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ABSTRACT

The buckling behavior, as a key issue of the advanced self lifting steel-concrete hybrid tower; was analyzed in this paper. A simplified calculation
method and an empirical formula were developed to estimate the critical buckling load of the tower structure. Both linear and nonlinear buckling
analyses were performed for hybrid and reinforced concrete towers to identify their buckling modes, failure mechanisms, and weak sections. Case
study results indicate that, in the steel-concrete composite system, the steel segment buckles before the concrete portion. For the concrete tower,
the midsection (T;) exhibits earlier buckling than the bottom section, confirming Ts as the weak buckling zone. The linear buckling critical load was
consistently higher than the nonlinear one, with nonlinear analysis providing results closer to realistic conditions. The geometric characteristics
of the tower exert a strong influence on its buckling behavior: the eritical buckling load increases nonlinearly with the base diameter (D) and wall
thickness (t,), showing diminishing sensitivity at larger values, while it decreases sharply and nonlinearly with the height of the middle concrete
section (Hj;), indicating a strong adverse effect of slenderness on structural stability. These case study may provide reference for optimizing the
geometric design and stability assessment of hybrid wind turbine tower structures.

Keywords: Steel-concrete hybrid tower Buckling stability; Finite element analysis; Nonlinear buckling analysis; Critical buckling load; Parametric
analysis

1. Introduction

With the rapid development of wind power technology,
the height of wind turbine towers and the length of blades
have continued to increase, imposing higher performance
demands on tower structures (Ribeiro et al., 2025; Yao et al.,
2024). Developing self-lifting super-tall tower structures holds
significant engineering importance for solving the technical
challenges of lifting at extreme heights (Ruan et al., 2023;
Ribeiro et al., 2025). In recent years, the self-lifting structural
system has garnered increasing attention in the development
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of hybrid wind turbine towers (Su et al., 2025). Due to the
structural requirements of self-lifting systems, there is a
stiffness variation in the vertical direction (Li et al., 2021).
Stability has become a crucial criterion in the design and
safety assessment of super-high wind power tower cylinders
(Shittu et al., 2022). Because wind turbine towers are typically
slender, high-rise compression-bending members, instability
failure often occurs before material yielding or strength failure
(Avci et al., 2025). Especially for self-lifting hybrid towers with
vertical stiffness variation, identifying the key factors affecting
their overall structural stability is crucial for optimizing
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design schemes and refining structural details (Ali et al., 2024;
Mohammadi et al., 2018). When the external load reaches a
certain critical value, the tower may adopt a new equilibrium
configuration, indicating the onset of buckling instability
(Zhe, 2019). Therefore, an accurate assessment of the buckling
stability of wind turbine towers is essential for ensuring
structural safety and reliability.

A number of studies have investigated the stability of
steel and concrete wind turbine towers through finite element
and theoretical analyses. Du Jing et al. (2021) used ANSYS to
compare linear and nonlinear buckling of concrete tower
and showed that linear buckling overestimates critical loads
by neglecting geometric and material nonlinearities. Zhujun
(2014) examined the 3 MW steel tower with and without flange
connections, demonstrating that inclusion of the P-A effect
significantly reduces buckling load. Similarly, Yixiong (2012)
found that axial compression combined with lateral load
increases instability risk. Door openings at the tower base
also critically influence buckling behavior. Sahin (2009) and
Cheng Haiyan showed that openings weaken tower stiffness,
while adding edge stiffeners or reinforcing plates around door
openings can improve ultimate strength by about 10%.

Studies have also explored the role of geometric and
material characteristics. Rensheng et al. (2011) identified
that maximum deflection zones; not necessarily maximum
stress zones; represent potential buckling weak points. Jaimes
et al. (2020) compared steel and concrete towers, finding
that concrete towers offer higher stability and lower cost.
Koulatsou et al. (2020) optimized an H120 concrete tower
through parametric analysis, determining wall-thickness
limits that balance weight and strength. Lee and Bang (2012)
analyzed a collapsed tower in Jeju, Korea, estimating the
critical buckling load range through nonlinear analysis. Uy
and Bradford (1996) developed buckling coefficients for steel-
concrete composite plates, offering guidance on calculation
lengths. Cao and Li (2012) further showed that local defects
at tower top and base reduce stability and that nonlinear
analysis yields more realistic critical loads. Collectively, these
studies provide valuable insights into tower stability; however,
most have concentrated on isolated material systems and
idealized geometries. The complex interaction between steel
and concrete segments, particularly in hybrid or stepped
configurations, remains insufficiently characterized in terms
of buckling performance.

Despite these advances, most existing studies have focused
on single-material tapered steel towers or homogeneous
concrete towers. Research on fabricated steel-concrete
hybrid (composite) towers, particularly those with stepped
configurations; remains limited. The buckling sensitivity
analysis of such composite systems; considering parameters
like tower diameter, section height ratio, and wall thickness
has not yet been systematically conducted. Moreover, there is a
lack of nonlinear buckling simulations, identification of weak
buckling zones, and simplified empirical formulas that can be
used to estimate the critical buckling load of these self-lifting
hybrid towers in practical design.

To address these gaps, this case study investigates the
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stability performance of a 200-meter (H200) prefabricated
steel-concrete composite tower cylinder. The buckling
critical load of the stepped hybrid tower is first calculated
using theoretical formulations, followed by finite element
analyses in ABAQUS for both linear and nonlinear buckling.
Based on a comprehensive parametric study, two empirical
formulas are developed to predict the buckling critical load
more accurately, accounting for real-structure imperfections.
The findings provide a scientific basis for stability evaluation
and engineering design optimization of high-rise’hybrid wind
turbine towers. These empirical relations are derived through
regression fitting of nonlinear finite element results and
subsequently verified against theoretical predictions to ensure
their engineering reliability.

2.Materials and Method

This study investigates the overall stability performance
of a 200-m-high steel-concrete hybrid wind turbine tower
(H200) through a combination of theoretical formulation and
numerical simulation. The analysis framework comprises
three major steps: (i) formulation of the stability theory and
derivation/of the critical buckling load for a stepped concrete
tower cylinder using the energy method, (ii) implementation
of linear and nonlinear buckling analyses in ABAQUS to
capture the structural response under increasing load and
to identify critical buckling modes, and (iii) comparison
between theoretical predictions and finite element results to
develop simplified and empirical expressions for estimating
the buckling load of tower cylinders. The methodology thus
integrates analytical and numerical approaches to reveal
the influence of geometric and material parameters on the
buckling behavior of the composite tower. To establish the
analytical foundation for the numerical simulation, the
fundamental theory of stability analysis is first introduced,
including the governing equations and assumptions used to
determine the critical buckling load of the tower cylinder.

Methods for finite element model processing are not
discussed herein and will be addressed in subsequent papers.
The present study centers on the global stability performance.

2.1. Stability Analysis Theory

Stability analysis aims to determine the critical load and
corresponding buckling mode at which a structure transitions
from a stable to an unstable state. The wind turbine tower
cylinder behaves as a slender bending member; as external
load increases, its stiffness and ability to resist deformation
gradually decrease. When the applied load reaches a certain
threshold, the overall stiffness of the structure approaches
zero, indicating the critical state of instability. A slight lateral
disturbance beyond this point can cause sudden buckling
failure of the tower. In this study, two stability analysis
approaches were employed using ABAQUS—linear buckling
analysis and nonlinear buckling analysis.

Linear buckling analysis is an eigenvalue-based method
that estimates the theoretical critical load under ideal
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conditions, assuming perfect geometry and linear elastic
behavior. Nonlinear buckling analysis accounts for geometric
and material nonlinearities and provides a more realistic
prediction of instability by incrementally increasing loads
until the structure fails to sustain equilibrium. The nonlinear
analysis is therefore used to capture post-buckling response
and validate the analytical model (Enchun et al., 2001).

2.1.1. Linear Buckling Analysis Theory

Linear buckling analysis, also referred to as eigenvalue
buckling analysis, is based on small-displacement linear theory
and determines the load factor at which the stiffness matrix
of the structure becomes singular. Assuming that the external
load mode of the structure isP, the amplitude isA), and the
internal force of the structure isQ, the static balance equation
will be:

AP=20 )
Similarly, the equilibrium equation of the structure under
(A + AN)P load will be:
{[K7|+[ K5 (S+2A8) |+ K (u)+ A ) | Au = A2P @
Likewise, when the structure reaches the critical load to
maintain stability that is,AA=0, substituting this, equation (2)
will be,
{[K]+A[S]}Au=0 3)
Where[K]—Stiffness matrix ;
[S]—Stress stiffness matrix ;

Au—Displacement eigenvector ;
A—Ceritical load factor for buckling instability.

2.1.2. Nonlinear Buckling Analysis Theory
Nonlinear buckling analysis incorporates geometric and
material nonlinearity and considers the entire load history
during deformation. Unlike linear analysis, the stiffness matrix
continuously updates to reflect changes in geometry as the load
increases. The general nonlinear buckling eigenvalue equation
can be expressed as:
[ K #2AK (Au,u, Ac) | =hu=0 (4)
Where/AK°——Geometric stiffness matrix ;
K——Tangential stiffness matrix.
Buckling instability load is :

F, =1, +2AF (5)

Where P,_,—Load from increment step ;
AP;_,—Load increment in increment step ;
P.,—The structural instability load calculated
from the buckling load increment extracted after the end of the
i-step incremental analysis.
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2.2. Analytical Determination of Critical Load of a Stepped
Concrete Tower

Before performing the finite element stability analysis,
an analytical approach was first developed to estimate the
theoretical critical buckling load of the stepped concrete tower
cylinder. The objective of this step was to establish a baseline
understanding of the tower’ s buckling behavior under
idealized conditions, which would later be compared with
numerical simulation results for validation and refinement.
The critical load of a compression member with multi-step
variable cross-sections (Figure 1) was determined using the
energy method, following the formulations proposed by
Weiping (1998) and Huiqiang and Laide (1995). The calculation
procedure is outlined below:
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Figure 1 Calculation diagram of concrete tower cylinder

Assuming that the cantilever compression rod with one
end fixed and one end free is unstable, the winding curve is:

(i)

After differentiating the equation, equation (6) will be:

(6)

(@)

The external work W of the axial force P on the vertical
displacement of the compression bar is:

1, 2
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The number of variable section sections of the concrete
tower section of this structure is 3, and the deformation energy
of section iis U;,

2 2
U, =2 Er oy = Zf [ L] cos? [ 22
20 PRACY: 2L
£REL[L 1, 1 () (L
= | L— Lt —|sin| L7 |-sin| Loz
ar |L L =0 \L 2

Then the total bending strain energy U of the structure
with three sections of variable cross-section compression bar
is:

©)

3
U=3U,
i=1
2 AV AR R T ae) (L (10
= 3 —|———+—|sm| -7 |-sm| —7
6’ SL|L L oz \L L

According to the principle of energy conservation,
the external force work W when the compression bar is
bent should be equal to the bending strain energy U, that
is, W=U=U,+U,+Us. The critical force F. obtained from the
simultaneous equation is :

. 7Ll
" 4y 72

an
Where : p——Converted length coefficient of compression

bar with multi-step deformation section, and the calculation
formula is :
1

SN YN (1.
S-Sy —lsin| L |—sin| Sl
= 1 L L L

The parameters required for calculation are shown in
Table 1.

(12)

=~

Table 1 Calculation parameters/of typical tower cylinder

Parameter Dimensions Parameter Dimensions
symbol (mm) symbol (mm4)
I, 84000 I, 3.222F+14
1, 90000 I, 1.776E+15
L 166000 I, 1.984E+13

According to formula (12)pu=1.1644, and according to
formula (11), F,=8.0873x10°N, According to the following
text, the finite element calculation result is 2.7748 X 10°N.
It can be observed that the theoretically predicted critical
buckling load is notably higher than that obtained from finite
element (FE) analysis. The primary discrepancy arises from
the inherent limitation of the adopted analytical formula (Eq.
(6)): this expression assumes the maximum curvature occurs at
the fixed end (x=0) while the curvature vanishes at the free end
(x=L) with zero bending moment. However, the concrete tower
is a tapered member with a smaller cross-sectional moment
of inertia at the top relative to lower segments. Under physical

38

Journal of Asian Concrete Federation, Vol. 12, No.3, July 2026

elastic buckling, the extremely low flexural stiffness at the
tower top induces substantially larger curvature deformation
at this position compared with the base. The analytical solution
fails to fully capture this phenomenon and consequently
underestimates the bending strain energy at the top, leading to
an overprediction of the critical buckling load.

Furthermore, the tower structure is highly sensitive to
geometric imperfections such as door openings, which further
degrade its actual critical load capacity. Since the theoretical
algorithm excludes such structural defects, its predicted
critical load is unconservative. For this reason, the analytical
solution is only used herein for qualitative comparison rather
than as a quantitative basis for conclusions. All subsequent
quantitative analyses, parametric investigations, and
design recommendations.regarding critical buckling-loads
rely exclusively on FE tresults that incorporate geometric
nonlinearity, initial geometric imperfections, and contact
nonlinearity. Such FE predictions better reflect practical
engineering conditions and yield conservative, reliable
outcomes.

3. Results and Discussions
3.1. Linear Buckling Analysis Results

In the linear buckling analysis, an axial load of 10° N was
applied at the top reference point of the tower cylinder, and
the effect of the door opening was included in the model. For
linear buckling analysis, nonlinear factors are not considered.
Due to.the complex stress of the tower cylinder itself, there
are a variety of load combinations, and the most significant
influence on the buckling of the tower cylinder is the axial
force and transverse bending moment. Therefore, the analysis
adopted a purely vertical axial load condition, and the critical
buckling load was obtained by multiplying the first-order
buckling eigenvalue by the applied reference load of 10° N. In
the ABAQUS finite element model, the linear buckling analysis
was performed using a linear perturbation step, which extracts
the buckling eigenvalues and corresponding mode shapes. The
first-order buckling modes of the steel-concrete composite
tower cylinder and the plain concrete tower cylinder without a
steel tube are shown in Figure 2.

The first-order eigenvalue for the steel-concrete composite
tower cylinder was 140.78, corresponding to a critical buckling
load of 1.4078 X108 N. For the concrete tower cylinder without
the steel tube, the first-order eigenvalue was 277.48, giving a
critical buckling load of 2.7748 X108 N. These results indicate
that the steel-concrete composite tower exhibits a lower
buckling resistance compared with the concrete-only tower,
implying that under axial compression, the steel section is
more prone to buckle before the concrete portion.

The first-order eigenvalue for the steel-concrete composite
tower cylinder was 140.78, corresponding to a critical buckling
load of 1.4078 X108 N. For the concrete tower cylinder without
the steel tube, the first-order eigenvalue was 277.48, giving a
critical buckling load of 2.7748 X108 N. These results indicate
that the steel-concrete composite tower exhibits a lower
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Figure 2 First order mode shape diagram of tower cylinder linear buckling analysis: (a) Linear buckling of steel
concrete composite tower cylinder and (b) Linear buckling of concrete tower structure
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Figure 3 First order mode shape diagram of tower cylinder linear buckling analysis: (a) Linear buckling of steel
concrete composite tower cylinder and (b) Linear buckling of concrete tower structure
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cylinder and (b) Nonlinear buckling of concrete tower cylinder structure
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buckling resistance compared with the concrete-only tower,
implying that under axial compression, the steel section is
more prone to buckle before the concrete portion.

3.2. Nonlinear Buckling Analysis Results

Compared with linear buckling analysis, nonlinear
buckling analysis is more accurate because it considers both
material and geometric nonlinearity, and the calculated
nonlinear buckling critical load is generally less than the
linear buckling critical load. The nonlinear buckling analysis
in ABAQUS is based on the linear buckling analysis by adding
the concrete material constitutive model, that is, considering
the material nonlinearity and opening the geometric large
deformation to consider the geometric nonlinearity. The Static-
Risk analysis step is used in the analysis step, and the applied
load can be slightly larger than the critical load obtained from
the linear buckling. The analysis results are shown in Figure 3.
According to the vibration mode diagram, significant buckling
deformation occurs in the upper regions of both the concrete
and steel tower sections. The nonlinear buckling analysis
further provides the corresponding load-displacement
response of the tower cylinder. As shown in Figure 4, according
to the curve, the nonlinear buckling critical load of the steel-
concrete composite tower is 1.28x10° N, about 8.8% less
than the linear buckling critical load. The position where the
maximum stress and buckling deformation occur is the top-of
the steel cylinder, that is, the steel cylinder will buckle before
the concrete cylinder. The parametric analysis in this paper
only focuses on the concrete tower segment. Accordingly, only
the 166 m concrete tower section is selected as the research
object, and the steel tower segment is excluded from the
parametric investigation.The nonlinear buckling critical load
of concrete tower cylinder is 2.3X10° N, which is about 16.8%
less than the linear buckling critical load. The maximum stress
and buckling deformation occur in the lower region of the T3
section. This indicates that the mid-height concrete portion
of T3 will buckle earlier than the bottom section, confirming
T3 as a relatively thin and weak segment prone to instability.
According to the analysis results, it can be seen that the
nonlinear buckling critical load of the tower is less than the
linear buckling critical load, indicating that the material and
geometric nonlinearity of the structure have a great impact
on the buckling critical load of the structure. Therefore, it
is necessary to carry out nonlinear buckling analysis in the
design of the thin-walled slender structure of wind tower.

3.3. Factors Affecting Tower Stability

3.3:1. Diameter of Bottom Concrete Section

This section aims to explore the impact of the bottom
concrete tower cylinder diameter D on the overall stability
of the concrete tower cylinder. The concrete tower cylinder
diagram is depicted in Figure 5. Six types of tower models with
tower cylinder diameter D=12m, 12.5m, 13m, 13.5m, 14m and
14.5m are established. The model parameter table is shown in
Table 2. The influence of the bottom diameter on the critical
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buckling load of the concrete tower cylinder is explored. The
linear buckling analysis of six types of tower is carried out
(Figure 6).
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Figure 5 Schematic diagram of concrete tower cylinder
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Figure 6. Variation of buckling critical load (< 10°) with
diameter D

Taking the 12 m diameter and corresponding buckling
load of 261.20 x 10° N as the reference, the analysis shows
that the critical buckling load increases gradually with
the rise in diameter, but at a decreasing rate. When the
diameter is increased by 4.17 %, the buckling load increases
by only 1.95 %, and at a 20.83 % increase in diameter (from
12 m to 14.5 m), the buckling load rises by about 8.49 %.
This indicates that the relationship between diameter and
buckling resistance is nonlinear and exhibits diminishing
sensitivity; that is, larger increments in diameter yield
progressively smaller proportional gains in buckling capacity.
On average, the sensitivity ratio (percentage increase in
load per percentage increase in diameter) is approximately
0.4, meaning that a 1 % increase in diameter results in about a
0.4 % increase in critical buckling load. Mechanically, increasing
the diameter enhances the radius of gyration and second
moment of area, thereby improving global flexural stiffness
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Table 2 Parameters of six kinds of diameter tower cylinder
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Tower cylinder model D (m) H, (m) H, (m) H; (m) t; (mm) t, (mm)
D12.0-H,84-H,76 12.0 84 6 76 300 300
D12.5-H,84-H;76 12.5 84 6 76 300 300
D13.0-H,84-H,76 13.0 84 6 76 300 300
D13.5-H,84-H;76 13.5 84 6 76 300 300
D14.0-H,84-H,76 14.0 84 6 76 300 300
D14.5-H,84-H,76 14.5 84 6 76 300 300

Table 3 Parameters of tower drum with five H3 heights

Tower cylinder model D (m) H, (m) H, (m) H; (m) t, (mm) t, (mm)
D13.5-H,92-H368 13.5 92 6 68 300 300
D13.5-H,88-H,72 13.5 88 6 72 300 300
D13.5-H,84-H;76 13.5 84 6 76 300 300
D13.5-H,80-H,80 13.5 80 6 80 300 300
D13.5-H,76-H;84 13.5 76 6 84 300 300

and classical buckling strength (Ma et al., 2020). However, as
the tower cylinder becomes larger in diameter, the diameter-
to-thickness ratio (D/t) also rises, amplifying imperfection
sensitivity and the likelihood of local shell buckling (Lee et
al., 2001; Takano et al., 2021). Consequently, the beneficial
effect of diameter enlargement is offset by the structure’ s
increasing susceptibility to geometric imperfections and
mode interaction, causing the observed gain in buckling load
to be modest and nonlinear. This trend suggests that while
increasing the base diameter contributes to improved stability,
its efficiency diminishes beyond a certain size, as stiffness
gains plateau relative to geometric expansion.

3.3.2. Height of Top Steel Section

Since the T, tower cylinder is identified as a weak section
prone to buckling, the influence of varying its height (H;) on
the overall stability of the concrete tower is investigated. By
adjusting the H; height, the analysis evaluates how changes
in this geometric parameter affect the tower’s critical buckling
load and deformation behavior, thereby clarifying the sensitivity
of the structure’s stability to height variation. Five types of tower
cylinder models with T; tower cylinder height H;=68m, 72m,
76m, 80m and 84m are established, and the model parameters
are shown in Table 3.

Taking the T; tower cylinder height of 68 m and its
corresponding buckling load of 316.91 X 10° N as the
reference, the analysis reveals that the critical buckling load
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decreases progressively with increasing height. When the
height increases by 5.9 % (to 72 m), the buckling load drops
by about 8.6 %, and at a 23.5 % increase in height (to 84 m),
the load decreases by nearly 29 % (Figure 7). This clearly
indicates a strong inverse relationship between height and
buckling resistance, where taller configurations lead to
significantly reduced stability. The relationship is nonlinear,
with the reduction rate becoming stronger as height increases,
reflecting the amplifying effects of global slenderness and
flexural deformation.

Increasing the height of the tower increases its slenderness
ratio (L/r), which intensifies the susceptibility to global
buckling and mode interaction between flexural and local
shell instability (Goel, 2021). A taller structure not only
experiences larger bending moments due to lateral wind loads
but also exhibits greater geometric imperfection sensitivity,
leading to a sharper reduction in effective stiffness and load-
carrying capacity (Chen et al., 2021). Similar findings have
been reported in parametric stability analyses of wind turbine
towers, where increased height or unsupported length was
shown to markedly lower the global buckling capacity (Ma et
al., 2020; Koulatsou et al., 2019). This study thus reinforces that
height is the most dominant and adverse geometric parameter
for the stability of the T, tower cylinder, as excessive vertical
extension amplifies slenderness-induced instability and
accelerates buckling onset even under modest increases in
overall height.



Ziteng Wang et. al

Table 4 parameters of tower drum with five t2 thicknesses
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Tower cylinder model D (m) H, (m) H, (m) H; (m) t, (mm) t, (mm)
t,-220 13.5 84 6 76 300 220
t,-240 13.5 84 6 76 300 240
t,-260 13.5 84 6 76 300 260
t,-280 13.5 84 6 76 300 280
t,-300 13.5 84 6 76 300 300

3.3.3. Wall Thickness of Top Steel Section

This analysis investigates the influence of varying the
steel section thickness (t,) on the stability of the concrete
tower. Five types of tower drum models with T; tower drum
thickness t,=220mm, 240mm, 260mm, 280mm and 300mm
are established. The basic model of tower drum is D13.5-
H184-H,76, and only t, of the model is changed. The model
parameters are shown in Table 4.

330
320 |

cal d (x10°N
[ o) 1] [ ] 1) [ 3]
wn [ ~ (=] o
(=2} (=T} (=]
T T T T T
u
/

200 I 1 I 1 1 1 1 I 1
66 68 70 72 74 76 78 80 82 84

H3(m)

86

Figure 7 Variation of buckling critical load with H;

280

275

N

) N
>N =
O =)
T T

Critical Load (x10°N)
g
T
AN
\

[

5

&
T

240 | S

235

230 I I I I I 1 I I I
210 220 230 240 250 260 270 280 290 300

ty(mm)

310

Figure 8 Variation of buckling critical load with t,

42

Starting from a wall thickness of 220 mm with a
corresponding critical buckling load of 235.80 X 10° N, the
results show a clear enhancement in structural stability as
the section becomes thicker. Increasing the thickness to 300
mm, which represents‘a 36 % rise, results in an approximate
17.7 % improvement in the buckling load, reaching 277.48 X
10° N (Figure 8). Unlike the influence of height, where the effect
was strongly negative, the increase in thickness contributes
positively but with a gradually diminishing rate of gain. The
improvement in buckling resistance between successive
increments becomes smaller as the section thickens, indicating
amnonlinear strengthening behavior.

Increasing the wall thickness reduces the diameter-
to-thickness ratio (D/t), which in turn enhances local shell
buckling resistance and increases both axial and bending
stiffness of the tower (Takano et al., 2021). This behavior
aligns with classical shell theory, where a lower D/t ratio
suppresses local buckling waves and delays the onset of
instability (Maharditiya et al., 2025). However, as the section
becomes thicker, the structure gradually transitions from a
shell-dominated response toward a plate-like behavior with
reduced sensitivity to additional thickening (Lee et al., 2001).
Consequently, the incremental stability gains taper off beyond
a certain limit, producing a nonlinear but saturating trend.
This observation underscores that while increasing thickness
is beneficial for improving the buckling capacity of the T,
tower segment, excessive thickening may lead to material
inefficiency with only marginal structural benefit.

3.4. Empirical Formula for Buckling Critical Load

3.4.1. Case-1

To develop an empirical relationship suitable for
preliminary design, a series of parametric models
were analyzed by varying the slenderness ratio (i). The
corresponding critical buckling loads obtained from the
finite element analysis and theoretical calculation based. on
Equation (11) are depicted in Figure 9. Finite element results
demonstrate a clear decreasing trend of critical load with
increasing y, indicating that the overall buckling capacity of the
tower cylinder diminishes as the structure becomes slenderer.
This trend is consistent with the mechanical expectation that
higher slenderness ratios lead to reduced stiffness and greater
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susceptibility to instability under axial compression.

The variation trend is illustrated in Figure 9, where the
theoretical curve overestimates the critical load compared
to the finite element results. This discrepancy arises because
the theoretical formulation neglects imperfections, residual
stresses, and local geometric deviations present in the actual
structure. To improve its applicability, a correction coefficient
cl was introduced into the theoretical equation (Eq. 11),
yielding a modified standard form expressed as Equation (13):

2
E = 2 a3
4ul

Linear regression (y=c1x) was performed between the finite
element (y) and theoretical results (x). The analysis produced a
best-fit coefficient of ¢1=0.32521, as shown in Figure 10, which
significantly enhances the agreement between the predicted
and simulated buckling capacities. Consequently, the refined
empirical relationship (Eq. 14) provides a practical means
for estimating the buckling critical load of stepped concrete-
steel composite tower cylinders with acceptable engineering
accuracy.
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It can be observed that the fitting coefficient remains
relatively low. The fundamental reason is that all theoretical
formulas are derived based on the Euler cantilever beam,
whose buckling mode assumes zero curvature at the free end.
However, the tapered tower studied in this paper possesses a
much smaller moment of inertia at the top than at the base.
During actual buckling, the curvature at the tower top is far
larger than that at the bottom, which leads to an essential
difference between the two deformation modes.

Consequently, the theoretical value serves as a rigid upper
bound that is considerably higher than the real load capacity,
and a reduction of approximately 0.3 orders of magnitude is
required to approach the true value. The proposed formula is
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only applicable to the specific structural type and parameter
range investigated herein. The resulting empirical formula is
merely adopted for rapid estimation during the conceptual
design stage. All quantitative conclusions are based on
finite element analysis results that account for geometric
nonlinearity, initial imperfections and contact nonlinearity.
The finite element predictions are conservative and reliable for
engineering applications.
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3.4.2. Case-11

In the second approach, the critical buckling load is
determined using the classical Euler formulation, as expressed
in Equation (15). For a cantilever-type tower cylinder, the
effective boundary condition factor is taken as p0=2. To adapt
the Euler expression to the present composite section, the
section moment of inertia (i) is replaced by an equivalent
moment of inertia that accounts for the material heterogeneity
and sectional interaction between steel and concrete, as shown
in Equation (16). Using this modification, the theoretical
critical load is obtained as 8.0347 X 10°N, which is in close
agreement with the value derived from the energy method in
Equation (11).

F o= 7’El :IZ'ZEI
o (,uOL)Z 412

(15)

= 11X%+12X%+13X% (16)
The trend shown in Figure 11 indicates that the critical
buckling load increases with the equivalent linear stiffness (i),
as expected, but the theoretical predictions remain consistently
higher than the finite element results. This discrepancy arises
because the theoretical Euler formulation neglects the effects
of geometric imperfections, residual stresses, and boundary
discontinuities inherent in the actual tower cylinder. To
enhance the applicability of the analytical model, a correction
coefficient c2 was introduced in a linear regression relation
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(y=c2x) to modify Equation (15). The adjusted relationship was
expressed in standard linear form as Equation (17):
T'El

F,=c,- Ve 17)

A linear regression was then performed between the
theoretical and finite element data (Figure 11), yielding a best-
fit correction coefficient of ¢2=0.32699. The fitted correlation is
shown in Figure 12, demonstrating strong agreement between
the empirical and simulated results. Accordingly, the refined
empirical equation, presented as Equation (18), provides an
efficient and reliable tool for preliminary estimation of the
buckling critical load of stepped composite tower cylinders:
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4. Conclusion

This study addressed the limited understanding of the
buckling stability of prefabricated steel-concrete hybrid wind
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turbine towers, particularly those with stepped configurations,
for which systematic analyses and design-oriented prediction
models have been lacking. Focusing on a 200-meter (H200)
hybrid tower cylinder, the research combined analytical
and numerical approaches to bridge this gap. A simplified
theoretical algorithm and two empirical formulations for
estimating the critical buckling load were developed and
calibrated through ABAQUS-based finite element simulations
that account for geometric nonlinearity and sectional
interaction effects. By comparing theoretical, numerical, and
regression-based results, the study quantified the deviation
between idealized analytical predictions and real-structure
performance, thereby providing an improved and practically
applicable framework for the stability evaluation and design
optimization of hybrid wind turbine towers." The principal
findings are summarized as follows:

1. General key controlling segment for anti-buckling
solution: The buckling behavior analysis revealed that
instability in the steel-concrete composite tower initiates
in the upper steel segment before the concrete portion,
primarily because the steel shell has a higher slenderness
ratio and lower local stiffness under compressive bending. In
contrast, for the pure concrete tower, the middle section (T5)
exhibited the earliest deformation due to accumulated axial
compression combined with flexural bending from self-weight
and wind moment redistribution, making it the weakest and
most buckling-prone region. The nonlinear buckling load was
consistently lower than the linear estimate, confirming that
material nonlinearity, geometric imperfection, and boundary
conditions substantially reduce the actual load-bearing
capacity compared to idealized predictions.

2. Key geometric parameters for the prefabricated
tower segmental interegal analysis and optimization: The
geometric configuration of the tower cylinder strongly
governs its stability characteristics. The critical buckling load
increases nonlinearly with the tower base diameter and the
wall thickness of the middle concrete section (t2), exhibiting
diminishing sensitivity as stiffness gains plateau. In contrast,
increasing the height of the middle section (H3) produces a
nonlinear but progressively sharper reduction in buckling
capacity, reflecting the amplifying influence of slenderness and
global deformation effects.

3. Empirical model development: The finite element results
were consistently lower than the theoretical predictions due to
the idealizations inherent in analytical methods, which neglect
fabrication imperfections, openings, and residual stresses.
To address this limitation, two empirical correction formulas
were established based on regression analysis, enabling more
reliable preliminary estimation of the buckling critical load for
stepped steel-concrete tower cylinders.
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