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A B S T R A C T   

Steel–concrete hybrid towers have been proposed for onshore tall wind turbine tower installations. Their bottom 
sections are built with concrete and top sections with steel. The primary advantages of such hybrid towers 
include construction using low-cost durable material and avoidance of transport barriers associated with all-steel 
towers. In this study, a set of design constraints governing the geometry of hybrid towers was proposed to 
determine the optimal combination of concrete and steel sections. The primary constraint in tower design in
volves avoiding resonance because a resonant response can significantly damage the tower and trigger turbine 
fault conditions. A sensitivity analysis was conducted to explore the correlation between the natural frequency 
and geometry of a tower. The results demonstrated that an increase in the proportion of concrete can lead to a 
pronounced effect on the first modal frequency of taller towers. Additionally, geometric optimisation was per
formed on a 160 m tall tower. This resulted in a 12.7% reduction in the total cost compared with that of the 
initial design.   

1. Introduction 

Wind power is one of the fastest-growing renewable energy tech
nologies worldwide [1]. Wind turbines are typically supported at high 
above-ground levels to harness strong wind resources from available 
sites and provide sufficient rotating space for long blades [2]. Currently, 
industries that utilise wind energy are facing intense price competition 
from industries that utilise traditional fossil energy sources. Strategies 
aimed at increasing hub heights [3–5] have been proposed to maximise 
energy capture per turbine. As the hub heights and turbine sizes in
crease, the support structure should be strengthened by widening the 
tower diameter and increasing the plate wall thickness to resist the 
increasing design force. 

Tubular steel towers are the most common support structures [6–8]. 
As the hub height and weight of the turbines increase, the prefabricated 
steel tower approaches its design limits. The tower diameter is limited to 
4.3 m, which is dictated by the overpass heights of the highways and 
railway lines. Furthermore, the thickening of the plate walls is limited by 
the rolling equipment and fluctuating steel prices. 

Different structural configurations [9–20] have been proposed to 
avoid transport and fabrication challenges in all-steel towers. 

Alternative tower designs may use high strength concrete or ultra-high- 
performance concrete, or can offer more efficient combination of steel 
and concrete, such as concrete filled steel tube. One prevalent approach 
in China is to construct a hybrid tower comprising an upper tubular steel 
section and a lower hollow concrete section, as shown in Fig. 1. The 
steel–concrete hybrid tower (SCHT) offers an opportunity for using low- 
cost material in larger diameter sections. The concrete segments can also 
be precast with transportable sizes to avoid transport challenges asso
ciated with prefabricated steel towers. Hence, it will be more cost- 
effective to use a hybrid design compared to the pure steel tubular op
tion as hub heights become taller and wind turbines become heavier. 

The designing of a SCHT entails structural analysis using a finite 
element model (FEM) [21–27] because of its complex geometry. Paredes 
et al. [21] developed a phenomenological constitutive model to consider 
the gap opening and gap closing effects in the horizontal joints of a 
concrete tower. Ghaemmaghami et al. [22] created fine mesh models to 
evaluate the effectiveness of annular tuned liquid dampers in reducing 
the structural response of a SCHT. Kenna and Basu [23] proposed a 
composite model of shell concrete elements and bar tendon elements to 
investigate the effects of varying key design parameters such as prestress 
and concrete compressive strength. Ma and Meng [24] developed an 

* Corresponding author. 
E-mail address: wangyuhang@cqu.edu.cn (Y. Wang).  

Contents lists available at ScienceDirect 

Structures 

journal homepage: www.elsevier.com/locate/structures 

https://doi.org/10.1016/j.istruc.2021.08.036 
Received 27 July 2021; Received in revised form 9 August 2021; Accepted 9 August 2021   

mailto:wangyuhang@cqu.edu.cn
www.sciencedirect.com/science/journal/23520124
https://www.elsevier.com/locate/structures
https://doi.org/10.1016/j.istruc.2021.08.036
https://doi.org/10.1016/j.istruc.2021.08.036
https://doi.org/10.1016/j.istruc.2021.08.036
http://crossmark.crossref.org/dialog/?doi=10.1016/j.istruc.2021.08.036&domain=pdf


Structures 35 (2022) 1125–1137

1126

optimisation method by employing ABAQUS and a genetic algorithm for 
pure concrete towers. FEM in a commercial software can offer an ac
curate representation of complex tower loading and unloading behav
iour. However, the FEM requires a significant amount of computation 
time and analyses. Hence, it is potentially not practical to conduct a full 
parametric evaluation to realise an optimal design an SCHT. 

Previous studies on tower optimisation [28–35] do not provide 
detailed guidelines for SCHT design. In this paper, a set of design 
equations governing the tower geometry is presented as a replacement 
for an FEM, to rapidly determine the geometric properties of an SCHT at 
the initial design stage. The design constraints can be used with opti
misation algorithms to determine the optimised geometry and satisfy the 
design principles. We conducted sensitivity analyses for the primary 
constraint to explore the effects of the concrete portion on SCHTs of 
different heights. By considering the high sensitivity of the first modal 
frequency to the concrete portion of tall towers, a 160 m high tower was 
selected to illustrate the effectiveness of the geometric optimisation 
framework. 

2. Overview of the hybrid tower 

The SCHT comprises a lower portion built with concrete and an 
upper portion built with tubular steel, as shown in Fig. 2. The advan
tages of using concrete over steel are related to low prices worldwide 
and versatility in terms of production and transport. The steel portion 
comprises different hollow steel sections welded together; the concrete 
portion is constructed by manufacturing hollow components in precast 
plants, which are then transported to the construction site for assembly. 
The concrete portion is erected in situ by stacking precast segments on 
top of each other. This stacking process is similar to that adopted when 
constructing post-tensioned (PT) bridge structures [36,37]. After the 
horizontal joints between the concrete segments are grouted with 
mortar, the concrete portion is clamped together via vertical PT tendons. 

The pre-stressing tendons are the only continuous reinforcements 
between adjacent segments. Hence, they are the only reinforcements for 
providing flexural resistance to the concrete portion of the tower. The 
concrete portion is anchored at the top end in an adapter ring and at its 
bottom end in the foundation. The tendons are initially stressed to a 
level that maintains sufficient force to counteract the tensile stress 
resulting from bending moments under the applied load. Tendons are 
typically arranged symmetrically and externally with respect to the 
concrete wall to avoid torsional effects after stressing. This in turn 
provides easier access to their assembly. 

When designing an SCHT, a number of design cases should be 
considered to include the worst loading conditions in the service limit 
state (SLS), ultimate limit state (ULS), and fatigue limit state (FLS) 
[38–40]. An SCHT is analysed for SLS to ensure its normal use under 
operational loads. Excessive deformations and vibrations that affect 
turbine operations are not allowed according to the design of SLS. 
Furthermore, FLS corresponds to failure due to the effect of dynamic 
loading, and thus, a fatigue analysis is conducted to verify that structural 
components exhibit adequate strength to resist cumulative damage. 
Additionally, the ULS corresponds to the maximum load-carrying 
resistance, and the structural safety of the SCHT is satisfied by 
providing adequate resistance. 

The structural design of an SCHT historically adopts an iterative 
procedure as shown in Fig. 3. Throughout the preliminary phase, a trial 
design is typically selected based on engineering judgement and past 

Fig. 1. On-site photos of hybrid towers in China.  

Fig. 2. Conceptual drawing showing the hybrid tower configuration.  
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experiences with respect to the geometry and size of the components. 
Characteristic values of the material properties are taken in accordance 
with the relevant standards [40,41]. After the load–resistance responses 
of the SCHT are evaluated via FEM simulation [41], tower geometric 
parameters are selected for further dynamic load analysis of the com
plete system using complex software simulations coupled with nonlinear 
structural and fluid dynamic models. Dynamic simulation is excessively 
time-consuming because of the variable wind loading and the 
complexity of the entire system, starting from the wind turbine to the 
support structure. In this design step, a 1D beam model was used to 
represent a complete SCHT system with computational simplicity. 
However, the simple beam model cannot account for local connections 
and does not provide detailed stress distributions. Finally, concrete re
inforcements, local connections, and configurations of the SCHT were 
designed in detail based on the dynamic responses. The geometric pa
rameters of the tower were modified if certain design criteria were not 
satisfied. Any changes in the sizes of the tower components can signif
icantly affect the results of the entire dynamic simulation. Therefore, the 
design of the SCHT was refined and finalised via an iterative trial-and- 
error process. 

3. Geometric design procedure 

A preliminary optimal tower geometry should be selected to avoid 
low efficiency in the iterative empirical procedure described above. We 
proposed to preliminarily determine the geometric parameters of the 
SCHT by using a set of design equations. The five constraints that govern 
complex geometry of hybrid towers include geometric, frequency, top 
deflection, compressive stress, and fatigue constraints. The shear 
constraint was not considered in the framework. This is because shear 
loads are not critical in the design of slender structures and shear 
resistance is primarily affected by certain local configurations such as 
the coefficient of friction across the joints. 

For land-based wind energy technology, the support structure is 
simply a tower that is cantilevered to the ground. Hence, the SCHT can 
be idealised into a clamped-free beam with flexural stiffness m(x) and 
mass n(x) per unit length wherein both parameters vary with respect to 
position × along length L. The flexural stiffness m(x) and mass n(x) per 
unit length are expressed as follows: 

m(x) = mtopδ(x − L)+

⎧
⎨

⎩

ρcAc(x), 0⩽x⩽lc
ρtAt(x), lc⩽x⩽lc + lt
ρsAs(x), lc + lt⩽x⩽L

(1)  

n(x) =

⎧
⎨

⎩

EcIc(x), 0⩽x⩽lc
EtIt(x), lc⩽x⩽lc + lt
EsIs(x), lc + lt⩽x⩽L

(2)  

where mtop denotes the lumped mass at the free end of the beam; and ρc, 
ρt, and ρs denote the material density of the concrete portion, adapter 
ring, and steel portion, respectively. Correspondingly, Ec, Et, and Es 
denote material modulus of elasticity, and lc, lt, and ls denote lengths of 
each portion. A rounded section is the most suitable design for the tower 
from a mechanical perspective because it can resist the same load from 
an arbitrary direction. The area and moment of inertia of an arbitrary 
thin hoop are calculated as follows: 

A(x) =
π[d2

o(x) − d2
i (x)]

4
(3)  

I(x) =
π[d4

o(x) − d4
i (x)]

64
(4)  

where do and di denote outer and inner diameters. 

3.1. Determining the potential tower design space 

Manufacturing and transport limitations are primary challenges in 
building tall wind towers. The geometric constraints applied to the key 
design parameters of the SCHTs are summarised in Table 1. The 
maximum diameter of the steel part is limited to approximately 4.3 m, 
and it is dictated by highway and railway overpass heights. The steel top 
diameter was varied in a small range of 3300–3500 mm to ensure that a 
nacelle can be installed on the top tower section. A maximum thickness 
of 40 mm was assumed for the steel tower given the complexity of the 
thicker steel fabrication. Based on a field investigation of different 
SCHTs in China, the concrete portion was tapered from a diameter of 
5000–10,000 mm at the base to a diameter of 4800–5500 mm at the top 
with wall thickness varying in the range 200–400 mm The length ratio of 
the steel to the concrete portion significantly varied from 0.08 to 1.55. 
The bottom and top diameters of the adapter were selected to connect 
the adjacent steel and concrete sections. An adapter ring with a height of 
1500–2000 mm and thickness of 1500–1800 mm was fabricated from 
concrete and was used to decrease the use of steel. 

3.2. Deriving equations governing free vibrations 

The tower should be designed with sufficient separation between the 
natural frequencies and turbine operational frequencies of the tower. 
The operational frequencies include rotor operational frequency (1P) 
and blade pass frequency (3P for a three-blade turbine). The operational 
speed of the rotor in different multi-megawatt turbines is approximately 
7 to 12 revolutions per minute (rpm) corresponding to a 1P frequency of 
0.12–0.20 Hz. As shown in Fig. 4, the soft–stiff frequency range [4243] is 
adopted as the conventional design range for the SCHTs, which is real
ised by placing the first modal frequency between 1P and 3P excitation 
frequencies. After a minimum of 10% separation was used from the 
operational frequencies, the ranges of the permissible frequency can be 
defined as follows: 

Fig. 3. Flow chart for the design procedure of a hybrid tower.  

Table 1 
Ranges of key tower parameters.  

Concrete base 
diameter/dcb 

Concrete top 
diameter/dct 

Concrete 
thickness/tc 

Steel/concrete 
length ratio/αsc 

5000–10000 mm 5000–5500 mm 200–400 mm 0.08–1.55 
Adapter bottom 

diameter/dab 

Adapter top 
diameter/dat 

Adapter 
thickness/ta 

Adapter height/ha 

Same with dct 400–600 mm 
greater than dsb 

1500–1800 mm 1500–2000 mm 

Steel bottom 
diameter/dsb 

Steel top 
diameter/dst 

Steel bottom 
thickness/tsb 

Steel top 
thickness/tst 

≤4300 mm 3300–3500 mm ≤40 mm ≤40 mm  
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0.22 Hz = f1p+10%⩽f1st⩽f3p− 30% = 0.32 Hz (5) 

The Rayleigh method was previously used for estimating a tower 
with non-uniform flexural rigidity and mass density distribution. It is an 
approximate approach that primarily depends on the assumed deflection 
shape function. Hamilton’s formulation provides the basis for accurately 
describing the dynamic equations of motion and can be expressed as 
follows: 

δ
∫ t2

t1
(T − U)dt = 0 (6)  

where T and V denote kinetic and potential energies of the system, 
respectively. Additionally, δ denotes the first variation operator, and t1 
and t2 denote time intervals. The kinetic energy and potential energy of 
the tower with variable properties are then considered as follows: 

T =
1
2

∫ L

0
m(x)(

∂w
∂t
)

2dx (7)  

V =
1
2

∫ L

0
n(x)(

∂2w
∂x2 )

2dx (8) 

By substituting Eqs. (7) and (8) in Eq. (6), we obtain the following 
expression: 

m(x)
∂2w
∂t2 +

∂2n(x)
∂x2

∂2w
∂x2 + 2

∂n(x)
∂x

∂3w
∂x3 + n(x)

∂4w
∂x4 = 0 (9) 

After using the dot and prime notations to represent partial de
rivatives with respect to t and × , respectively, the equation is expressed 
as follows: 

m(x)ẅ+ n′′(x)w′′ + 2n′

(x)w′′′

+ n(x)w′′′

= 0 (10) 

We assume that the shape of the vibration is under a simple harmonic 
motion, and Eq. (9) can be transformed from a partial differential 
equation to an ordinary differential equation. The solution of Eq. (9) is 
then calculated via separation of variables as follows: 

w(x, t) = ϕ(x)e− iwt (11) 

The equation above represents the harmonic variation of a specific 
shape ϕ(x) with a time-dependent amplitude, in which ϕ(x) denotes a 
function of position x. We substitute this equation into Eq. (10) to obtain 
the following expression: 

[ − m(x)w2 + n′′(x)
d2

dx2 + 2n′

(x)
d3

dx3 + n(x)
d4

dx4]ϕ(x) = 0 (12) 

We consider the non-uniform beam shown in Fig. 2, and its four 
prescribed boundary conditions at × = 0 and × = L are as follows: 

ϕ(0) = ϕ
′

(0) = ϕ′′(L) = 0,
d
dx
[n(x)

d2ϕ(x)
dx2 ]x=L +Mw2ϕ(L) = 0 (13) 

The natural frequencies and modal shapes of the SCHT can be ob
tained by solving the eigenvalue of the equation using the differential 
quadrature method [44,45]. 

3.3. Deriving equations governing top deflections 

Excessive tower deflection can lead to a collision between the 
rotating blades and face of the tower. The maximum horizontal defor
mation Δmax and rotation θmax at the tower top were typically limited to 
1.25% of the tower height and 5◦ [46]. The tower deflections can be 
calculated by implementing a numerical integration, in which a linear 
elastic behaviour was assumed in the structure. The wind loads were 
considered by assuming a concentrated lateral force Ftop and bending 
moment Mtop at the top of the tower. The lateral displacement and 
flexural rotation at the top were derived using the virtual work principle 
as follows: 

Δmax = Ftop(

∫ L

0

M(x)Mp(x)
n(x)

dx) + Mtop(

∫ L

0

M(x)⋅1
n(x)

dx) < 1.25%L (14)  

θmax = [Mtop(

∫ L

0

1⋅1
n(x)

dx)+Ftop(

∫ L

0

1⋅Mp(x)
n(x)

dx)]
180
π < 5 (15)  

where M(x) denotes bending moment in a member owing to a unit 
virtual load, and Mp(x) denotes bending moment produced by the unit 
external load. 

3.4. Checking the compressive stresses of the concrete and steel towers 

An increase in the bending moment that is applied to the concrete 
tower induces an inelastic deformation lumped to the segment-to- 
segment joints. This provides an advantage of decreasing damage to 
the adjacent segments. The normal stresses in the joints primarily 
correspond to three types as follows: pre-stressing, gravity, and applied 
loads. When there are no normal stresses at the outermost perimeter, the 
concrete tower does not behave in a monolithic manner. The opening of 
the joints can result in a significant stiffness reduction and local concrete 
crushing near the compressive region. Hence, gap propagation in joints 
affects global stability of the system and is not allowed at ULS. The 
minimum and maximum normal stresses of each horizontal junction 
should be verified via the following expressions: 

σmin =
Fc(x) + Fpt0

Ac(x)
−

Mc(x)
Ic(x)/[do,c(x)/2]

⩽0 (16)  

σmax =
Fc(x) + Fpt0

Ac(x)
+

Mc(x)
Ic(x)/[do,c(x)/2]

⩽0.9σcd(x) (17)  

where σcd(x) denotes concrete design compressive strength, and Fc(x) 
and Mc(x) denote total vertical force and bending moment acting on the 
concrete position × , respectively. The tendons were placed along the 

Fig. 4. Permissible frequency of the hybrid tower.  
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tapered tower profile. In particular, Fpt0 denotes the vertical component 
of the initial PT force. The bending moment produced by the horizontal 
component of the tendon forces was neglected in the deformed tower 
because it was minimal with respect to Mc(x). 

The steel tower shell subjected to compression was evaluated based 
on the ASCE/AWEA RP2011 standard [47]. The compressive strength of 
the steel section was limited by 

Fs(x)
As(x)

+
Ms(x)

Is(x)/[do,s(x)/2]
⩽σsd (18)  

where σsd(x) denotes steel design compressive strength and corresponds 
to 0.9σcr(x) , and Fs(x) and Ms(x) denote the total vertical force and 
bending moment acting on the steel position × , respectively. For round 
hollow structural sections with diameter-to-thickness ratios (λs) of less 
than 300 and greater than 0.11Es/Fy, the critical strength σcr(x) is 
determined as follows: 

Fcr = [0.038
Es

Fyλs
+

2
3
]Fy,when 0.11

Es

Fy
< λs⩽0.357

Es

Fy
(19)  

Fcr = 0.276
Es

λs
,when 0.357

Es

Fy
< λs⩽330 (20)  

where Fy denotes the specified minimum yield stress of the steel. 

3.5. Checking the tower fatigue strength 

The SCHT is a fatigue-loaded structure due to the varying nature of 
wind. A fatigue assessment is performed to ensure that the SCHT exhibits 
sufficient resistance to fatigue failure during its operational life. The 
fatigue loading is due to the rotating blades of the rotor under opera
tional conditions. Given a typical 20-year service life, the design-life 
number of cycles Nt is as follows: 

Nt = η × nrated × (20 × 365 × 24 × 60[min]) (21)  

where nrated denotes the rated rotor speed of the wind turbine, and η 
denotes wind availability (98.5%) at the chosen site. The resistance 
against fatigue of a critical component is typically expressed in terms of 
the fatigue life curves (S–N curves). The S–N curves were selected based 
on the reference report [9] and standard [48]. The number of loading 
cycles to failure for the steel section (logNs) and concrete section (logNc) 
are expressed as follows: 

logNs = 13.9 − 4logΔSs (22)  

logNc = 14
1 − Ecd,max
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 −

Ecd,min
Ecd,max

√ (23)  

where ΔSs denotes the steel stress range, and Ecd,max and Ecd,min denote 
maximum and minimum concrete compressive stress levels, respec
tively. Fatigue damage is estimated using the Miner’s rule summation. 
The fatigue constraint should comply with the following expression: 

logNt

logNs
− 1 < 0 (24)  

logNt

logNc
− 1 < 0 (25)  

4. Sensitivity analysis of the first modal frequency 

Although avoiding resonance is not a historical constraint for 
building-type structures, it is of primary interest for the tower because it 
constantly sustains operational vibrations of the turbine [49–51]. 
Hence, a sensitivity analysis was performed using the tower free vibra
tion to understand the parameters that exert the highest effect on the 

first modal frequency of SCHTs of different heights. Classes C50 and 
Q355 were used to define section properties of the steel and concrete. 
The steel material was defined using a density of 8500 kg/m3, Poisson’s 
ratio of 0.3, and modulus of elasticity of 206,000 MPa. The steel density 
was increased from a typical value of 7850 kg/m3 to 8500 kg/m3 to 
represent paint and connections that were not considered in tower 
thickness data [52]. The concrete was defined using a density of 2500 
kg/ m3, Poisson’s ratio of 0.2, and modulus of elasticity of 37,000 MPa. 
The weight of the top tower mass was considered as 250 tons for the 
representation of an onshore wind turbine with a capacity of 3–4 MW. 
The hybrid form of construction is frequently offered as an alternative to 
very tall towers that exceed 100 m. Hence, SCHTs with heights corre
sponding to 100, 120, 140, and 160 m were selected for analysis. 

The Latin hypercube sampling (LHS) method can avoid clustering 
and therefore exhibits high efficiency in sampling. The basic idea of the 
LHS is inspired by the concept of “Latin square” from combinatorial 
mathematics [53–55]. It can stratify across the range of each sampled 
variable and ensure that the sampling is distributed at different levels, 
thus reducing the number of realizations required to maintain the 
probability distribution. Hence the LHS is selected to obtain 5000 groups 
of design parameters for each SCHT with different heights. The top 
sections of the concrete portion (dtb = 4500 mm, tct = tcb), adapter ring 
(dab = 4500 mm, tat = tab = 1500 mm), and steel portion (dst = 3500 mm, 
tst = tsb) were fixed in the sampling to avoid a tapered profile with larger 
top sections and smaller bottom sections. Finally, only the following 
design parameters were considered during model updating as follows: 
(1) dcb, (2) tc, (3) αsc, (4) lt, (5) tt, (6) ts, and (7) dsb. Furthermore, ad
justments to the concrete length lc were adopted to account for the ef
fects of the steel/concrete height ratio αsc. All random variables are 
considered as independent and are assumed to obey a uniform distri
bution function. The ranges of parameter dcb, which were selected for 
SCHTs of different heights to maintain the first modal frequency in the 
prescribed range, are presented in Table 2. The upper and lower bounds 
of the other parameters are listed in Table 1. 

The variables in the steel portion and transition portion exert a lower 
impact on the first bending mode than those of the concrete portion, as 
shown in Fig. 5. The first three important variables correspond to pa
rameters lc, tcb, and tsb. The most important variables with respect to the 
first modal frequency vary as tower height increases. The first modal 
frequency is most sensitive to parameter lc for taller towers. However, 
linear correlation coefficients decrease by 4.1 %, 15.4 %, and 103.7 % 
when total tower height decrease from 160 m to 140 m, 120 m, and 100 
m, respectively. For the 100 m high tower, the main effect on the first 
modal frequency was due to parameters tcb and dcb. The highest positive 
linear correlation coefficient was 0.6 for parameter tcb. The comparisons 
suggested that when concrete is used as a partial replacement for steel in 
the lower tower sections, its efficiency increases with the tower height. 

To provide insights into the effects of geometric parameters in the 
concrete portion, rigorous parametric analyses are conducted with 
respect to four different height, as listed in Table 3. When the identified 
parameters were investigated for each ease, other parameters remained 
constant. 

Figures 6 and 7 show the variation in the first modal frequency with 
respect to parameters αsc, tcb, and dcb. Grey points denote the results of 
the sensitivity analysis and are presented for comparison. The non- 
monotonic dependence of the first modal frequency on parameter αsc 
can be counterintuitive, thereby indicating that increases in the pro
portion of concrete on the tower height can decrease the first modal 
frequency. The frequency of vibration for any mode is related to the 
generalised stiffness (k* =

∑
n(x)[φ’’(ξ)]2Δx) and generalised mass (m* 

Table 2 
Ranges of parameter dcb used in the sensitivity analysis.  

160 m 140 m 120 m 100 m 

9000–10000 mm 8000–9000 mm 7000–8000 mm 4500–5500 mm  
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=
∑

m(x)[φ(ξ)]2Δx + M[φ(L)]2), and thus, a detailed investigation of k* 
and m* is required to elucidate the counterintuitive result of SCHTs. We 
consider SCHTs with heights of 100 m (dcb = 4500 mm in Fig. 7d) and 
160 m (dcb = 9500 mm in Fig. 7a) as examples. The significant difference 
between the two SCHTs, as shown in Fig. 8, corresponds to the variation 
in k* and m* with respect to parameter αsc. A significant increase in m* is 
observed when parameter αsc decreases to a certain level whereas k* is 
approximately linear with parameter αsc. Thus, this indicates that 
adoption of concrete in the upper sections leads to a disproportionate 
amount of bending stiffness relative to the increasing tower weight. The 
phenomenon subsequently caused the first modal frequency to initially 
increase and then decrease with decreases in αsc. Moreover, for the 160 
m high SCHT, the generalised stiffness increased by 2.18 times when 
parameter αsc was varied from 1.51 to 0.10. Correspondingly, the 
generalised stiffness of the 100 m high SCHT increased by 0.04 times. 
This difference suggests that the contribution of the proportion of con
crete to the generalised stiffness of SCHTs significantly decreases as 

tower height decreases. 
Furthermore, other important observations from Figs. 6–7 are as 

follows: (a) An increase in parameter dcb leads to a varied effect on the 
first modal frequency in the different αsc ranges. An increase in param
eter dcb by 1000 mm for the 160 m high SCHT leads to an increase in the 
first modal frequency by 25.8 % for αs c = 0.10 and by 13.1 % for αsc =

1.51. Correspondingly, for the 100 m high SCHT, the first modal fre
quency increases by 66.1% and 102.6%, for αsc = 0.10 and for αsc =

1.51, respectively. (b) In contrast to increases in parameter dcb, results 
indicate that the advantage of parameter tc on the first modal frequency 
decreases when parameter tc continuously increases. The peak values of 
SCHTs with heights of 160, 140, 120, and 100 m increased by 14.4 %, 
14.8 %, 15.5 %, and 15.5 %, respectively, when parameter tcb varied 
from 200 mm to 300 mm and increased by 8.8%, 9.1%, 9.4%, and 9.4%, 
respectively, when parameter tcb varied from 300 mm to 400 mm. (c) An 
increase in tower height leads to an increase in the probability of 
exceeding the lower bound of the first modal frequency in the current 

Fig. 5. Linear correlation coefficients between design variables and the first modal frequency.  

Table 3 
Key dimensions of four examples.  

Concrete portion Adapter ring Steel portion Height/m 

Base/mm Top/mm Base/mm Top/mm Base/mm Top/mm 

dcb tcb dct tct dab tab dat tat dsb tsb dst tst H 

5000 200 4500 200 4500 1500 4500 1500 4300 25 3500 25 100 
7000 200 4500 200 4500 1500 4500 1500 4300 25 3500 25 120 
9000 300 4500 300 4500 1500 4500 1500 4300 25 3500 25 140 
10,000 300 4500 300 4500 1500 4500 1500 4300 25 3500 25 160  
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design space. For the 160 m high SCHT with dcb = 9000 mm, the tower 
satisfies the frequency limit until parameter αsc is lower than 0.6. (d) A 
significant difference was observed in the variation of the first modal 
frequency when parameter αsc changed for SCHTs of different heights. In 
particular, the 100 m high SCHT exhibited a slight variation in the first 
modal frequency with respect to parameter αsc when compared to that of 
towers with heights exceeding 120 m. This indicated good consistency 
with the results of the sensitivity analysis. 

5. Geometric optimisation using a genetic algorithm 

A case study is used to illustrate the geometric optimisation of the 
SCHTs. A 160 m tower with a top mass of 250 tons was selected as an 
example due to its higher sensitivity to the proportion of concrete. The 
design compressive strength of C50 used for the concrete part was 33.3 
MPa [56]. The nominal yield strength of Q355 used for the steel part was 
355 MPa. The allowable steel stress was 323 MPa considering the partial 
safety factor for materials [40]. The tendons were analysed using a 
Poisson’s ratio of 0.3, modulus of elasticity of 196000 MPa, and limited 
stress of 1200 MPa [57]. In addition to gravity, towers are mainly 
designed to withstand two types of loads: those resulting from the 
rotating blades and those acting on the tower. The former is the domi
nant load in the operational scenario (i.e., mainly lateral forces and 
bending moments acting on the top of the tower), while the latter is a 
non-uniform distributed load over the length of the tower. For 
simplicity, the base shear contributed by the latter was conservatively 
converted into a point load located at the top of the tower. The total 
equivalent loads in the fatigue and ultimate load cases obtained from 

wind turbine manufacturing are listed in Table 4. Note that an iterative 
design is required when there is a big difference between the loads at the 
initial loading stage and the loads obtained from the dynamic analyses. 

Different algorithms have been developed to perform structural 
optimisation [58–65], thus providing an opportunity for rapidly deter
mining the optimised geometry of the SCHT. A genetic algorithm (GA), 
implemented in MATLAB, was selected as the optimisation method in 
this study. The GA is a stochastic algorithm that commences by creating 
a random initial population and then computes the next population 
using individuals in the current generation. At each step, the GA creates 
three types of children by: (a) automatically surviving the individuals 
with best fitness values to the next population (Elite), (b) making 
random changes to a single parent (Mutation) and (c) combining the 
vectors of parents (Crossover). The default options were used to define 
the optimisation task with the exception that the population size and 
maximum number of iterations were varied. With a large population size 
and maximum number of iterations, the GA is slower although it can 
perform a more thorough search of the solution space, thereby 
increasing the probability of returning a global minimum. The objective 
of the optimisation was to adjust the design parameters to maximise the 
cost-effectiveness of the SCHTs. After simplifying the cost of different 
tower components as fixed, the objective function is expressed as 
follows: 

Cobj = PctVct +PcaVca +PstMst +PpsLp +PecLc +PesLs (26)  

where Pct, Pca, Pst, and Pps denote average unit prices of the concrete 
tower, concrete adapter, steel tower, and PT tendons, respectively. 
Additionally, Pec and Pes denote average unit prices for erecting concrete 

Fig. 6. Variations in the first modal frequency with respect to parameters αsc and dcb.  
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and steel towers, respectively. Furthermore, Vct and Vca denote total 
volumes of the concrete tower and adapter ring, respectively, and Mst 
denotes the total weight of the steel tower. Moreover, Lp, Lc, and Ls 
denote lengths of the 140 mm2 cross-sectional high-strength strands, 
concrete tower, and steel tower, respectively. The reference costs of 
different tower components, such as those collected from wind turbine 
companies in China, are listed in Table 5. The unit prices of ¥3000/m3 

and ¥6000/m3 exceeded the typical material price of concrete to account 

Fig. 7. Variations in first modal frequency with respect to parameters αsc and tc.  

Fig. 8. Comparison of generalised stiffness and generalised mass with respect to parameter αsc.  

Table 4 
Static equivalent top loads.  

Fatigue loads Ultimate loads 
Ftop,f/N Mtop,f/N∙m Ftop,u/N Mtop,u/N∙m 
4 × 105 5 × 107 1 × 106 5 × 109  
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for supplemental costs of reinforcement, labour, machining, and main
tenance. To provide realistic cost assumptions for the steel tower and PT 
strands, the unit price of ¥9000/ton included costs of paint and con
nections, and the unit price of ¥20/m incorporated costs of the 
anchorage and prestress process. Concrete towers involve a low material 
cost although their installation requires larger cranes and higher labour 
costs when compared to those of the steel tower. In particular, unit 
prices of ¥5500/m and ¥500/m were determined by considering dif
ferences in the lifting duration and apparatus of the concrete and steel 
towers. 

The proposed equations were expressed as an array of nonlinear 
inequality constraints to ensure structural responses within the pre
scribed limits. They were programmed in a consistent format, c(:,x) <
0 by obtaining the expressions on the left-hand side, and thereby making 
the inequality into less than form. As the tower parameters are adjusted 
in each step, the constraint conditions are indirectly updated automat
ically, and thus, the parameters can be rapidly weighed based on the 
response. The thickness and height of the concrete adapter were 
conservatively set as fixed values (ta = 1800 mm and ha = 2000 mm) to 
decrease the dimensionality of the optimisation problem. The diameter 
and thickness of the concrete and steel towers varied linearly from the 
base to the top to offer low material quantities. 

The GA ran for (1) 100 generations with each including 300 in
dividuals and for (2) 150 generations with each including 200 in
dividuals. The other parameters defining the GA are summarized in 
Table 6. Parallel computations consisting of 12 processors were used to 
speed up the optimization process. In addition to parallel computations, 
the computational efficiency was also improved by adopting an upper 
bound strategy (UBS) or seeding the initial population with feasible 
solutions. The aim of the UBS was to detect the children having no 
chance to surpass the current best design and exclude them from the 
structural analysis. The initial population could be chosen from a final 
population in a previous run if a better result was expected. More details 
about the two methods were given in the existing literature [66–68]. 

The evolution of the optimal individual cost over generations is 
shown in Fig. 9 and tabulated in Table 7. Different convergence curves 
realise a similar final optimal value. The computing time of two runs are 
5877 s and 5912 s, respectively. The final optimal solution shows a 
12.7% lower cost than the initial design while satisfying all the design 
constraints. The corresponding design parameter values are listed in 
Table 8. The parameters denote an SCHT comprising an 11.7 m steel part 
at the top and a 146.3 m concrete part at the bottom. Parameters lc and 
dcb were optimised to approximate or realise their upper bounds during 
optimisation. This suggests that by increasing parameters lc and dcb, a 
more significant effect is induced on the structural response when 
compared to that due to the other parameters. The first modal frequency 
was approximately 0.240 Hz, which was within the desired range of 
0.22–0.32 Hz. The top lateral deformation and rotation were 804 mm 
and 0.6◦, respectively, which were considerably below the correspond
ing limits. The accumulated damage of the steel and concrete towers 
ranged from 0.0 to 0.99. Furthermore, values less than or equal to 1 
indicated adequate fatigue strength for the tower over the design 

lifetime of a turbine. The results of the compressive strength in concrete 
and steel towers are shown in Figs. 10–11. The most saturated con
straints for the absolute minimum stress were observed at the concrete 
base. The compressive stresses of different steel sections only corre
sponded to 21–31% of their upper bounds. 

A 3D finite-element model was created using ABAQUS [69] based on 
the best design solution. The simulation was conducted to validate the 
equations derived for the frequency constraint, top deflection constraint, 
and compressive stress constraint for the concrete portion. As shown in 
Fig. 12, the entire SCHT is supported on a rigid foundation. The concrete 
tower and adapter ring were modelled as reduced integration solid el
ements (C3D8R), and the steel tower was modelled as reduced inte
gration shell elements (S4R). The entire mesh was selected to balance a 
sufficiently accurate output relative to reasonable computation efforts. 
Three tower portions were meshed in a similar manner along the height 
and diameter of the tower using an approximate global size of 200 mm. 
The concrete tower approximately included three elements along the 
thickness to capture the bending effect. The PT strands are placed to 
follow the elevation of the inner tower wall, depending on the tower 
geometry. They are modelled as two-node truss elements with the top 
and bottom nodes anchored to the transition portion and foundation via 
a kinematic coupling constraint applied to the hole edges. The initial 
prestress in the strands was determined by applying a temperature 
variation. 

The concrete tower was assumed to include 10 concrete segments, 
and the steel tower was assumed to comprise five segments welded 
together. The thickness of each segment was simplified as a constant and 
equal to its maximum value. The joints between adjacent concrete seg
ments were modelled with hard contact, thereby indicating that geo
metric nonlinearity resulting from the opening of these interfaces is 
included. The welded joints between the steel sections and connection 
between the steel tower and adapter ring were modelled via tie con
straints. Three analysis steps are adopted to represent the construction 
and loading sequence as follows: (1) strand initial stress, (2) free vi
bration, and (3) lateral loading. The lateral load and top combined mass 
were applied at a reference node that was coupled to the region of the 
top tower surface. 

Table 5 
Average unit costs of different tower components.  

Pct Pca Pst Pps Pec Pes 

¥3000/m3 ¥6000/m3 ¥9000/ton ¥20/m ¥5500/m ¥500/m  

Table 6 
Parameters for defining the GA.  

Crossover 
Fraction 

Mutation Fcn Elite 
Count 

Constraint 
Tolerance 

Function 
Tolerance  

0.8 Mutationgaussian 
Scale = 1; Shrink = 1 

5% 1E-3 1E-6  

Fig. 9. Convergence plot of the GA.  

Table 7 
Comparison of statistical results in two runs.  

Design 
case 

Initial optimised cost/ 
×104yuan 

Final optimised cost/ 
×104yuan 

Computing 
time/s 

Case1  510.1  445.5 5877 
Case2  510.3  446.0 5912  
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Table 8 
Final optimised design for the tower geometry.  

dcb/m tcb/mm dct/m tct/mm dsb/m tsb/mm dst/m tst/mm lc/m Fpt0/MN  

10.00 228  5.12 245  4.00  30.9  3.36  13.1  146.3  46.3  

Fig. 10. Compressive stress distribution of the tower.  

Fig. 11. Accumulated damage distribution of the tower.  

Fig. 12. Finite element model of the hybrid tower.  
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The first modal frequency of the FEM (0.240 s) was in good agree
ment with theoretical values (0.241 s), thereby indicating that the 
equations can predict the first modal frequency. As shown in Fig. 13(a), 
maximum deformation of the structure is observed at the top of the 
tower with a value corresponding to 796 mm, which is slightly lower 
than the predicted value of 804 mm. The small difference can be 
attributed to the contributions of the strands and stepped tower sections 
in the FEM. The profiles of the compressive stress along the height of the 
concrete portion are determined as similar by comparing simulated re
sults in Fig. 13(b) and derived results in Fig. 10(a). The minimum ab
solute value was observed at the tower base. The value was 
approximately equal to zero, which was in good agreement with the 
predicted value. The main difference in the simulation corresponded to 
the compressive stress at the top surface of the concrete portion, thereby 
demonstrating a non-uniform stress distribution along the tower thick
ness. The discrepancy was mainly attributed to the inability of the 
equations to capture possible local events. 

6. Conclusions 

In this study, an optimisation framework based on five design con
straints was developed as a replacement for an FEM to determine the 
optimal geometry of steel–concrete hybrid towers (SCHTs). The geo
metric constraint was determined based on manufacturing and transport 
limitations. The frequency constraint was applied by deriving governing 

partial differential equations of motion using Hamilton’s principle. The 
compressive stress constraint for the precast concrete tower was deter
mined via the compressive resistance of horizontal segment-to-segment 
joints. The compressive stress constraint for the steel tower and fatigue 
constraint were included based on the requirements of reference stan
dards. The top deflection constraint was applied using the virtual work 
principle. 

Frequency constraint typically corresponds to the primary constraint 
in wind turbine tower design. A sensitivity analysis was conducted to 
investigate the effects of different geometric parameters on the first 
modal frequency of towers with 160, 140, 120, and 100 m heights. The 
results indicated that decreasing in the heights of the towers from 160 m 
to 140, 120 and 100 m decreased the sensitivity of the first modal fre
quency to the concrete tower height by 4.1 %, 15.4 %, and 103.7 %. 
Additionally, the first modal frequency did not always increase as the 
proportion of concrete increased. This is because the adoption of con
crete in the upper sections provided a disproportionate amount of 
bending stiffness with respect to the increasing tower weight. 

Given the contribution of the concrete portion to the first modal 
frequency of taller towers, a 160 m high tower was selected to verify 
expected optimisation from the proposed framework. A genetic algo
rithm (GA) was used as the optimisation method. Parallel computations 
consisting of 12 processors were used to speed up the optimization task. 
The computing time of two runs are 5877 s and 5912 s, respectively. The 
final optimised solution indicated a decrease in tower cost by 12.7% and 

Fig. 13. Contour plots of FEM at maximum lateral loading.  
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all the design constraints were satisfied. The concrete tower height and 
its base diameter approximated or reached their upper bounds. In 
particular, first modal frequency, fatigue strength, and minimum 
compressive strength at bottom concrete sections were very close to the 
limits, thereby indicating that they corresponded to governing con
straints in the design. The results of the derived equations in this case 
study were finally validated via 3D finite element models. 
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