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Abstract 

Based on the conceptual design of an advanced wind turbine tower system, use of ultra‑high‑performance cementi‑
tious composites material with compressive strength of 200 MPa (UHPC‑200) is proposed to ensure high durability 
and ductility of the UHPC hybrid wind turbine tower. Key design parameters are proposed for the structural design of 
a 3‑MW wind turbine. The material properties, mixing compositions, simplified constitutive relationship, and model 
parameters are outlined. Using nonlinear finite element analysis, the effects of wall thickness, wall thickness ratio, 
and prestressing tendon on the structural performance including the longitudinal stress field, lateral displacement, 
stress concentration at the transition zone between the middle and bottom segments are evaluated. Based on the 
stress‑field analysis, the design limitation of the segmental wall thickness and its ratio is recommended. The numerical 
results show that the tower with the wall thickness ratio of 2:3 (i.e., thickness 200–300 mm) with prestressing tendons 
is an optimal design for the UHPC hybrid tower. The results of this study can be used as a reference for the engineer‑
ing design of a new type of UHPC hybrid wind turbine tower.
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1 Introduction
Developing renewable energy has been the main focus 
of many related institutions to cope with the ongo-
ing climate crisis in recent times (IEA, 2019; Li et  al., 
2021). Along with other sources of clean and renewable 
energy, such as atomic, geothermal, solar, and hydraulic 
energy, the wind has played an essential role in energy 
production because of its vast potential to offer (Sador-
sky, 2021). The commercial-scale rated turbine towers, 
with 10 to 50 kW up to 10 MW of power, require higher 

height and larger dimensions of support components to 
increase the size of turbine tower systems (Lana et  al., 
2021). Wind turbine towers need to be designed to place 
the power generation facilities at the optimal height to 
access a stable wind energy source, and strength, stiff-
ness, and stability of tower sections are the important 
factors in the design (Pons et al., 2017). When the natu-
ral frequency of the tower structure matches with the 
rotational frequency of wind turbine blades and the 
blade-passing frequency, the resonance would result in 
the excessive deformation of the structure and conse-
quently cause severe damage to it (Bernuzzi et al., 2021). 
In order to avoid such resonance, the tower frequency 
should range in between the blade-rotational frequency 
(1P) and blade-passing frequency (3P) or the soft–stiff 
range (CEC5008, 2018; LaNier, 2005). Furthermore, the 
requirement for high-rise structures limits the maxi-
mum deformation of the tower to be less than 1% of the 

Open Access

International Journal of Concrete
Structures and Materials

Journal information: ISSN 1976‑0485 / eISSN 2234‑1315

*Correspondence:  20sf33382@stu.hit.edu.cn; soonpil.kang.ks@nps.edu

2 Key Lab of Structures Dynamic Behavior and Control of China, Ministry 
of Education, Harbin Institute of Technology, Harbin 150090, China
6 Department of Applied Mathematics, Naval Postgraduate School, 
Monterey, CA 93943, USA
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-6306-7507
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40069-022-00542-8&domain=pdf


Page 2 of 13Wu et al. Int J Concr Struct Mater           (2022) 16:52 

total height of the structure (GB503135, 2019). In addi-
tion, the optimization of the shape and sizes of turbine 
tower structure is significantly important because the 
cost of the structure is about 20–30% of the overall price 
(Blanco, 2009; Jin & Li, 2019).

When the tower height exceeds 90 m, there are several 
obstacles that come to the manufacturing process for the 
steel section, such as the large thickness of over 40 mm, 
higher cost, and lower durability for fatigue and corro-
sion. Additionally, although the practical tower section 
diameter for highway transportation is limited to 4.5 m, 
larger segmental sizes are inevitable to produce the sup-
porting structures of megawatt (MW) degree wind tur-
bines (Quilligan et  al., 2012). To bypass the highway 
transportation limitations and to develop durable and 
ductile tower structures, developing a hybrid tower with 
precast tapered section using cementitious material and 
short steel tapered conical part can be one of the prom-
ising design alternatives. Ultra-high-performance con-
crete (UHPC) is viable option of construction material 
for tower or mast structure due to its better performance 
in terms of fatigue and durability than normal concrete 
(Jammes & Cespedes, 2012). In this study, by implement-
ing the concept of prefabricated UHPC segmental assem-
bling technology and external prestressing system, the 
durability, ductility, and overall structure performance of 
a new generation of light-weight high-performance wind 
turbine tower structure are analyzed.

The UHPC material is formed by admixing short and 
thin steel fibers, high-strength cementitious matrix, and 
mineral admixtures with a special mixing technique 
and curing system (Fehling et al., 2014). UHPC exhibits 
high mechanical and durability properties with com-
pressive strength in the range of 80–400  MPa, tensile 
strength ranging from 10 to 30 MPa, and elastic modu-
lus of 40–50 GPa (Jing, 2013; Shafieifar et al., 2017). The 
superior performance of UHPC enables replacing the 
normal-strength concrete and high-strength concrete in 
future designs (Wu et al., 2009). Similarly, Soliman et al., 
(Soliman & Tagnit-Hamou, 2016) studied the mechani-
cal and microstructural properties of a green ultra-high-
performance glass concrete (UHPGC) with compressive 
strength up to 220  MPa, and observed that the proper-
ties were significantly improved when nonabsorptive 
glass-powder (GP) was used to replace the cement and 
quartz powder. Farzad et al. (Farzad et al., 2019) experi-
mentally and numerically characterized the bond perfor-
mance between concrete and overlaying regular concrete 
or UHPC layers. A review study by Li et  al. (Hernan-
dez-Estrada et  al., 2019) and Matika et  al. (Sritharan & 
Schmitz, 2013) showed that UHPC increases the strength 
and mass since UHPC barely contains water, chemical 
substances, and carbonation due to its low permeability 

and, therefore, corrosion of steel and alkali-silica reac-
tion are retarded. This feature of UHPC also increases 
the relative dynamic modulus due to the accompanied 
freeze–thaw cycle effect. Such advantages enable UHPC 
to be used in severe environmental conditions. How-
ever, UHPC has not been frequently used in wind turbine 
tower structures, and further studies on various types of 
admixtures and cementitious materials are needed.

Hernandez-Estrada et  al. (Hernandez-Estrada et  al., 
2019) provided a detailed review of loads actuating inter-
nal forces, techniques of structural analysis, widely used 
software, and some validation methods for implementa-
tion of a turbine tower. De Lana et al. (Lana et al., 2021) 
presented an optimization method to design structures 
of the tapered prestressed concrete tower and an octag-
onal tower by addressing the dynamic characteristics of 
the structures and using computer-aided engineering 
techniques and genetic algorithms. Sritharan et  al. (Sri-
tharan & Schmitz, 2013) presented a design alternative 
to conventional conical tower segments, using precast 
UHPC segments connected by high-strength bolts and 
post-tensioning tendons at the critical sections of turbine 
towers. Jammes et al. (Jammes & Cespedes, 2012) carried 
out a two-stage feasibility study of UHPC turbine tower 
where they adopted the finite element analysis based on 
the beam theory to design a global geometrical shape, 
and then employed shell elements to evaluate the local 
behavior of shells under service and ultimate load states. 
Recently, cementitious materials often supplanted steel 
in constructing precast concrete wind turbine towers to 
reduce the overall cost. The larger mass of the concrete 
towers has been a major technical issue, although they 
have the greater stiffness due to large thickness.

In the design of a super tall hybrid tower, the composi-
tion of wall thickness at each segment affects the overall 
structural response and stress distribution of the tower 
structure. Thus, in the present study, the effects of wall 
thickness, wall thickness ratio, and use of prestressing 
force on the structural behavior including the stress and 
lateral displacement distributions along the height of the 
super tall hybrid tower were investigated. The present 
study focuses on the static behavior of the structure by 
assuming that the natural frequencies of the structure are 
distanced from the rotor or blade-passing frequencies, 
thereby, the dynamic effects due to resonant interaction 
are minimal. Finite element analysis was performed to 
evaluate the structural behavior of the towers with the 
wall thickness ratio of 2:3 at the bottom and middle parts 
(i.e., 200–300  mm, 140–210  mm, and 100–150  mm in 
Fig. 1), and wall thickness ratio (i.e., 1:2, 2:3, and 5:6 with 
the thickness of 100–200  mm, 200–300  mm, and 200–
240 mm, respectively). Based on the numerical results, a 
series of regression relationships between the structural 
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response and main design parameters were proposed for 
the preliminary design of tower. In conclusion, the UHPC 
turbine tower was recommended as a viable alternative 
for steel and normal-strength concrete tower based on 
the analysis results on the overall structural performance 
of H120 tower under rated wind speed.

2  Proposed Design for UHPC Hybrid Tower
This section provides an insight into the effects of the 
main technical parameters of 3  MW wind turbine sys-
tem used in designing a high-performance hybrid tower 
structure. The details of design can be found in the litera-
ture (Engstroem et al., 2010). The tower is 120 m in height 
with three parts, including upper steel cylindrical seg-
ment, middle UHPC conical segment, and bottom UHPC 
tapered cylindrical part, as shown in Fig.  1. The upper 
steel cylindrical segment is 2  m in height with a wall 
thickness of 20 mm. The middle and bottom UHPC parts 
are 118 m in height in total, which are assembled by sev-
eral prefabricated UHPC segments. The middle part has 
a clear height of 98 m, and its wall thickness varies from 
100 to 200 mm. Its top surface is connected to the cylin-
drical steel segment. The height of the bottom tapered 
cylindrical segment is 20  m, and the local wall thick-
ness varies from 150 to 300 mm. Every two parts are tied 
together using bolt connectors and external prestressing 
tendons at their interface (Fig.  1). Larger segments in 

the bottom and middle parts are subdivided into several 
UHPC longitudinal prefabricated segments to fulfill the 
width requirement for highway transportation.

The bottom part is composed of 4 segments, while 
the middle part is composed of 23 segments. The design 
height of 23 segments is uniformly 5 m. The adjacent seg-
ments are connected using flexible interval bolts. Each 
UHPC segment is formed along the rib ring, through 
which external prestressing tendons are perforated from 
the top to bottom. The diameters of the top and bottom 
of the tower are 3 and 12 m, respectively. Evenly spaced 
12 holes are placed along the ring rib. Eight holes among 
them are filled by prestressing tendons, and six strands 
are arranged in each hole. The bolt connectors are placed 
at the remaining four holes.

3  Loads and Material Properties
The design loads on wind turbines include self-weight of 
tower, turbine weight, flexural moment due to the eccen-
tricity of the top mass, horizontal thrust on wind wheel 
by wind, and the distributed wind load on tower (LaNier, 
2005). It is noted that this study focuses on the load-car-
rying capacity and stress distribution of the tower struc-
ture under static loading.

Fig. 1 Main part and detailed local diagram of the tower.
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3.1  Design Parameters of Material
UHPC with compressive strength of 200 MPa, denoted as 
UHPC-200, is employed to design an ultra-high-perfor-
mance hybrid turbine tower in this study. Detailed infor-
mation of the mix proportion of UHPC-200 can be found 
in the literature (Wu et  al., 2013), and the mixing tech-
nique and consecutive model of UHPC are presented in 
the literature (Wu et al., 2012).

According to the results of the uniaxial tensile test and 
cylinder splitting test, the tensile strength of the UHPC-
200 increases to 25 MPa (Wu et al., 2013). For a simplified 
design, the value of the initial cracking strength is consid-
ered 6 MPa, which depends on design parameters, such 
as the volume ratio of steel fiber. The tensile strength of 
UHPC is approximately 6 to 8 times the tensile strength 
of the normal-strength concrete (NSC). The strain hard-
ening effect of UHPC is neglected in this study.

Fig.2 shows the simplified stress–strain relationship 
of UHPC proposed by FHWA Report (Federal High-
way  Administration, 2006). The values of material 
properties are listed in Table 1. The material properties 
of prestressing tendons are listed in Table 2. Based on 
the wall thickness ratio of the tower, the analysis model 
is denoted as 200-300WTT, which indicates the analy-
sis model having a wall thickness ratio of 200–300 mm.

3.2  Top Concentrated Load Under Rated Wind Speed
The wind turbine tower can be simplified as a cantile-
ver beam with tapered cross-section according to the 
force analysis. The cantilever beam structure is sub-
jected to distributed wind load, concentrated load at 
the top caused by the self-weight of engine room, hub, 
and nacelle, and the top concentrated moment caused 
by the eccentricity of the concentrated load (Zhao & Lv, 
2009). As shown in Fig. 3a, the x-axis is the rotational 
axis of turbine wheel. The nacelle and turbine generator 
rotates with respect to z-axis. The y-axis is determined 
by the right-hand rule (Vorpahl & Popko, 2013).

In Fig. 3, Fx is the aerodynamic thrust on wind wheel, 
Fy is the pulsating force on the laminas, Fz is the axial 
compression force along the tower, Mx is the pitching 
moment due to the wind wheel and engine, My is the 
pitching moment resulted from the gradient of wind-
load profile, and Mz is the torsion transferred from the 
wind wheel. The computed values for the concentrated 
loads at the top of the tower from the literature (Zhao 
& Lv, 2009) are summarized in Table 3.

The value of the wind design load on unit area of 
high-rise structures can be calculated following the 
guidelines (GB50135, 2019). The resulting value is equal 
to 222.8  N/m2 for the hybrid tower under rated wind 
load.

4  Modeling of Hybrid Tower
A numerical analysis was performed on the UHPC hybrid 
tower structures with various wall thickness ratios at the 
bottom and middle segments. The geometric proper-
ties of the tower section are shown in Table 4. The finite 
element (FE) method was employed to model the tower 
structure, which was implemented using ABAQUS (Lee 

ε
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Ucf

Ucuε
Utuε
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Fig. 2 Simplified stress–strain relation of UHPC.

Table 1 Parameters for the simplified constitutive model of UHPC.

Parameter Tensile 
cracking 
strength 
(fUt,1st)

Tensile 
cracking strain 
(εut,1st)

Ultimate 
tensile 
strength (fUtu)

Ultimate 
tensile strain 
(εUtu)

Elastic 
modulus (E)

Poisson’s ratio 
(μ)

Compressive 
strength (fUc)

Ultimate 
compressive 
strain (εUcu)

Value 6–8 MPa 0.0001 15 MPa 0.0025 45 GPa 0.18 200 (MPa) 0.0036

Table 2 Properties of prestressing tendon.

Diameter of prestressing tendon 15.2 mm (1×7)

Ultimate tensile strength 1860 MPa

Density 7850 kg/m3

Elastic modulus 1.95 ×  105

Poisson’s ratio 0.3

Prestressing stress 1231 MPa
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et al., 2020). First, the effect of wall thickness on the over-
all stress distribution of the UHPC tower was investigated 
using three tower models with the wall thickness range 
of 200–300 mm, 140–210 mm, and 100–150 mm (i.e., a 
fixed wall thickness ratio of 2:3). Second, the distribution 
of stress and deformation in the tower model was inves-
tigated according to wall thickness ratios (i.e., 1:2, 2:3, 
and 5:6, where the wall thickness was 100–200 mm, 200–
300  mm, and 200–240  mm, respectively). Each section 
has 8 holes, and 6 equal prestressing tendons are placed 
at each hole. The total number of tendons is 48 at each 
section. The density of the tendon is 7850 kg/m3, and the 
ultimate tensile strength is 1860 MPa. The coefficient for 

thermal expansion is 1.263 ×  10–5. The elastic modulus 
and Poisson’s ratio are 195 GPa and 0.3, respectively. The 
controlled prestressed tensioning force of 1231 MPa (i.e., 
0.65 fptk, which satisfies the code requirement of 0.7 fptk 
(GB50010, 2011)) is applied to the tendons.

The tower is divided into seven parts, in which parts 1 
to 4 are the segments of the bottom part, and part 5 is the 
whole segment of the middle part. Prestressing tendons 
and prestressing bolts are numbered as part 6 and part 
7, respectively. For finite element modeling, the UHPC 
parts 1 to 5 are discretized using three-dimensional four-
node tetrahedral solid elements, while the prestressing 
bar parts 6 and 7 are discretized using the truss elements. 
The input values for the failure parameters of UHPC-200 
are given in Table  5, which are the same as the default 
values of concrete plastic damage model in ABAQUS. In 
Table 5, Ratio 1 indicates the ratio of the ultimate biaxial 
compressive stress to the uniaxial compressive ultimate 
stress, Ratio 2 indicates the absolute value of the ratio 
of uniaxial tensile stress at failure to the uniaxial com-
pressive stress at failure, Ratio 3 indicates the ratio of 
the magnitude of a principal component of plastic strain 
at ultimate stress in biaxial compression to the plastic 
strain at ultimate stress in uniaxial compression, and 
Ratio 4 indicates the ratio of the tensile principal stress 
value at cracking in plane stress, when the other nonzero 

(a) Top concentrated loads (b) Simplified model of tower structure
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Fig. 3 Coordinate system of tower.

Table 3 Loads on the top of the tower.

Loads Fx (kN) Fy (kN) Fz (kN) Mx (kNm) My (kNm) Mz (kNm)

763.0 8.4 2077.6 4116.0 2376.5 282.3

Table 4 Geometric properties of the tower section.

Tower types Tower top 
diameter 
(m)

Top cross-
sectional 
area  (m2)

Tower base 
diameter 
(m)

Base cross-
sectional 
area  (m2)

200‑300WTT 3 2.545 12 11.02

140‑210WTT 3 1.841 12 7.78

100‑150WTT 3 1.343 12 5.58

200‑240WTT 3 2.081 12 8.87

200‑300WTT 3 2.545 12 11.02

100‑200WTT 3 1.759 12 7.41
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principal stress component is at the ultimate compres-
sive stress value, to the tensile cracking stress under uni-
axial tension. Table 6 lists the values for the plastic stress 
and strain in the damaged plasticity model that can be 
obtained from the simplified tension stress–strain model 
(Fig.  2), in which, σ/fUt,1st is the ratio of the remaining 
stress to the tensile stress, and ε—εUt,1st is the residual of 
strain for the tensile strain.

The numerical analysis was performed in two steps (Lee 
et  al., 2020). In the first step, the bars were prestressed 
in tension by means of the thermal strains created using 
the predefined temperature method. In the next step, the 
external loads were applied to the prestressed system. For 
modeling interactions of the segments, the tie constrain 
was imposed at the interface of the segments by assum-
ing no tensile strain in concrete due to the prestressing. 
All the displacement components were fixed at the base 

during the loading. The gravity load, longitudinal distrib-
uted wind load, and concentrated loads at the top of the 
tower were applied to the tower. The concentrated loads 
include three components of the concentrated axial force 
and moments (Fig. 3). The mesh was generated using the 
methods of structured and sweep edges to consider the 
large dimension of the tower (Fig. 4) (Chen et al., 2014; 
Gu, 2009).

5  Analysis of the Tower Under Rated Wind Load
5.1  Effect of Wall Thickness
Fig. 5 compares the distribution of the longitudinal Mises 
stress on the windward and leeward sides of the tower 
in accordance with the wall thickness (i.e., towers 200-
300WTT, 140-210WTT, and 100-150WTT with a fixed 
wall thickness ratio of 2:3). On the windward side, the 
similar patterns of stress distribution are observed in 
towers 140-210WTT and 200-300WTT, while the stress 
distribution in tower 100-150WTT deviates from the 
other two cases because of its lower stiffness (Fig.  5a). 
Because the tapered section decreased the inertia of 
the moment along the tower height, the tensile stress 
increased linearly along the tower height until 40 m, but 
it starts decreasing from 40  m height due to the effect 
of prestressing force. The tensile stress along the tower 
height in towers 140-210WTT and 200-300WTT nearly 
vanishes at around 100  m, and the compressive stress 
rapidly increased. In tower 100-150WTT, the boundary 
of the tension and compression zones lies around 60  m 

Table 5 Ratio of failure parameters for UHPC‑200.

Ratio 1 Ratio 2 Ratio 3 Ratio 4

1.16 0.09 1.28 0.033

Table 6 Tension plasticity of UHPC‑200.

σ/fUt,1st 1 1 0

ε—εUt,1st 0 0.0024 0.0025

Fig. 4 Analysis model of the UHPC tower.
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in height. The maximum tensile stress on the windward 
side was 5.25  MPa, which is within the range of tensile 
strength of the used UHPC material. Thus, the tensile 
crack would not occur on this side.

As shown in Fig. 5b, only compressive stress developed 
on the leeward side of the towers. The compressive stress 
increases linearly along with the height until 40 m along 
the tower height. The stress distribution between 40 and 
100  m was relatively smooth. For towers 200-300WTT 
and 140-210WTT, the maximum compressive stress of 
about 13 and 20  MPa occurred in this region, respec-
tively. The maximum compressive stress in tower 100-
150WTT was about 30 MPa at the height of 80 m. The 
tower structure was in a compression state with its maxi-
mum value of about 30 MPa, which was significantly less 
than the compression strength of UHPC material. Thus, 
the compression failure would not occur in this test case. 
As the tower thickness increased, the tensile and/or com-
pressive stress decreased.

Fig. 6 compares the lateral displacement of three tower 
models along with height. The maximum displacement 
occurred at the top for all tower models. The profiles of 
the lateral displacement depict the flexural behavior of 
the towers. As the wall thickness increased, the lateral 
displacement of the tower decreased. The lateral dis-
placement was relatively small from the base to 50  m 
height in all the tower models, and increased significantly 
beyond the height of 50  m. Such result is attributed to 
the nonuniform load and stiffness along the height. The 
allowable deformation at the top of the tower is typically 
about 0.5–0.8% of the tower height, approximately 600–
960 mm. The analysis results showed that the maximum 

lateral displacement of towers 100-150WTT, 140-
210WTT, 200-300WWT were 855.1, 637.8, 461.4 mm at 
tower top, respectively, which satisfied the deformation 
requirement.

Fig.  7 shows the non-dimensionalized tensile stress 
(σ/fUtk) and the non-dimensional lateral displacement 
(u/umax) on the windward side of the tower with vari-
ous wall thicknesses, In this figures, σ is the maximum 
compressive stress; fUtk is the specified tensile strength 
of UHPC (= 6 MPa for UHPC-200); u is the lateral dis-
placement at the tower top; and the umax is the allowa-
ble lateral displacement at the tower top in design code 

Fig. 5 Stress distribution of UHPC segment in towers with various wall thickness.

Fig. 6 Displacement distribution of UHPC segment in towers with 
various wall thickness.
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(GB50135, 2019). Based on the computed results, the 
regression curves of the tensile stress and lateral displace-
ment are established as a function of the wall thickness in 
the tower with the wall thickness ratio of 2:3:

where tw is the wall thickness in mm (= 100 to 200 mm 
in this study); and umax is the maximal allowable lateral 
displacement (= 960 mm in this study).

5.2  Effect of Wall Thickness Ratio
To investigate the effect of wall thickness ratio, three 
tower models with different thickness ratios, 100-
200WTT, 200-300WTT, and 200-240WTT, are chosen. 
Their wall thickness ratio is 1:2, 2:3, and 5:6, respectively. 
Fig. 8 compares the distribution of the longitudinal Mises 
stress on the windward and leeward sides of the towers.

On the windward side, the tensile stress linearly 
increased along with the height from the base to 40  m 
(Fig. 8a). In towers 200-300WTT and 200-240WTT, the 
tensile stress slightly decreased in the range of 40–80 m, 
and it became compressive stress at the height of about 
80 m. In tower 100-200WTT, the maximum tensile stress 
was greater than 5 MPa, and the stress became compres-
sion at the height of 60  m. As the wall thickness ratio 
increased from 1:2 to 2:3, the tensile stress distribution at 
the windward side did not change significantly. However, 
when the wall thickness ratio increased from 2:3 to 5:6, 
the tensile stress decreased by 2.06 MPa at 40 m height.

(1)
σ

fUtk
= 1.725− 0.0056tw ≤ 0.933,

(2)
u

umax

= 0.3356− 0.0011tw ,

As shown in Fig.  8b, the stress distribution on the 
leeward side was in compression through the height 
regardless of the wall thickness ratio. The compressive 
stress increased gradually until the height of 20  m, and 
rapidly increased between 20 and 40  m, particularly in 
tower 100-200WTT. The stress distribution was rela-
tively smooth between 40 and 100  m where stress was 
governed by axial force rather than flexural moment. The 
maximum compressive stress occurred at the height of 
60 m, which was less than 20 MPa. As the wall thickness 
ratio increased, the compressive stress at the leeward 
side decreased. The discrepancy of the maximum com-
pressive stress between 1:2 and 5:6 wall thickness ratios 
was 5.03 MPa. This is because the smaller wall thickness 
decreases the stiffness, which increases the compressive 
stress.

Fig. 9 shows the lateral displacement along the height 
of the tower with various wall thickness ratios. The lateral 
displacement was relatively small below 50 m in height, 
and significantly increased in the upper region of the 
tower. The displacement curves of towers 200-300WTT 
and 200-240WTT were almost overlapping, and the 
maximum displacement was 461.4 and 450.9  mm, 
respectively, which satisfied the maximum allowable 
displacement of 960  mm. The displacement in tower 
100–200 WTT was greater than that of the other towers, 
showing the maximum value of 830.4 mm, which was less 
than the allowable maximum deformation (i.e., 0.5–0.8% 
of the total height = 600–960  mm). It is noted that the 
tower wall thickness ratio does not significantly affect the 
displacement below 50 m, but it impacts on the top dis-
placement of the towers.
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Fig.  10 shows the non-dimensionalized tensile stress 
(σ/fUtk) and the non-dimensional lateral displacement 
(u/umax) on the windward side of the tower for various 
wall thickness ratios. Based on the computed results, 
the regression curves of the tensile stress and lateral dis-
placement were established as a linear function of the 
wall thickness ratio:

(3)
σ

fUtk
= 1.79− 1.76Rw ,

where  Rw is the wall thickness ratio (= 0.5 to 0.83 in this 
study).

5.3  Effect of Prestressing Tendon
Figs.  11, 12 show the effect of prestressing force on the 
distributions of the longitudinal stress and lateral dis-
placement in tower 200-300WTT that exhibits relatively 
low stress distribution and displacement. As shown in 
Fig.  11a, the maximum tensile stress in the tower with-
out prestressing force was 12.4 MPa under the rated wind 
load, which was greater than the specified tensile strength 
of UHPC (i.e., 6 MPa). The prestressing force decreased 
the maximum tensile stress by more than 50%, while it 
increased the maximum compressive stress simultane-
ously. This result demonstrates that the prestressing force 
reduces the tensile stress effectively, which consequently 
improves the cracking resistance of the hybrid tower.

Fig. 12 compares the lateral displacement distribution 
in the towers with and without prestressing force. The 
lateral displacement was relatively small until the height 
of 50  m, and reached the maximum value of 461.8  mm 
at the height of 118  m. Regardless of the prestressing 
force, the displacement distribution was almost the same 
because the prestressing force contributed to shift the 
stress distribution but did not affect the cross-sectional 
stiffness. This result indicates that the effect of prestress-
ing force on the lateral displacement is negligible because 
the lateral displacement is significantly affected by the 
cross-sectional stiffness. Thus, the prestressing force 

(4)
u

umax

= 0.49− 0.55Rw ≥ 0.12,

Fig. 8 Stress distributions of UHPC segment in towers with various wall thickness ratio.

Fig. 9 Displacement distribution of UHPC segment in towers with 
various wall thickness ratio.
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level needs to be determined from the section stress 
requirement.

To estimate the effect of the prestressing axial compres-
sion on the tensile stress of the section, a generic param-
eter twRwn is introduced, in which, the axial compression 
ratio (n) is defined as follows:

where fpy is the yield strength of prestressing tendon; 
Aps is the total cross-sectional area of the prestressing 
tendon; fUc is the design strength of UHPC (= 95  MPa 

(5)n =
fpyAps

fUcAU
,

for UHPC-200); and AU is the cross-sectional area cor-
responding to the maximum tensile stress zone (= 5.53 
 m2 for 200-300WTT with prestressing) at the height of 
40–50 m (refer to Fig. 11a).

Fig.  13 shows the non-dimensionalized tensile stress 
(σ/fUtk) in accordance with the wall thickness (tw) in mm 
multiplied by wall thickness ratio (Rw) and axial compres-
sion ratio (n), and the non-dimensional lateral displace-
ment (u/umax) in accordance with the wall thickness (tw) 
in mm multiplied by wall thickness ratio (Rw) as defined 

(a) Non-dimensionalized tensile stress (b) Non-dimensionalized lateral displacement 
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in Eqs. (6, 7), respectively. When the twRwn is greater than 
1.58, σ/fUtk is significantly decreased to 0.33 (Fig. 13a). Sim-
ilarly, when twRw is greater than 93.3, u/umax significantly 
decreased to 0.12. It is noted that Eqs. (6, 7) can be used in 
the value of twRwn from 0.85 to 2.82 and in twRw from 50 to 
167, respectively, in this study:

The approximation of the tensile stress in Eq. (6) can be 
used to check the tension limit as follows:

where σallow is the allowable tensile stress. From the above 
relationship, the minimum requirement for n is obtained:

Finally, the minimum requirement for the prestress-
ing–reinforcement ratio can be calculated by considering 
the allowable tensile stress:

(6)
σ

fUtk
= 1.7− 0.49twRwn ≤ 0.933,

(7)
u

umax

= 0.37− 0.002twRw ≤ 0.23.

(8)
σ

fUtk
= 1.7− 0.49twRwn ≤

σallow

fUtk
,

(9)n =
fpyAps

fUcAU
=

fpy

fUc
ρps ≥

3.47− 2.04σallow/fUtk

twRw
.

(10)ρps,min =
3.47− 2.04σallow/fUtk

twRw

(

fUc

fpy

)

.

6  Conclusions
The present study evaluated the effects of wall thick-
ness, wall thickness ratio, and prestressing force on the 
structural behavior of a new-type ultra-high hybrid wind 
turbine tower. The distributions of the longitudinal stress 
and lateral displacement of the towers under various 
design parameters were investigated. The analysis results 
can be a reference for the implementation and engineer-
ing of new-type hybrid wind turbine towers. The primary 
findings can be summarized as follows:

(1) This study focused on a 3-MW wind turbine tower 
as a model tower. The 120-m tower structure is 
composed of several segments (23×5) of ultra-
high-performance concrete (UHPC). Adjacent 
segments are tied using flexible interval bolts, and 
prestressing tendons perforate the segments with 
central ribs through the height. In a word, reinforc-
ing bars are not used in the segments and connec-
tions. Only steel fibers are used in the segments, 
and prestressing tendons are used to connect the 
segments. The diameters of the top and bottom sec-
tions are 3 and 12 m, respectively. The concentrated 
force and moment of a wind turbine are applied to 
the tower top.

(2) The effect of wall thickness on the stress distribu-
tion and joint displacement: the maximum stress 
occurred at the height between 30 and 60 m. The 
maximum tensile stress in 100-200 mm and 200-
240 mm towers reached the first cracking strength 
of UHPC-200. The leeward side of the towers was in 
the compression state. All types of towers exhibited 
larger compressive stress at middle height of the 
tower (40 to 100 m), and as the thickness increased, 
the compressive stress decreased significantly. Thus, 
thicker wall thickness at the middle height zone (40 
to 100 m) enable to reduce the compressive stress 
considerably. Overall, the tower with the wall thick-
ness of 200-300 mm exhibited lower compressive 
stress than the other typed towers.

(3) The effects of wall thickness ratio on the stress dis-
tribution and joint displacement: the stress distri-
bution for all wall thickness ratios showed a similar 
pattern where the compressive and tensile stresses 
were maximized in the middle height. The effect of 
the wall thickness ratio on the displacement at the 
bottom part and the transition zone was negligible.

(4) The effects of prestressing force on the struc-
tural behavior: the prestressing force significantly 
decreased the tensile stress of the tower section, 
while preserving enough safety margin for the 
compressive stress. The tower without prestressing 

Fig. 12 Displacement distributions of UHPC segment in towers with 
and without prestressing.
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exceeds the cracking strength of UHPC in the mid-
dle height from 40 m to 80 m.

(5) According to the overall evaluation of the analysis, 
the tower with the wall thickness ratio of 2:3 (i.e., 
thickness 200-300 mm) with prestressing tendons 
showed better structural performance than the 
other typed towers. Thus, this tower type is recom-
mended for the practical implementation.
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