of construction materials, increasing costs.
With the confirmation of tower design, the total amount of concrete
materials, including NSC, HSC, and ECCs, used for different tower types
and heights can be estimated and the results are listed in Table 3. The
comparison between NSC and HSC towers shows that the use of HSC
could result in 17% savings in construction material for the 100 m
tower and 20% for the 200 m tower. For the construction of a single
tower, the volumetric measurement of construction material saved for
the 100 m tower is approximately 157 m3, and 1100 m3 is saved with
the 200 m tower design. The employment of ECC protective layers does
not significantly increase the consumption of concrete materials. The
amount of concrete material used for a 200 m hybrid HSC/ ECC tower
compared to the HSC tower increases less than 3%.
It should be noted that the cost of each concrete material is different. For cost analysis, the material cost and consumption for each
material used in a single tower should be provided and the detailed
analysis will be included in another manuscript [49]. It should also be
noted that using a tapered tower design could further save construction
materials. However, as discussed in the introduction, for the purpose of
this comparison and feasibility study, the design of cylindrical tower is
used. In future studies (e.g. designing a tower prototype), the design of
a tapered tower with optimized configuration should be carried out as
the tapered tower is considered more popular in industrial practice
since it uses less material and is easier to lift due to the decreased size at
the top [26,38].
After allaying the concerns that using ECC protective layers may
affect the design of tall concrete wind turbine towers, the durability
analysis is carried out to demonstrate the advantages of using ECC
layers. For estimating the time (ti) for the initiation of chloride-induced
corrosion, a CI, of 1.4 kg/m3 is used according to [50]. Cs is equal to
12 kg/m3 according to [51]. De depends on crack width and the number
of cracks. Sahmaran et al [52] have summarized De for ECC and reinforced mortar with different crack widths. In that study, De of ECC
was found to increase linearly with the number of microcracks, while De
of reinforced mortar is proportional to the square of the crack width. In
this report, the De of cracked reinforced mortar is considered to be the
same as that of cracked reinforced concrete, providing that their crack
widths are the same.
The effective chloride diffusion coefficients for both concrete and
ECC are calculated and listed in Table 4. The estimation of ti is also
provided in Table 4. For concrete towers (both NSC and HSC), it is
assumed that only one crack with a crack width of 300 μm occurs on the
surface. This assumption is based on fact that a single major crack tends
to form on the surface of concrete [1]. In contrast, for ECC/concrete
tower the ECC protective layer helps diffuse the major crack into

(11)

where CI is the chloride concentration required to initiate steel corrosion; Cs is the surface chloride concentration; x is the distance from the
concrete surface to the surface of steel reinforcement, which is considered to be the same as the thickness of the concrete cover, or of the
ECC layer in this report; De is the effective chloride diffusion coefficient;
and erf() is the error function.
It should be noted that this paper assumes the elimination of mild
reinforcement due to ECC’s ultra-high tensile ductility and cracking
resistance. In this way, the steel corrosion can be fundamentally
eliminated and the service life of towers with ECC layers lasts forever.
However, for a conservative durability analysis, the mild reinforcement
is included in the hybrid ECC/concrete wind turbine towers so that a
finite service life can be estimated to compare with towers without ECC
layers.
4. Results and discussion
The tower geometry (represented by outer radius) has to be designed adequately to provide the stiffness that satisfies the design requirements for each tower type and height. Based on design method
and design parameters, the tower geometry can be determined. These
results are listed in Table 2. Due to its higher elastic modulus, high
strength concrete (HSC), which is used in Type II tower design, can
drastically decrease the tower size by 20% compared to normal strength
concrete (NSC) tower design (Type I).
As previously mentioned, the inclusion of ECC protective layers
could affect the tower design due to its low stiffness. According to
Table 2, the inclusion of ECC protective layers only have a minor impact on the tower design. For an HSC tower of 200 m, the inclusion of
LW-ECC protective layer only increases the outer diameter by 3.5%,
and M45-ECC only increases the diameter by 2%.
It should be noted that the lower bound of the optimal natural
frequency (0.3 Hz) is employed in this study (based on Section 3.4, the
optimal natural frequency for a tall wind turbine tower design is between 0.3 and 0.5 Hz). This choice was made because designing for an
unnecessarily high natural frequency is not economical. For example,
the outer radius increases from 8.9 m to 14.5 m for the concrete tower
of 200 m height if the designed natural frequency is increased from
Table 2
Tower geometry based on tower type and height.
Tower type

I
II
III
IV

NSC

√

HSC

√
√
√

LW ECC

√

M45 ECC

MR

√
√
√

5

PT

√
√
√
√

Outer radius (m)
100 m

150 m

200 m

3.1
2.5
2.6
2.6

5.5
4.5
4.6
4.6

8.9
7.2
7.4
7.3
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Table 4
Results of De and ti of concrete and ECC with different crack width, assuming
both include reinforcing steel.
Material

Effective chloride diffusion coefficient, De
(m2/sec × 10−12)

Initiation phase, ti
(days)

Concrete
ECC

142.2
30.4

41
194

References
[1] Jin Q, Li VC. Development of lightweight engineered cementitious composite for
durability enhancement of tall concrete wind towers. Cem Concr Compos
2019;96:87–94. https://doi.org/10.1016/j.cemconcomp.2018.11.016.
[2] Danko P. 6 New Charts That Show US Renewable Energy Progress. < https://
breakingenergy.com/2015/02/05/6-new-charts-that-show-us-renewable-energyprogress > ; 2015.
[3] Pursiheimo E, Holttinen H, Koljonen T. Inter-sectoral effects of high renewable
energy share in global energy system. Renew Energy 2019;136:1119–29. https://
doi.org/10.1016/j.renene.2018.09.082.
[4] GWEC. Global Wind Report. < https://gwec.net/publications/global-wind-report2/ > ; 2016.
[5] US Department of Energy. 20% wind energy by 2030: increasing wind energy’s
contribution to U.S. Electricity Supply. < https://www.osti.gov/ > ; 2008.
[6] Iowa State engineers design, test taller, high-strength concrete towers for wind
turbines – news service – Iowa State University. < https://www.news.iastate.edu/
news/2013/05/14/concreteturbinetowers > ; 2013.
[7] Jimeno J. Concrete towers for multi-megawatt turbines. Wind Syst Mag 2012:40–5.
[8] Lotfy I. Prestressed Concrete Wind Turbine Supporting System, Civil Engineering
Theses, Dissertations, and Student Research. < http://digitalcommons.unl.edu/
civilengdiss/45 > ; 2012.
[9] The Concrete Center, Concrete Wind Towers: concrete solutions for offshore and
onshore wind farms; 2005.
[10] Thompson BD. Slip formed concrete wind turbine tower. U.S. Patent No. 8,281,546;
2012.
[11] Quilligan A, O’Connor A, Pakrashi V. Fragility analysis of steel and concrete wind
turbine towers. Eng Struct 2012;36:270–82. https://doi.org/10.1016/j.engstruct.
2011.12.013.
[12] LaNier MW. LWST Phase I project conceptual design study: Evaluation of design
and construction approaches for economical hybrid steel/concrete wind turbine
towers; June 28, 2002–July 31, 2004 (No. NREL/SR-500-36777). National
Renewable Energy Lab; 2005.
[13] Mehta PK, Burrows RW. Building durable structures in the 21st century. Concr Int
2001;23:57–63.
[14] Abbas S, Nehdi ML, Saleem MA. Ultra-high performance concrete: mechanical
performance, durability, sustainability and implementation challenges. Int J Concr
Struct Mater 2016;10:271–95. https://doi.org/10.1007/s40069-016-0157-4.
[15] Kaldellis JK, Apostolou D. Life cycle energy and carbon footprint of offshore wind
energy. Comparison with onshore counterpart. Renew Energy 2017;108:72–84.
https://doi.org/10.1016/j.renene.2017.02.039.
[16] Jin Q, Leung CKY, Yu C. Effective joining method for pseudo-ductile permanent
formwork. Mater Struct 2013;46:345–60. https://doi.org/10.1617/s11527-0129905-3.
[17] ACI Committee 318. Building code requirements for structural concrete (ACI 31808) and commentary, American Concrete Institute; 2008.
[18] Kan LL, Shi HS, Sakulich AR, Li VC. Self-healing characterization of engineered
cementitious composite materials. ACI Mater J 2010;107:617–24.
[19] Li VC, Qian SZ, Zhang H, Keoleian GA. Sustainable Infrastructure With Durable
Fibre Concrete Material, Congress of Concrete: Construction’s Sustainable Option,
Dundee, Scotland; 2008.
[20] Berrocal CG. Chloride Induced Corrosion of Steel Bars in Fibre Reinforced Concrete,
Thesis for the degree of Licentiate of Engineering, Chalmers University of
Technology, Sweden. < http://publications.lib.chalmers.se/records/fulltext/
210374/210374.pdf > ; 2015.
[21] Shi Xianming, Xie Ning, Fortune Keith, Gong Jing. Durability of steel reinforced
concrete in chloride environments: an overview. Constr Build Mater
2012;30:125–38. https://doi.org/10.1016/j.conbuildmat.2011.12.038.
[22] Li VC. Engineered Cementitious Composites (ECC) – material, structural anddurability performance. In: Nawy E, editor. Concrete Construction Engineering
Handbook. 2nd ed.CRC Press; 2008. < http://hdl.handle.net/2027.42/84661 > .
[23] Lewin TJ. An investigation of design alternatives for 328-ft (100-m) tall wind turbine towers, Graduate Theses and Dissertations. < https://lib.dr.iastate.edu/etd/
12256 > ; 2010.
[24] The Concrete Center, Concrete Towers for Onshore and Offshore Wind Farms:
Conceptual Design Studies, Camberley, Surrey; 2007.
[25] Harte R, Van Zijl GPAG. Structural stability of concrete wind turbines and solar
chimney towers exposed to dynamic wind action. J Wind Eng Ind Aerodyn
2007;95:1079–96. https://doi.org/10.1016/j.jweia.2007.01.028.
[26] Karpat F. A virtual tool for minimum cost design of a wind turbine tower with ring
stiffeners. Energies 2013;6:3822–40. https://doi.org/10.3390/en6083822.
[27] Wang S. Micromechanics based ECC matrix design Ph.D. thesis University of
Michigan; 2005.
[28] ASCE/SEI 7-10, Minimum design loads for buildings and other structures. < http://
doi.org/10.1061/9780784412916 > ; 2010.
[29] TC 88 - Wind energy generation systems, IEC 61400-1 – wind turbines – Part 1:
Design requirements; 2010.
[30] Precast/Prestressed Concrete Institute. Guide for the design of prestressed concrete
poles. PCI J 1997;42:94–137. < http://www.pci.org > .
[31] ACI Committee 307. Design and construction of reinforced concrete chimneys (ACI

multiple microcracks [1,53]. Therefore, for ECC/concrete towers, it is
assumed that multiple microcracks (15 microcracks) occur on the surface with crack widths of 50 μm. Based on Eq. (11), the estimated initiation time of chloride-induced steel corrosion is 41 days for concrete
and 194 days for ECC. Therefore, the introduction of ECC layer can
increase the tower’s service life by four times before repair is needed
[25]. However, this estimation does not take into account the combined
effects of crack width evolution and chloride diffusion. For future work,
a numerical approach must be developed to accurately estimate the
duration of this initiation phase for concrete. The current analysis also
does not account for the fact that corrosion associated with larger
cracks in concrete tend to reduce the effective diameter of steel reinforcement much more than the slight and spread-out effect of corrosion associated with microcracks in ECC [54].
As a result, the inclusion of ECC layers can drastically delay the
initiation of chloride-induced corrosion and increases the tower’s service life. As discussed in Section 2, there is potential that the mild steel
reinforcement could be completely eliminated through the introduction
of ECC layers. In this case, the chloride-induced deterioration of wind
turbine towers could be fundamentally eliminated. The ECC/concrete
tower systems enables its potential for the reuse of the tower for extended service life [55]. This system could also be beneficial in wind
turbine foundations, especially when they are subjected to crack-induced deteriorations [56].
5. Conclusions and future works
This paper presents preliminary design results for concrete wind
turbine towers using different materials: normal strength concrete
(NSC), high strength concrete (HSC), and two types of Engineered
Cementitious Composites (ECCs). The results show that the ECC layer
poses nonconsequential effects on the tower design and material consumption even with a lower elastic modulus compared to concrete
materials. When subject to a chloride-induced deterioration, the hybrid
ECC/concrete wind turbine towers show longer service lives than
concrete ones. Due to ECC’s exceptional ductility and excellent cracking
and fatigue resistance, which extends the duration of the initiation
phase, added ECC layers have the potential to completely remove mild
reinforcement for cracking control. This addresses any concerns that
ECC layers may compromise structural performance despite its superb
contribution to a tower’s durability.
This paper also quantitatively demonstrates that HSC makes tall
wind turbine towers more efficient by saving up to 20% construction
material while meeting the design requirements. In the future study, a
comprehensive design and optimization of the hybrid HSC/ECC wind
turbine tower should be a priority and the project can be geared towards designing a prototype of this type of hybrid towers. A cost-benefit
analysis, including cost, availability, serviceability, and constructability
of ECC materials for constructing ECC protective layers should be studied further to comprehend the feasibility of using ECC protective
layers on tall concrete wind turbine towers.
Acknowledgements
This research is supported by the Electric Power Research Institute
(EPRI) under Agreement No. 10004070 to the University of Michigan.
6

Engineering Structures 196 (2019) 109338

Q. Jin and V.C. Li
307-98); 1998.
[32] Nicholson JC. Design of wind turbine tower and foundation systems: optimization
approach Master of Science thesis University of Iowa; 2011. < https://doi.org/10.
17077/etd.bhnu76gr > .
[33] Telford T. CEB-FIP model code 1990: design code; 1993.
[34] Paredes JA, Barbat AH, Oller S. A compression–tension concrete damage model,
applied to a wind turbine reinforced concrete tower. Eng Struct 2011;33:3559–69.
https://doi.org/10.1016/j.engstruct.2011.07.020.
[35] Wille K, Naaman AE, Parra-Montesinos GJ. Ultra-high performance concrete with
compressive strength exceeding 150 MPa (22 ksi): a simpler way. ACI Mater J
2011;108:46–54. https://doi.org/10.14359/51664215.
[36] ASTM A416/A416M. Standard Specification for Low-Relaxation, Seven-Wire Steel
Strand for Prestressed Concrete. < http://doi.org/10.1520/A0416_A0416M-18 > .
[37] ASTM A615/A615M, Standard Specification for Deformed and Plain Carbon-Steel
Bars for Concrete Reinforcement. < http://doi.org/10.1520/A0615_A0615M18E01 > .
[38] Negm HM, Maalawi KY. Structural design optimization of wind turbine towers.
Comput Struct 2000;74:649–66. https://doi.org/10.1016/S0045-7949(99)
00079-6.
[39] Jha AR. Wind turbine technology. CRC Press; 2017.
[40] Van der Hoven I. Power spectrum of horizontal wind speed in the frequency range
from 0.0007 to 900 cycles per hour. J Meteorol 1957;14:160–4. https://doi.org/10.
1175/1520-0469(1957)014<0160:PSOHWS>2.0.CO;2.
[41] Holmes JD. Wind loading of structures. CRC Press; 2017.
[42] Herrera RI, Vielma JC, Ugel R, Alfaro A, Barbat A, Pujades L. Seismic response and
torsional effects of RC structure with irregular plant and variations in diaphragms,
designed with Venezuelan codes. WIT Trans Built Environ 2013:85–96. https://doi.
org/10.2495/ERES130071.
[43] Prowell I, Elgamal A, Romanowitz H, Duggan JE, Jonkman J. Earthquake response
modeling for a parked and operating megawatt-scale wind turbine (No. NREL/TP5000-48242). National Renewable Energy Lab; 2010.
[44] Harrison R, Hau E, Snel H. Large Wind Turbines: Design and Economics. Wiley;

2001.
[45] Balazs GL, Eligehausen R. Cracking behaviour under non-monotonic loading-literature review; 1992.
[46] Dong J, Zhao Y, Wang K, Jin W. Crack propagation and flexural behaviour of RC
beams under simultaneous sustained loading and steel corrosion. Constr Build
Mater 2017;151:208–19. https://doi.org/10.1016/j.conbuildmat.2017.05.193.
[47] Mak MWT, Desnerck P, Lees JM. Corrosion-induced cracking and bond strength in
reinforced concrete. Constr Build Mater 2019;208:228–41. https://doi.org/10.
1016/j.conbuildmat.2019.02.151.
[48] Crank J. The mathematics of diffusion. Oxford University Press; 1979.
[49] Jin VC, Xu Q, Li M. Life cycle analysis of hybrid tall ECC/concrete wind turbine
towers using various ECC mix designs; in Preparation.
[50] Glass GK, Buenfeld NR. The presentation of the chloride threshold level for corrosion of steel in concrete. Corros Sci 1997;39:1001–13. https://doi.org/10.1016/
S0010-938X(97)00009-7.
[51] Costa A, Appleton J. Chloride penetration into concrete in marine environment –
Part II: Prediction of long term chloride penetration. Mater Struct 1999;32:354–9.
https://doi.org/10.1007/BF02479627.
[52] Sahmaran M, Li M, Li VC. Transport properties of engineered cementitious composites under chloride exposure. ACI Mater J 2007;104:604–11.
[53] Qian SZ, Li VC, Zhang H, Keoleian GA. Life cycle analysis of pavement overlays
made with engineered cementitious composites. Cem Concr Compos
2013;35:78–88. https://doi.org/10.1016/j.cemconcomp.2012.08.012.
[54] Sahmaran M, Li VC, Andrade C. Corrosion resistance performance of steel-reinforced engineered cementitious composite beams. ACI Mater J 2008;105:243–50.
[55] Rebelo C, Moura A, Gervásio H, Veljkovic M, Simões da Silva L. Comparative life
cycle assessment of tubular wind towers and foundations – Part 1: Structural design.
Eng Struct 2014;74:283–91. https://doi.org/10.1016/j.engstruct.2014.02.040.
[56] McAlorum J, Perry M, Fusiek G, Niewczas P, McKeeman I, Rubert T. Deterioration
of cracks in onshore wind turbine foundations. Eng Struct 2018;167:121–31.
https://doi.org/10.1016/j.engstruct.2018.04.003.

7

