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ABSTRACT

ARTICLE HISTORY

To solve the problem of collapses caused by local buckling of steel plates under compression in traditional steel towers, a
novel steel-concrete-steel (SCS) sandwich composite tower for a wind turbine is proposed in this paper. To study the
buckling behaviour of steel plates in SCS sandwich composite towers, six specimens were designed and tested under axial
compression. The specimens were designed considering the key parameters of curvature radius, thickness of the steel plate,
and the spacing-to-thickness ratio (the ratio of stud spacing to the thickness of steel plate). The failure modes, normalised
average stress-strain curves and load-strain curves of the specimens were assessed, and the effects of the curvature radius
and the spacing-to-thickness ratio of the steel plate were analysed. The experimental results showed that the buckling
strength of the steel plate increased with a decrease in the ratio of the curvature radius to the thickness of the steel plate.
The finite element (FE) model of the elastic buckling stress of the steel plate of the SCS sandwich composite tower was
employed and validated against the test results. In parametric study, the effects of governing parameters including the
curvature radius of the steel plate, thickness of the steel plate and spacing of the studs, on the effective length factors of the
inner and outer steel plates were analysed. Subsequently, the design rules of the effective length factor of the inner and outer
steel plates, and the design methods of spacing of studs to prevent local instability of the inner and outer steel plates before
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yielding were proposed.
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1. Introduction

Wind energy is a type of clean renewable energy, and wind power
generation is the most widely used and fastest-growing new energy generation
technology. As the main load-bearing structure of the wind turbine, the tower
not only supports the weight of the nacelle and rotor, but also bears the wind
and dynamic loads. Therefore, the tower plays an important role in the stable
operation of the entire wind turbine. Currently, steel towers are the most
common form of wind turbine support structures because of their simple
structure, high construction efficiency, and good safety. The steel tower is a
large-size thin-walled steel tube structure that is very sensitive to initial
imperfections. Under compression, the minor imperfections in the steel tower
structure may cause local buckling or even collapse, as shown in Fig. 1 [1].
Once the tower collapses, it causes significant economic losses.

Fig. 1 Steel tower collapse accident caused by instability failure

It is well known that steel plates in concrete-filled steel tube (CFST)
structures have better stability than traditional steel tubular structures [2-3].
Therefore, to solve the problem of collapse caused by local buckling of steel
plates under compression in traditional steel towers, a novel steel-concrete-steel
(SCS) sandwich composite tower for a wind turbine is proposed in this paper,
as shown in Fig. 2. The inner and outer steel plates of the SCS sandwich
composite tower are connected to the concrete through studs, which have a
constraining effect on the concrete, and the concrete plays an out-of-plane
support role on the steel plate, which can give full play to the material
advantages of both concrete and steel. Therefore, the buckling capacity of the
steel plate in the SCS sandwich composite tower is higher than that of the steel
plate in the steel tower. In the design of the tower structure, as shown in Fig. 3,
six types of loads should be considered: the gravity load of the wind wheel and
engine room (G,), eccentric bending moment (Mvr), aerodynamic thrust (Fxu),

and torque (Mxy) caused by the wind wheel and engine room, gravity load of
the tower (G,) and transverse wind load of the tower (g(z)). Under the combined
action of the aforementioned six types of loads, the inner and outer steel plates
at the bottom section of the composite tower with greater compressive stress
may suffer local instability failure, which will affect the safety of the tower
structure. Therefore, the compression stability of the steel plate at the bottom of
the tower is of great significance for structural safety. In this study, to make full
use of the mechanical properties of the steel plate material and ensure that the
steel plate does not buckle before yielding, the local stability behaviour of the
steel plate in the SCS sandwich composite tower under axial compression was
investigated. This study aims to provide a theoretical basis for the application
of SCS sandwich composite structures for wind turbine.
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Fig. 2 Schematic diagram of SCS sandwich composite tower
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Fig. 3 Load diagram of a new type of hybrid tower

There have been many studies on the buckling performance of steel plates
of SCS sandwich composite structures [4-6]. Choi et al. [7-9] conducted an axial
compression test of steel plate-concrete wall structures, and the experimental
results showed that local buckling of the steel plate occurred between adjacent
studs. When the spacing-to-thickness ratio was relatively large, increasing the
yield strength of the steel plate has little effect on the compression strength of
the steel plate. In addition, the buckling coefficient and the effective length
factor of the steel plate were studied based on the plate theory and column theory,
respectively, and a simplified formula for calculating the critical elastic
buckling stress of the steel plate was proposed. Yan et al. [10] proposed a new
type of SCS sandwich composite wall and completed eight axial compression
tests. Based on the test results, a theoretical model of the wall compressive
strength under different connection modes was established. The effective length
factor was determined to be 0.825 by summarizing the 62 test results. Yang et
al. [11] carried out 10 axial compression tests on double-skin composite wall
specimens considering the influence of stud arrangement and spacing-to-
thickness ratio. Based on the test results, they proposed a formula for limiting
the spacing-to-thickness ratio to prevent local instability of the steel plates. Uy
et al. [12-13] studied the buckling behaviour of steel plates of steel-concrete
composite members by using the finite strip model, and proposed a design
method for determining the buckling coefficient and effective length factor of
steel plates, as well as a design method for selecting the width-thickness ratio
of the steel plate. Cai et al. [14] theoretically investigated the elastic local
buckling of steel plates in rectangular CFST columns with restraint bars under
axial compressive loads. Furthermore, they derived the formula for calculating
the critical stress of elastic buckling of steel plate is derived by using the energy
method. They also determined the limit values for the spacing of restraint bars,
the width-height ratio, and the width-thickness ratio to ensure that local bucking
failure of steel plate does not occur before the steel plate yielding. Hu et al. [15]
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conducted axial compression tests on 12 square CFST columns with restraint
bars, and the loads were only applied on the steel plates. The influences of the
width-to-thickness ratio of the steel plate and the ratio of the vertical spacing of
the tie bars to the width of the steel plate on the stability performance of the
steel plate were studied. Based on the FE parameter analysis results, a
calculation method for steel plate buckling coefficient was proposed.

Previous studies on SCS sandwich composite structures mainly focused on
the buckling behaviour of steel plates under axial loads, while there are few
studies on the stability of steel plates when the axial load is only applied to the
steel plate in the SCS sandwich composite structure. In addition, no relevant
reports are available on the buckling behaviour of SCS composite sandwich
tower structure under axial compression. Therefore, to study the stability
performance of the steel plate under axial compression of the SCS sandwich
composite tower structure proposed in this paper, six specimens were designed
with curvature radius and spacing-to-thickness ratio as the key parameters. In
the tests, the axial load was only applied to the steel plate, while the concrete
only acted as the out-of-plane support for the steel plate without bearing any
load. The buckling behaviour of the steel plate of the composite tower was
investigated, and the design rules of the effective length factor and the design
methods of spacing of studs to prevent local instability of the inner and outer
steel plates before yielding were elucidated. The outcome of this study provides
a theoretical basis and design guidance for the application of the SCS sandwich
composite structure for wind turbines.

2. Experimental study
2.1. Specimens

Owing to the limitation of the size and loading capacity of the test device,
only a partial structure of the composite tower was selected for the design of the
test specimens. In this study, six specimens were designed with a height of 1000
mm and a core concrete thickness of 100 mm. The inner and outer steel plates
of the SCS sandwich composite structure specimens were connected to the
concrete through studs. The diameter and length of all the studs are 13 mm and
60 mm, respectively. A 12 mm thick endplate was welded at the upper and lower
ends of the specimens, and the section centroid of the steel plate coincided with
the endplate centroid. Detailed parameter information for the specimens is
shown in Fig. 4 and Table 1. The grade of concrete of all specimens was C30,
and the grade of the steel material was Q235. The average measured 28-day
compressive strength of the concrete cube was 37.3 MPa. Tensile coupon tests
of steel plates were carried out, and the measured steel plates material properties
are listed in Table 2.
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Fig. 4 Dimensions and detailed information of specimens

Table 1
Detailed parameters of specimens
Specimens Concrete Studs Ri (mm) Ro (mm) t (mm) Si (mm) So (mm) Sy (mm) Svit () p (mm)

SPB1 - - 1000 1100 2.45 - - - - 7
SPB2 Yes Yes 1000 1100 2.30 244 269 250 109 30
SPB3 Yes Yes 1000 1100 4.70 147 161 150 32 10
SPB4 Yes Yes 1000 1100 2.30 147 161 150 65 27
SPP1 Yes Yes 0 0 2.28 150 150 150 66 25
SPP2 Yes - 0 0 231 - - - - 0

where, R; is the curvature radius of the inner steel plate, Ro is the curvature radius of the outer steel plate, t is the thickness of the steel plate, Si is the spacing of studs on the inner steel plate
along the arch direction, S, is the spacing of studs on the outer steel plate along the arch direction, Sy is the spacing of studs on the inner and outer steel plates along the height direction, Sv/t
is the spacing-to-thickness ratio of the steel plate, and p is the distance between the load point and centroid of the section.
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Table 2
Mechanical properties of steel materials
Thickness Yield strength Ultimate strength Modulus of
(mm) (MPa) (MPa) elasticity (GPa)
2.5 332 455 189
5.0 298 458 199

As illustrated in Fig. 4, to prevent the axial load from acting on the concrete,
a polytetrafluoroethylene layer with a very small elastic modulus was placed
between the steel plate and the concrete, and a series of 10 mm thick form boards
were placed between the adjacent studs to cut off the vertical force path of the
concrete. To accurately control the height of each layer of concrete and facilitate
placing of the boards, a series of 50 mm x50 mm holes were reserved at the
design height of the side plate of the specimen. After the concrete was poured,
the hole was welded shut with a small steel plate. The specimen preparation
process is illustrated in Fig. 5.

(c) Pouring concrete (d) Welding the small steel plates

Fig. 5 Fabrication process of specimens

2.2. Testing programme
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Fig. 6 Test setup and instrumentation plan

Compression tests were conducted using servo-controlled electrohydraulic
testing machine. The test device and measurement scheme are shown in Fig. 6.
The axial force applied to the specimens was measured by the force sensor of
the device, and the axial deformation of the specimens was measured using
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linear variable differential transformers (LVVDTs) arranged symmetrically at the
centre of the inner and outer steel plates (see Fig. 6b). To capture the strain
change of the steel plate during the entire loading process and analyse the stress
of the inner and outer steel plates, vertical strain gauges were arranged in the
middle of the specimens along the horizontal and vertical directions, as shown
in Figs. 6¢ and 6d. Before testing, the specimens were preloaded to 10% of the
nominal bearing capacity (equal to f,As) to check whether the specimens were
uniformly stressed and whether the displacement measurement worked properly.
The test was conducted using displacement control, and when the specimens
were severely damaged or the load dropped to below its 85% of the peak
strength of the specimens, the tests were terminated.

3. Experiments and analysis
3.1. Structural behaviours and failure modes

The failure modes of all specimens are shown in Fig. 7. As presented in Fig.
7a, in the early stage of loading, the specimen SPB1 was approximately in the
elastic stage. During the loading process, when the load reached approximate
0.65Nm, (Nm, the corresponding peak load of the specimens), the upper left part
of the outer steel plate exhibited local buckling. When continuing to load to
0.72Np, local buckling appeared in the middle and lower parts of the inner steel
plate. When the load continued to increase, the lower left part of the inner steel
plate buckled. When the load reached the peak load Ny, the specimen made a
loud noise and the load began to drop very quickly. When the load continued to
increase, local buckling appeared near the mid-height of the outer steel plate,
the lower right side of the inner steel plate and the left side of the inner and outer
steel plates buckled.

For specimen SPB2, when the load reached approximately 0.92Np, the
inner steel plate first began to buckle; then the steel plate buckled below the first
row of studs on the upper left of the outer steel plate. When the load reached the
peak load Ny, (i.e. 771.4 kN), the curve at the upper left of the outer steel plate
was pulled through, and three intervals of studs on the upper left of the inner
steel plate buckled. When the load continued to increase, the upper right of inner
steel plate began to buckle, and the steel plate on the top of the left plate and
right plate buckled. The final failure mode of specimen SPB2 is shown in Fig.
7b.

As shown in Figs. 7c and 7d, the specimens SPB3 and SPB4 had similar
failure modes, and the buckling positions of the inner and outer steel plates of
specimens SPB3 and SPB4 were almost at the same height as the specimen.
When loaded to 0.9Ny, the first row of studs on the upper right of the outer steel
plate buckled, and the first row of the studs of the inner steel plate also began to
buckle. When the load reached Nn, the curve at the upper right of outer steel
plate was pulled through, and the curve in the second row of the inner steel plate
was pulled through between the horizontal studs. When the load continued to
increase, the curve on the inner and outer steel plates was pulled through the left
and right side plates.

Inner steel plate

Outer steel plate
(b) Specimen SPB2

Inner steel plate Outer steel plate
(d) Specimen SPB4

Inner steel plate Outer steel plate
(c) Specimen SPB3

Outer steel plate
(e) Specimen SPP1

Inner steel plate

Inner steel plate

Outer steel plate
(f) Specimen SPP2

Fig. 7 Failure modes of the specimens obtained from test

Specimens SPP1 and SPP2 were flat steel plate specimens. For specimen
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SPP1, when loaded to approximately 0.95Ny, local buckling occurred on the
lower middle of outer steel plate. When the load reached the peak load of 550.3
kN (i.e. Np), the lower middle of the inner steel plate buckled. The local
buckling position of the specimen SPP1 occurred between two rows of studs,
and the vertical displacements of each stud were consistent, and there was no
damage to the concrete between the studs. The final failure mode of specimen
SPP1isillustrated in Fig. 7e. For specimen SPP2, when loaded to approximately
0.88N, the upper left part of the outer steel plate buckled. When the load
continued to increase, the upper left part of the inner steel plate buckled. When
loaded to the peak load N, the upper right part of the inner and outer steel plates
buckled. For specimen SPP2, because the concrete only provided out-of-plane
support for the steel plates, there was no damage to the concrete. The final
failure mode of SPP2 is illustrated in Fig. 7f.

3.2. Normalised average stress-strain curves

Fig. 8 shows the normalised average stress-strain curves of SCS sandwich
composite tower specimens with different spacing-to-thickness ratios. The
spacing-to-thickness ratios of specimens SPB2, SPB4 and SPB3 were 109, 65,
and 32, respectively, and the corresponding spacing of the studs was 250, 200,
and 150 mm, respectively. As reported in Fig. 8, the peak strength tends to
increase with a decrease in the spacing-to-thickness ratio, especially for the
specimen with the smaller spacing-to-thickness ratio. Fig. 9 shows the effect of
the steel plate curvature radius on the peak strength of the specimens. As
presented in Fig. 9, a steel plate with a small curvature radius has a larger peak
strength. This is because when the curvature radius of the steel plate decreases,
the out-of-plane stiffness of the steel plate increases, the stability of the steel
plate is improved, and the peak strength increases accordingly.

—— SPB2 (5,/t=109) —— SPB4 (R;=1000 mm)
0sl ——SPB3(5,t=32) | os| ——SPP3 (R=)
—— SPB4 (S,/t=65)
06 06
B T
04 04
0.2 0.2
0 2 4 6 8 10 4 2 4 6 8 10
8,/H (>410%) S,/H (>0

Fig. 8 Effect of Su/t on the peak strength Fig. 9 Effect of steel plate curvature

radius on the peak strength
3.3. Load-strain curves

Using SPB2 as an example, the load-strain curve of the specimen was
analysed. Fig. 10 presents the load-strain curve of the measuring point at the
instability failure position of specimen SPB2, where "positive value" represents
the tensile strain and "negative value" represents the compressive strain. As
shown in Fig. 10, when the applied load is less than approximately 680 kN
(equal to 0.88Ny,), the relationship between load and strain is basically linear.
The experiments showed that there was an obvious local buckling that occurred
in the steel plate when the load reached 0.88Ny, resulting in the corresponding
strain data of the inner and outer steel plates having an obvious mutation.
According to the research results reported in literature [11], the load
corresponding to the strain mutation point can be considered as the local
buckling load of the steel plate. If the load-strain curve does not change, the
load value corresponding to the first buckling of the steel plate is considered as
the local buckling load of the steel plate. Similarly, local buckling loads of the
inner and outer steel plates can be reached. The peak load (N,), and the local
buckling load of the inner steel plate (N;i), and outer steel plate (Ny,) of the
specimens are listed in Table 3.

Load (kN)

-
8 8
Load (kN)

1008 10044

-12000 -9000 -6000 -3000 0 3000 6000 9000 12000 -2000 -1500 -1000 -500 0 500 1000 1500 2000
Strain (ie) Strain (y12)

(a) The inner steel plate (b) The outer steel plate

Fig. 10 Load-strain curves of specimen SPB2
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Table 3
The peak load and local buckling load of specimens
Specimens Ri (mm) Svlt (-) Nu (kN) Nii (KN) Nio (KN)

SPB1 1000 - 621.8 426.8 400.4
SPB2 1000 109 7714 679.6 766.4
SPB3 1000 32 2432.8 2265.6 2398.3
SPB4 1000 65 955.2 800.6 857.0
SPP1 © 66 550.3 503.8 528.5
SPP2 © - 544.9 527.7 481.8

4. Finite element analysis
4.1. Development of models

The ABAQUS package was employed for the FE element analysis. An
ideal elastic-plastic constitutive model was adopted for the steel material. It can
be seen from the experimental results that the load was applied only to the steel
plate during the test, and the concrete only served as an out-of-plane support for
the steel plate; therefore, an elastic constitutive model was adopted for the
concrete. The elastic modulus of concrete was 32500 MPa, and the Poisson's
ratio was 0.2. A gap was reserved between the concrete to consider the effect of
10mm thickness form boards with a negligible elastic modulus.

In the FE model, as shown in Fig. 11, S4R and C3D8R were selected to
simulate the steel plate and concrete, respectively. To balance the calculation
accuracy and efficiency of the FE model, a characteristic mesh element size of
20 mm for the steel plate and concrete was considered. In accordance with the
test results, a linear elastic spring element was employed in the FE model to
simplify the simulation of the studs. The stiffness of the studs along the length
direction was 455.5 kN/mm, and the shear stiffness of the studs was not
considered. The "surface-surface contact" was used to define the interface
between steel plate and concrete, and the "hard contact" was used to simulate
the normal behaviour interaction between the steel plate and concrete; the
frictionless interaction was applied in the tangential direction. The top end of
the specimen was completely fixed. The reference point RP-1 was introduced
and coupled with the bottom surface of the steel plate to consider the effect of
the endplate. Meanwhile, the lateral displacement of the reference point was
limited (U1=U2=0), and the load was applied to the reference point RP-1.

Coupling Coupling

Reference point RP-1 (U1=U2=0) Reference point RP-1 (U1=U2=0)

Fig. 11 Finite element modelling

In the FE model, the initial geometric imperfection and the initial
eccentricity of the load of the specimens were introduced. Generally, there are
two methods for considering the initial imperfections of the specimens. One is
based on the eigenvalue buckling analysis results. In this method, the first
buckling modes were selected as the initial imperfections of the specimens, and
1/1000 of the height of the specimen was set as the magnitude of the initial
imperfections. The other method introduced the measured initial defect data of
the specimen. In this study, the measured data of the initial out-of-plane
deformation (see Fig. 12) of the steel plate were introduced into the model to
consider the initial geometric imperfection.

The initial load eccentricity was applied by adjusting the position of the
reference point RP-1, and the magnitude and direction of the eccentricity were
determined by the following methods. Note that, in practical design and analysis,
the initial imperfections caused by initial load eccentricity can not be considered.

Assuming that the axial load is N, and the eccentricity of the load toward
the outer plate is p, as shown in Fig. 13, the centroid of the sections between the
centre points A and B of the steel plate are y; and y,, respectively. Then, the
vertical stress of the steel plate at positions A and B in the elastic stage can be
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expressed as:

=N
A

_ N _ Npy, (1)
A

where, A is the sectional area of the steel plate, and | is the moment of inertia of
the section. According to Hooke's law, the vertical strain of the steel plate at A
and B in the elastic stage can be obtained using Eq. (2), where E; is the elastic
modulus of the steel.

0,

€A :E_j
__ 98 (2)

% =%

Then, the initial load eccentricity of the specimen can be obtained as
follows:

e T ar— ®)

EATE
A ﬁ(}’l‘*}’z)‘(}’l‘)&)

The initial eccentricity of the load was determined by calculating the strain
data at the same height as the centreline of the inner and outer steel plates. The
initial eccentricity, p, of the load was obtained by averaging the initial
eccentricity at each height. The initial eccentricities of the load of the specimens
are listed in Table 2.

™

0 200 0705
1067 i

(a) Inner steel plate (b) Outer steel plate

Fig. 12 Measured geometric imperfections of specimen SPB1

Fig. 13 Calculation and analysis diagram of load initial eccentricity

4.2. Model validation

4.2.1. Failure modes

Fig. 14 shows the failure modes of the specimens obtained from the FE
modelling. Although the initial geometric imperfection and eccentricity of the
load were introduced in the FE model, the FE model did not consider the
influence of residual stress and the initially introduced geometric imperfection
and eccentricity of the load were not identical to those of the specimens.
Therefore, the above factors lead to slight differences between the numerical
and experimental results. In general, the failure modes obtained from the FE
results are in good agreement with the test results.

U, U1 (ASSEMBLY__T-C)

Inner steel plate

Outer steel plate
(a) Specimen SPB1
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Inner steel plate Outer steel plate

(b) Specimen SPB2
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15.456
121523

Inner steel plate Outer steel plate

(c) Specimen SPB3

U, U1 (ASSEMBLY_T-C)

Inner steel plate Outer steel plate

(d) Specimen SPB4

BT

Inner steel plate Outer steel plate

(e) Specimen SPP1

Inner steel plate

Outer steel plate
(f) Specimen SPP2

Fig. 14 Failure modes of specimens obtained from FE modelling

4.2.2. Load-displacement curves

Fig. 15 shows a comparison of the load-displacement curves between the
test and FE results and Table 4 shows the comparison of the bearing capacity
between the test and FE results. Owing to the manufacturing defects and
measurement deviations of the specimens, there might be a slight difference
between the FE results and the test results. However, the FE model accurately
simulate the bearing capacity and elastic stiffness of the specimens. Therefore,
it can be observed that the FE model is in good agreement with the experimental
results.

Load (kN)
[

Displacement (mm) Displacement (mm)

(a) Specimen SPB1 (b) Specimen SPB2
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Fig. 15 Comparison of load-displacement curves between test and FE results

Table 4
Comparison of bearing capacity between test and FE results

Specimens  SPB1 SPB2 SPB3 SPB4 SPP1 SPP2

Test (kN) 621.8 7714 24328 9552 550.2 544.9
Bearing
. FE (kN) 655.9 797.7 24073 9452 573.1 510.9
capacity

FE/Test 1.05 1.03 0.99 0.99 1.04 0.94

5. Parametric study

According to the failure mode of the specimens of the SCS sandwich
composite tower, the local buckling of the steel plate only occurred in all
specimens between two rows of studs. Therefore, in this study, the stud was
regarded as the supporting point of the steel plate, and the steel plate within the
spacing of the studs was considered as the axial compression member, as shown
in Fig. 16. The critical elastic buckling load (P,;) of the steel plate was calculated
using the following Eq. (4).

n2Egl
o = (kl)sz 4

where, E; is the elastic modulus of the steel plate; | is the moment of inertia of
the section; k is the effective length factor of the steel plate.

As shown in Fig. 16, the thickness of the steel plate is t, the vertical spacing
of the studs is Sy, and the horizontal spacing is Sp. Then, the critical elastic
buckling load of the steel plate can be obtained from Eq. (5):

n2Eg(t35p/12)

Py = (kSy)? (5)
Thickness of steel plate t t
l Sh
|
Sh |
__tl__w| S,
SV }
|
o |
.
Fig. 16 Elastic buckling stress model of steel plate
The corresponding critical stress of elastic buckling is:
_ P _ mPEs(t3sn/12) _ mPEs
Ocr = A - (kSv)z(tSh) - 12k2(STV)2 (6)
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According to Eq. (6), the effective length factor k is an important factor
affecting the critical stress of the elastic buckling of the steel plate; therefore, it
is necessary to study the effective length coefficient. In this study, the key
parameters affecting the effective length factor of steel plates in SCS sandwich
composite towers are the curvature radius of the steel plate, the thickness of the
steel plate and the spacing of the studs. Therefore, in the parametric study, the
effect of the above key parameters on the effective length factor of the SCS
sandwich composite tower is analysed, which is expected to provide a basis for
the proposal of a design method for the effective length factor.

5.1. Finite element model of tower structure

To accurately simulate the critical elastic buckling stress of a steel plate in
an actual tower structure, an FE model was established to analyse the critical
elastic buckling stress of the steel plate in the SCS sandwich composite tower.
Owing to the support provided by the core concrete to the inner and outer steel
plates, the buckling and deformation directions of the inner and outer steel plates
are different, which leads to different local stabilities of the inner and outer steel
plates. Therefore, in a parametric study, the inner and outer steel plates should
be studied separately.

In the parametric study, the parameters of the FE model of the tower
structure (see Fig. 17) are the same as those of the above-mentioned specimen
FE model, but it should be noted that: (1) the eigenvalue buckling analysis is
used to obtain the critical elastic buckling load of the steel plate, and the
effective length factor of the steel plate can be obtained by calculating the
critical elastic buckling stress using Eqg. (6); (2) the vertical and horizontal
spacing of the studs in all the FE models is equal; (3) The heights of all
specimens were set as 6-10 times the spacing of the studs to eliminate the
influence of boundary conditions on the FE analysis results.

(a) Inner steel plate

(b) Outer steel plate

Fig. 17 FE model of SCS sandwich composite tower

5.2. Effect of the stud spacing

In the parametric study, the spacing of the studs of the inner and outer steel
plates was considered as S, = 100, 115, 133 and 150 mm. Fig. 18 shows the
effect of the stud spacing on the effective length factor of the inner and outer
steel plates. It can be seen that the effective length factor of the inner and outer
steel plates decreasing trend is basically the same. With an increase in the stud
spacing, the effective length factor decreases, and the outer steel plate has a
larger effective length factor than that of the inner steel plate.

—=— Inner steel plate|
|—*— Outer steel plate|]

L
100 120 140 160
S, (mm)

Fig. 18 Effect of the stud spacing on the effective length factor

5.3. Effect of the steel plate thickness

In the parametric study, steel plate thicknesses (t) of 2, 3, 4, and 5 mm were
considered. The effect of the steel plate thickness on the effective length factor
is shown in Fig. 19. As shown in Fig. 19, for a steel plate of the same thickness,
the effective length factor of the outer steel plate is greater than that of the inner
steel plate. The increase in the thickness of the steel plate has a positive effect
on the effective length factor, especially for the outer steel plate. The effect of
the spacing-to-thickness ratio S/t on the effective length factor is shown in Fig.
20. As illustrated in Fig. 20, with an increase in the spacing-to-thickness ratio,
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the effective length factor decreases and the influence of the spacing-to-
thickness ratio on the effective length factor of the inner and outer steel plates
is similar. The effective length factor of the outer steel plate was greater than
that of the inner steel plate with the same spacing-to-thickness ratio.

—=— Inner steel
[—*— Outer steel

B ~
028 om0l

—=— Inner steel plate| .

—e— Outer steel plate| —
2 3 : 5 20 30 40 50 60 70 80
t (mm) St

Fig. 19 Effect of steel plate thickness on Fig. 20 Effect of Sv/t on the effective

the effective length factor length factor

5.4. Effect of the steel plate curvature radius

In the parametric study, the steel plate curvature radius ranged between 400
and 1000 mm at 200 mm intervals. Fig. 21 shows the effect of the steel plate
curvature radius on the effective length factor. With an increase in the curvature
radius of the steel plate, the effective length factors increase. The effective
length factors of the outer steel plate are generally larger than those of the inner
steel plate, and the increase in the effective length factors of the outer steel plate
is greater. This is because when the curvature radius of the steel plate increases,
the local stability of steel plate becomes worse, and the steel plate is more prone
to local instability failure. The effect of S\/R on the effective length factor is
shown in Fig. 22. As shown in Fig. 22, the effective length factor of the steel
plate is smaller when the S,/R becomes larger, and the effective length factor of
the outer steel plate is larger than that of the inner steel plate and the trends of
the two curves are similar.

036 T T T
. 028l —=— Inner steel plate|
—e— Outer steel plate
032 i
0.26
<028} | - .
/'/"
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024 __— 1 022} .. ]
—=— Inner steel plate] NG
—e— Quter steel plate] ~a
020 . n n 020 - . .
400 600 800 1000 03 04 05 06
R (mm) SJR

Fig. 21 Effect of steel plate curvature Fig. 22 Effect of Sv/R on the effective

radius on the effective length factor length factor

6. Development of design rules

In this study, the critical stress of elastic buckling of a steel plate was
analysed based on the column stability theory. The integral FE model of the
actual tower structure was developed based on the validated FE model and
actual tower structure form. The influence of the curvature radius of the steel
plate, thickness of the steel plate and vertical spacing of the stud on the effective
length factor of the inner and outer steel plates were studied. From the results
of the parametric analysis, it can be seen that the governing parameters of the
effective length factors of the inner and outer steel plates are the spacing-to-
thickness ratio S,/t and the spacing-to-curvature radius of the steel plate S\/R,
and the effective length factors of the inner and outer steel plates are smaller
when the spacing-to-thickness ratios S,/t and S,/R have larger values. Note that
S/t and S,/R are dimensionless coefficients, which can effectively eliminate the
influence of the size effect on the analysis results. When the curvature radius of
the steel plate tends to infinity (i.e. the flat steel plate), the effective length factor
of the flat steel plate proposed by Yan et al. [10] is 0.825. Because the steel plate
of the SCS sandwich composite tower is curved, | the local stability of the steel
plate with curvature is different from that of the flat steel plate, and the effective
length factor k is no longer a constant value for the steel plate with curvature.

In the form of Eq. (6), based on the newly generated 240 FE analysis results,
the design method of the effective length factor k for the inner and outer steel
plates of the SCS sandwich composite tower is achieved through linear
regression, as follows:
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Inner steel plate:
k= ; U]
0.5170(%)0'45(3—;’)05 +1212
Outer steel plate:
k=— 111 0. (8)

Fig. 23 shows a comparison of the effective length factor calculated using
Eg. (7) and the FE analysis results, and good agreement was observed between
the predicted and the numerical results. As shown in Fig. 23, the mean values
of predicted results to the numerical results of the inner and outer steel plates
were 1.01 and 1.00 respectively, and the coefficients of variation (COV) of the
inner and outer steel plates were 0.0026 and 0.0082 respectively. This indicates
that the proposed design method can provide accurate and consistent predictions.

Substituting Egs. (7) and (8) into Eq. (6), the design method for calculating
the critical elastic buckling stress of the inner and outer steel plates can be
obtained as follows:

Inner steel plate:

n255(0_5170(%")0'45(57")0'55“.212)2

o= 9
O—Crl 12(STV)2 ( )
Outer steel plate:

N Sy\ 1 (5102 - 2
Ucro _ bs ES(0.2316(R) (t) +1 212) (10)

(%)

If the critical elastic buckling stress is no less than the yield strength of the
steel plate, that is, no buckling occurs before the steel plate yields, then the limit
design method of the spacing of the studs of the inner steel plate can be obtained
as follows:

Inner steel plate:

1.212

Sui < 12fy 05170 A1)
n2Egt? ROA5{05S
Outer steel plate:
1.212
Svo = 12fy  0.2316 12)

72Egt? RL1{0.9
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Fig. 23 Comparison between formula calculation value kc and FE value ke

7. Conclusions

Six specimens of SCS sandwich composite towers were tested under axial
compression, and FE models were employed and validated against the test
results. The test results showed the following: (1) in all the specimens the local
failure mode occurred between the studs; (2) the peak strength of the steel plate
increased with a decrease in the curvature radius of the steel plate and a decrease
in the spacing-to-thickness ratio; (3) the peak strength of the steel plate
increased with a decrease in the spacing-to-thickness ratio (the decrease of the
spacing of the studs and the increase of the thickness of the steel plate), and the
influence of the thickness of the steel plate on the peak strength was more
significant. An FE model of the tower structure was developed to analyse the
critical elastic buckling stress of the steel plate in the SCS sandwich composite
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tower. The influence of three parameters (curvature radius of the steel plate,
thickness of the steel plate, and the spacing of the studs) on the effective length
factors of the inner and outer steel plates was studied. Based on the parameter
analysis results, the design rules of the effective length factor of the inner and
outer steel plates, and design methods for the spacing of studs to prevent local
instability of the inner and outer steel plates before yielding were proposed. The
outcome of this study provides a theoretical basis and design guidance for the
application of SCS sandwich composite structures in the field of wind power
generation.
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