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Abstract.  Current climate conditions along with advances in technology make further design and 
verification methods for structural strength and reliability of wind turbine towers imperative. Along with the 
growing interest for “green” energy, the wind energy sector has been developed tremendously the past 
decades. To this end, the improvement of wind turbine towers in terms of structural detailing and 
performance result in more efficient, durable and robust structures that facilitate their wider application, thus 
leading to energy harvesting increase. The wind tower industry is set to expand to greater heights than before 
and tapered steel towers with a circular cross-section are widely used as more capable of carrying heavier 
loads. The present study focuses on the improvement of the structural response of steel wind turbine towers, 
by means of internal stiffening. A thorough investigation of the contribution of stiffening rings to the overall 
structural behavior of the tower is being carried out. These stiffening rings are placed along the tower height 
to reduce local buckling phenomena, thus increasing the buckling strength of steel wind energy towers and 
leading the structure to a behavior closer to the one provided by the beam theory. Additionally to ring 
stiffeners, vertical stiffening schemes are studied to eliminate the presence of short wavelength buckles due 
to bending. For the purposes of this research, finite element analysis is applied in order to describe and 
predict in an accurate way the structural response of a model tower stiffened by internal stiffeners. Moreover, 
a parametric study is being performed in order to investigate the effect of the stiffeners’ number to the 
functionality of the aforementioned stiffening systems and the improved structural behavior of the overall 
wind converter. 
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1. Introduction 
 
The use of alternative methods for energy production is considered crucial to maintain or 

improve the current climate conditions by reducing the emissions produced by the traditional 
energy production procedures. Wind energy as one of these alternative energy production methods 
is being developed rapidly during the past decades. In this paper, a new stiffening method is 
applied in order to improve the structural response of wind turbine towers. This stiffening method 
is trying to eliminate problems induced by local buckling phenomena, thus leading to safer and 
more robust structures, capable to maintain greater loads and achieving greater heights. 

There are three types of steel wind turbine towers being nowadays constructed that vary by 
structural configuration/ morphology: a tapered tower, a jacket tower with a truss structure and a 
hybrid tower meaning a combination of a truss structure for the lower part and a tube for the upper 
one. Due to their advantages (easier mounting and structural detailing) tapered steel wind turbine 
towers are for the time being the most commonly used. They are composed of a number of steel 
tubular parts manufactured in the factory and mounted on site by means of bolted flanges. As the 
main supporting structure of a wind power plant is the tower, its structural analysis is considered 
important. The governing loads acting on the tower are the wind pressure up the height and the 
moment and lateral load generated by the rotor at the top of the structure. There have been several 
failures of wind turbine towers mainly due to extreme weather conditions, such as lightning or 
heavy storms and the most frequent failure mode for this type of long slender structures is local 
shell buckling (Lee and Bang 2013). 

Steel tubular structures due to their geometry have the advantage of carrying great loads with 
small thicknesses allowing them to be widely applied in many branches of engineering and for that 
reason they have been thoroughly studied for more than one hundred years (e.g., Calladine 1989). 
Examples of their applications include silos, chimneys, nuclear reactors, pipelines etc. and recently 
wind turbine towers. Because of the thin wall of these structures in relation to the other dimensions, 
buckling is often the dominating failure mode. This is the reason why their buckling behavior has 
been thoroughly investigated in the past both experimentally and numerically with emphasis on 
the behavior of cylindrical shells. The behavior or cylindrical shells is practically the same with 
tapered towers since in the case of wind turbine towers the difference between the bottom diameter 
and the top diameter is trivial for the given distance between them, which leads the geometry of 
tapered towers to behave closer to cylinders than cones. There has been great scientific effort and 
work conducted by Timoshenko and Gere (1961), Bazant and Cedolin (2010), Vinson (1988), 
Galambos (1998), Teng and Rotter (2004) towards the interpretation and investigation of tubular 
structures. As stated by Teng (1996) the first shell buckling problem solved involved cylindrical 
shells under axial compression. From the very early experimental results driven by Flugge (1932) 
and Lundquist (1933), it was indicated that tubular structures buckle at loads significantly lower 
than the analytical predicted buckling load, which is the linear bifurcation load based on the 
assumptions of simple supports and a membrane state of pre-buckling stress distribution. 
Thorough research was conducted during the past decades on the investigation of this phenomenon. 
The discrepancy between experimental and theoretical results was attributed to initial geometrical 
imperfections, loading eccentricities, boundary conditions and differences in thicknesses and 
material properties. As the shell slenderness increases, the influence of those factors becomes more 
important (Dimopoulos and Gantes 2012). 

The investigation of the structural behavior of wind turbine towers and their optimized 
response can result in more reliable and safer wind energy structures and subsequently, to more 
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efficient energy production. In particular, one of the main structural problems mentioned in wind 
energy structure reports is related to buckling phenomena of the wind turbine tower shell which 
led to a significant number of catastrophic accidents due to structural failure (Dimopoulos and 
Gantes 2013, Ragheb 2013, Lee and Bang 2013). The influence of the tower height to the failure 
of cylinders has been examined by Jansseune et al. (2012) and the response of cylindrical shells 
against wind loading and bending has been recently investigated by Chen et al. (2008) and Chen 
and Rotter (2012). As the most suitable load-carrying structure for a wind turbine is a steel tapered 
tower, composed of subsequent tapered shell members mounted on site (Bazeos et al. 2002), there 
have been several studies focusing on the structural behavior of these structures. Chen et al. (2011) 
performed a meticulous study to calculate the buckling performance of cylindrical shells with 
variable wall thickness. Lavassas et al. (2003) has modeled and analyzed a prototype 1 MW 
tapered steel wind turbine tower with emphasis on structural detailing of the rings, opening and 
foundation anchoring. Bazeos et al. (2002) conducted a stability analysis on a steel wind turbine 
tower with varying diameter and thickness along its height, resulting in useful results concerning 
the static and seismic response of the tower by comparing detailed and simplified models, while 
Lee and Bang (2013) have performed the numerical analysis of a collapsed wind turbine tower in 
Korea in 2005, achieving very good agreement between the analytical results of the shell FEM 
model and the measured results of the accident. Dimopoulos and Gantes (2012) have performed 
experiments and have elaborated numerical results on different types of stiffening around the 
openings of wind turbine towers achieving to counterbalance the loss of strength due to the 
opening with various alternative stiffening schemes. The results of the comparison between the 
experimental and numerical results showed that in shells without openings, the presence of initial 
imperfections plays a vital role in the numerical analysis and that the estimation of the initial 
imperfections shape can be fulfilled taking into account the shape of the first eigenmode. 
Experimental results of a full scale wind turbine monitoring research have been obtained giving 
detailed information on the loading conditions and response of connections and internal stiffeners 
throughout the structure’s life (Rebelo et al. 2012a, b). Arasu et al. (2011) successfully performed 
numerical analysis to assess the seismic response of steel wind turbine towers and a methodology 
is followed to investigate the probability of reaching certain damage levels and Nuta et al. (2011) 
outlined a methodology for seismic risk assessment of tubular steel wind turbine towers subjected 
to several levels of seismic hazard through the calculation of fragility curves. The optimal design 
of wind turbine towers and the optimal positioning of rings stiffeners towards the design of the 
most cost effective structures which are structurally safe has been the topic of research of Uys et al. 
(2007) while Negm and Maalawi (2000) elaborated several optimization strategies for structural 
optimization of wind turbine towers. Stavridou et al. (2013) performed numerical analysis on a 
wind turbine tower with and without stiffening rings confirming the beneficial effect of stiffening 
rings in the overall tower performance. Sandwich cylindrical shells due to their higher 
stiffness/weight and strength/weight ratios compared to conventional shells have wide applications 
and their buckling behavior is further investigated currently (Ohga et al. 2005). The issue of 
limiting shell buckling and further stiffening shells against local buckling by means of circular 
stiffeners that are placed at regular intervals along the cylinder has initially been introduced and 
examined by Rotter (1987) and further investigated by Schneider and Zahlten (2004), Schneider 
and Brede (2005) and Lemak and Studnicka (2005). Regulations for the design and positioning of 
stiffeners have been introduced in design recommendations in the European Recommendations by 
the European Convention For Constructional Steelwork (2008). Stringer stiffened cylindrical 
shells are more widely employed to counterbalance axial loads, bending moments and shear forces 
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and have thoroughly been examined by Singer (2004) and his scientific team. The longitudinal 
stiffeners serve mainly to increase the axial and bending strength of cylindrical shells, which has 
recently been verified by Arani et al. (2010). 3D finite element analyses conducted by Wojcik et al. 
(2011) have shown that the buckling strength of perfect cylindrical shells is three times higher than 
the ones that take into account initial imperfections, whereas material non-linearity significantly 
reduces their buckling strength. 

Despite the great scientific progress carried out in the field of tubular structures, there is limited 
work devoted to the stiffening of wind turbine towers with internal rings and stringer stiffeners and 
the investigation of their effectiveness against buckling phenomena. In order to fulfill the needs of 
these tall and slender structures against combined loading, a numerical study is conducted in order 
to investigate the effect of internal stiffeners against local buckling and bending and thus 
improving the overall behavior of the structure. The numerical analyses are performed with the use 
of the commercial finite element program Abaqus (Documentation, Abaqus and User manual, 
2012). From the structural point of view, the stiffening rings contribution to local bucking is 
highlighted and their number up the tower length is discussed. The longitudinal stiffeners play a 
vital role in the bending behavior of the structure and their optimal number and distribution around 
the circumference of the tower is discussed. The internal stiffeners are applied according to the 
relevant literature, and their theoretical benefit for slender structures is verified numerically 
through a parametric study. Linear perturbation analysis is performed for the unstiffened structure 
providing the first eigenmode shape which is used with the relevant imperfection factor as initial 
imperfections of the structure for the non-linear analysis. Multiple stiffening schemes with 
different number/locations of rings are in addition examined applying non-linear imperfection 
analysis techniques. 

 
 

2. Buckling resistance of steel tubular structures 
 
The study of cylindrical wind turbine towers lies in the field of cylindrical shells under 

combined loading of transverse and compressive loads and bending moment. They are considered 
thin-walled structures and their main use in everyday life is for the construction of chimneys, tanks, 
pipelines and silos and recently on wind turbine structures. 

In long and slender steel cylindrical shells, large non-elastic deformations lead to buckling or 
plastic failure. Thin shells structures transfer loading by means of the membrane tensile and 
compressive forces that act in the walls of the shell. Their efficiency in load bearing capacity is 
rather high under symmetrical loading and boundary conditions, while a more complicated 
behavior is observed under asymmetrical loading or local load concentration. 

As structures are becoming more and more complicated there have been more sophisticated 
methods for analyzing shell structures. Wind turbine towers have a similar function to chimneys as 
they are tall and slender steel tapered structures which can be designed according to regulations set 
in EN 1993-3-2 (2006). Very rarely these structures are designed like simple cantilevered 
structures without any more detailed finite element analysis. The formulae for first and second 
order beam theory provided in the above mentioned document can be applied only under 
circumstances when preliminary checks have to be conducted and future detailed analyses are to 
follow. It is common practice that more complicated and accurate analyses for these structures is 
performed like linear elastic, material non-linear, material and geometric non-linear, with or 
without imperfections methods of analysis which are available and are included in the new EN 
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1993-1-6 (2006) for the design of steel shell structures. When the computational capacity is 
limited, there can be a first approach to buckling problems of shells by conducting a linear elastic 
buckling analysis, to determine the bifurcation load of the perfect structure. The limitation of this 
approach is that the reduction factors applied to account for geometric imperfections and plasticity 
are difficult to determine. A fully nonlinear analysis with large deflections, geometric 
imperfections and plasticity among other difficulties involves the difficulty of establishing the 
shape and amplitude of initial imperfections for the analysis. Koiter (1945) first and Speicher and 
Saal (1991) some years after suggest that an equivalent imperfection of the same form as the first 
bifurcation mode with an adjusted amplitude is the safest way to introduce imperfections in the 
model. 

The current work aims at investigating the stability capacity of cylindrical steel wind turbine 
towers and the contribution of internal stiffening schemes to that capacity. To investigate the 
contribution of the stiffening schemes to the overall behavior of a wind turbine tower, geometrical 
and material nonlinear analysis is applied as prescribed both for the ultimate limit state and the 
buckling limit state in the European Standard, (EN 1993-1-6 2006). Shell structures are very 
sensitive to the type of constraint conditions and for the case of wind turbine towers that are closed 
cylinders, both the top rigid plate carrying the mechanical equipment and the stiffening rings are 
considered pin ends and the foundation is considered clamped. In the same standard provisions for 
the implementation of stringer stiffeners are provided in order to increase the stability of the 
structure, assisting with the introduction of local loads along the meridian of the shell. These 
longitudinal stiffeners are considered to ensure the higher capacity of the structure towards shear, 
axial and bending loads and provisions for their application are prescribed in relevant Standards 
(EN 1993-1-6 2006 and DNV-RP-C202 2013). Stiffened towers demonstrate a deformed shape 
closer to the beam theory than unstiffened ones, which is also demonstrated also by the higher 
critical load of the stiffened structure compared to the unstiffened one. 

 
 

3. Stiffening schemes: Role and characteristics 
 

3.1 Stiffening rings 
 
Stiffening rings are often an integral part of shell structures while their most common failure 

mode is the out-of-plane buckling (Bushnell 1976). The critical values for the capacity and the 
minimum thickness of the wall are calculated according to the length to diameter ratio and the 
appropriate factor of safety. In the case of long cylindrical shells stiffened by rings, provided that 
the rigidity of the rings is such that they are able to carry the lateral load without in-plane buckling 
of the rings, the critical buckling length is considered to be the distance between the rings. 

The stiffening rings examined in the present study are local stiffening members that pass 
around the internal circumference of the shell revolution at a given point at the meridian. The cross 
section of these sub-structures may vary from single plated to “T” or “L” profiles, but the single 
plated are mostly used in the wind turbine tower stiffening due to simpler implementation and 
welding. Their potential out-of-plane deformation is limited with appropriate thickness used, 
whereas their in-plane stiffness is comparably high. The orientation of the rings and their specific 
dimensions are given in Fig. 1. 

When designing wind turbine towers according to the European Standards (EN 1993-1-6 2006), 
there are four limit states that have to be taken into account: LS1-plastic limit state, LS2-cyclic 
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Fig. 1 Dimensions of stiffening rings and flanges 

 
 

capacity, LS3-Buckling limit state and LS4-Fatigue limit state. 
Since the beneficial influence of the stiffening rings is observed in the design according to the 

plastic limit state (LS1) and the buckling limit state (LS3), focus is given in the present paper on 
how the rings change the tower behavior towards the loading governing these limit states. No 
special reduction factors for lowering the buckling resistance of the shell due to welding of 
stiffeners are used in practice. The possible modification of the fatigue resistance of the tower shell 
can only be discussed in the Fatigue limit state which is out of the scope of the present paper. In 
the plastic limit state, the beneficial impact of the stiffening rings to the overall performance of the 
shell is mainly on the relief of the excessive strain concentration on the flanges due to the 
concentrated circumferential stresses. 

In the analysis of the structure with the buckling limit state (LS3) loads, there are two factors 
that have to be taken into account. Firstly, the circumferential buckling strength of the shell is 
limited, due to the small thickness to radius ratio of the tower shell. Secondly, as described in 
analytical form in article 7.9 of Eurocode (EN 1991-1-4 2006), the wind force around the 
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circumference of the shell, tends to “ovalize” the circular cross-section, having as a result the 
presence of high circumferential stresses and second order effects (Stathopoulos and 
Baniotopoulos 2007). 

The contribution of internal stiffening rings is considered beneficial, for all the above 
mentioned issues. The tower’s buckling capacity is increased and the maximum concentrated 
circumferential stresses are noticeably reduced. There are various methods that can be followed to 
verify the structure towards local buckling specified in EN 1993-1-6 (2006). 

The relief of the circumferential stresses due to the use of stiffening rings is verified 
analytically when examining the expression for the calculation of the critical circumferential 
buckling stress given in Annex D of (EN 1993-1-6 2006) where for long cylinders the critical 
circumferential buckling stress should be obtained from the following Eqs. (1)-(3). In this 
framework, for long cylinders 
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where: ω is the dimensionless length parameter, r the cylinder radius, t the shell thickness, l the 
cylinder length, C the external pressure buckling factors according to boundary conditions and E 
the Young’s modulus of the material. Starting the solution from Eq. (3), where l is maximized for 
longer cylinders (where l is greater), it can be derived from Eq. (2) that for a given significant 
value of the length l between the boundaries, the critical circumferential buckling stress is 
minimized. The critical buckling length is considered the length between boundaries or built-in 
edges, having a smaller value for l when taking the distance between consequent stiffeners. The 
same relief of meridional buckling stresses is observed when examining the analytical equations 
given for the calculation of the critical meridional buckling stresses by the following expressions: 
the critical meridional buckling stress is 

 

r

t
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Where Cx is calculated by Eq. (5) 
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where: t, l, r, E and ω are already defined. Cxb takes a different value according to the type of 
boundary condition at the ends of the reference shell part. For the critical meridional stress as well 
the smaller the distance between two ends, the critical stress is maximized. 

The function of rings is focusing on limiting the out-of-roundness deformation of the cross- 
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Fig. 2 Dimensions stringer stiffeners 
 
 

section, eliminating “ovalization”, therefore the critical circumferential buckling stress is 
maximized when the distance between rings is minimized. Therefore, for achieving higher critical 
circumferential and meridional buckling stresses, the manufacturing of internal stiffening rings is 
strongly recommended. 

 
3.2 Stringer stiffeners 
 
Longitudinal stiffeners are the commonest stiffening type of shell structures. When designed 

properly providing sufficient stiffness to the shell and are widely spaced, the commonest failure 
mode is typical local shell buckling in the area between the stringers, and when they are closely 
spaced the most common failure mode is panel shell buckling, where the stiffeners deform along 
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with the outer shell generating a general instability failure (DNV-RP-C202 2013). 
The stringer stiffeners implemented and presented in the present study are local stiffening 

members following the meridian of the shell and representing a generator of the shell of revolution. 
The cross section of these stiffening members is commonly single plated or of “T” profiles, and 
the single plated are mostly used in the wind turbine tower stiffening due to simpler 
implementation and welding. As discussed for the stiffening rings, the potential out-of-plane 
deformation of stinger stiffeners is limited with appropriate thickness used, whereas their in-plane 
stiffness is also comparably high. The position of the longitudinal stiffeners and their detailed 
dimensions are given in Fig. 2. 

 
 

4. Numerical investigation of a wind turbine tower 
 
4.1 Description of the structure 
 
The wind turbine tower used for the implementation of stiffening rings has been examined in 

the HISTWIN project (Veljkovic et al. 2006) and has a hub height of 76.15 meters and due to 
elements’ transportation limitations, it consists of 3 parts that are mounted on site. These parts 
vary in length: 21.8 m, 26.6 m and 27.8 m from bottom to top. The tower is not cylindrical as the 
lower diameter of the tower is 4.3 m and the top one is 3 m. The thickness of the shell wall is also 
not constant, starting from 12 mm at the top to 30 mm at the bottom. The tower is embedded into a 
reinforced concrete foundation which is anchored to the ground and therefore the tower is 
considered to be fixed at the foundation which is not modeled. A boundary condition constraining 
all translational and rotational degrees of freedom is used to model the foundation of the structure. 

 
4.2 Design loads 
 
When designing wind turbine towers, the loads that the tower has to resist are: 
 

(1) the self-weight of the tower, 
(2) the forces acting on the tower due to the function of the nacelle provided by the 

manufacturer, 
(3) the fatigue loads that are again provided by the manufacturer, 
(4) possible icing around the shell of the tower and 
(5) the wind load that is distributed along the height of the tower. 
 

The focus is oriented in analyzing the structure and examining the influence of the 
implementation of stiffening rings towards the complex loading condition of the tower. 

 
4.3 Loads taken into account in the analysis 
 
In the present work, the towers are supposed to operate in environments where the driving 

effect is extreme wind and not fatigue deriving from conventional operation of the wind turbine. 
The focus therefore is concentrated on the contribution of stiffening rings for improving the tower 
behavior against local buckling coming from extreme loading. Therefore the fatigue, the seismic 
and icing loading are not taken into account. The loads that are used in the analyses are 
characteristic loads provided by the manufacturer and refer to the maximum force imposed to the 
tower due to the operation of the mechanical system. Moreover, the weight of platforms and 
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Fig. 3 Wind load distribution along the circumference of the tower 
 
 

ancillary equipment of the tower is neglected. The self weight of the tower shell is automatically 
calculated by the FE software ABAQUS taking into account the dimensions of the tower and the 
material density. Wind loading is calculated according to the Eurocode (EN 1993-1-6 2006) as a 
complex function related to the Reynolds number of the wind flow and the position around the 
circumference. For the model described, the circumference of the shell is divided in 8 zones of 
homogenous pressure to simulate the wind loading given by the Eurocode diagram, as shown in 
Fig. 3. 

The concentrated loads are applied at the top of the tower to a reference point taking into 
account the eccentricity of the rotor position, shown in detail in Fig. 4. The loading of the nacelle 
is provided by the producer and is as following: Total weight of nacelle, blades and rotor (RV) is 
1080 kN and is positioned at the top of the tower having the center of gravity shifted horizontally 
+ 0.725 m from the axis of the tower and vertically + 0.50 m above the upper flange level (+76.15 
m). According to manufacturer’s data, the rotation of the blades is producing a concentrated 
horizontal force (RH) of 600 kN at (76.15 + 0.5) m and a bending moment (RM) of 48000 kNm at 
the same point. The loading condition of the tower is the combination of the loads described above 

 

  WRRRP MHV   (6)
 

The loads over the tower stem are calculated, for the specific dynamic characteristics and 
geometry of the structure, according to Eurocode (EN 1991-1-4 2008). In the case under 
investigation, the basic wind velocity at 10m above the ground is taken as vb = 27,00 m/sec and the 
terrain category is [II]. The distribution of the wind forces up the height [z] of the shell is given as 
a function of the diameter [D]. The wind force Fw is given in kN/m. This wind is the extreme wind 
and is supposed to have a return period of 50 years. 

For    mz 2     : DFw  51,0  (7)
 

For    mz 2   :   DzzFw  7)20ln()20ln(013,0  (8)
 

Where, D = − 0,01775 · z + 4,30266 
The wind pressure according to Eqs. (7) and (8) that is applied on the surface of the tower is 
 

For    mz 2     : )]2/(/[]51.0[ DDpw    (9)
 

For    mz 2     :   )]2/(/[}7)20ln()20ln(013,0{ DDzzpw    (10)
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Fig. 4 The loads used for the analysis of the tower 
 
 
And according to the Eurocode, the wind pressure around the circumference of a cylinder is 

non-uniform and is calculated taking into account the external pressure coefficient (cp,0) without 
free-end flow and the end-effect factor ϕλα as shown in Eq. (11) below 

 

wp pcw  0, (11)
 

Taking into account the Eqs. (9), (10) and (11) along with Fig. 2 the wind pressure around the 
circumference and up the height of the cylindrical tower is given by the expressions 
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4.4 Numerical models 
 
The tower has been modeled in a 3D assembly, while both the outer wall and the internal 

stiffeners are modeled with S4R shell elements as described in the Abaqus Manual 
(Documentation, Abaqus, and User Manual 2012). For the shell elements, only the conventional 
shell model geometry is designed and the shell thickness is taken into account by the section 
properties. These shell elements consist of 4 nodes and they have both translational and rotational 
degrees of freedom at their nodes. The middle surface is considered to be the reference surface of 
the shell. The stiffening rings that are introduced in the structure are also modeled with shell 
elements since their main function is to undertake stresses within their plane. The stiffening rings 
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Fig. 5 Material law used in the analyses 

 
 

that consist of S4R shell elements are positioned transverse to the tower wall as shown in Fig.1 
and again their thickness is taken into account by the section properties. The thickness of the rings 
is greater than the tower’s shell. The thickness of the stiffening rings is considered as 22 mm, their 
width is 20 cm and their number is a matter of investigation in this current study. The advantage of 
modelling internal stiffeners with shell elements is that both in-plane and out-of-plane buckling of 
the stiffeners can be observed. The stringer stiffeners introduced in the structure are also modeled 
with shell elements and are positioned vertically to the tower diameter and transverse to the tower 
wall as shown in detail in Fig. 2. The thickness of the longitudinal stiffeners is 20 mm, their width 
is 20 cm and their number is a matter of investigation of the present work. The dimensions of the 
rings and stringer stiffeners are calculated according to the Eurocode provisions. The flanges 
connecting the consecutive tubular parts are present from the initial model since their presence is 
imposed by element transportation restrictions. These flanges are 60 mm thick on each part, 
therefore 120 mm as a total as shown in Fig. 1. Their function is similar to the one of the internal 
stiffening rings and therefore they contribute to the eigenmode shape of the structure. The 
stiffeners are normal to the direction of the tower shell; their outer nodes are merged with the inner 
nodes of the tower wall at certain positions. The meshing of the stiffening schemes and the tower 
is structured, so that is consistent in the contact area of the two geometries and there is a constant 
flow between the stresses of different parts. 

The steel grade is S355 and the material law introduced is taking into account hardening when 
going from the yielding stress to the ultimate stress in three branches. The first is an almost 
constant plateau until 0.011 true strain, the second is a steep branch until 0.0528 true strain and 
539 MPa true stress and the third is a smooth branch until ultimate plastic strain 0.174% and 
ultimate true stress 612 MPa. The material law introduced in the analyses performed in this present 
work is presented in Fig. 5. 

 
4.5 Methods of analysis 
 
The methods applied for the tower analysis are: 
 

● Static material non-linear analysis without imperfections [GMNA] and 
● Static Geometrical and Material Non-linear Imperfection Analysis [GMNIA]. 
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For the latter as proposed by Koiter (1945) and Speicher and Saal (1991) the equivalent 
imperfection introduced in the structure is of the same form as the first bifurcation mode with an 
adjusted amplitude proposed by the design codes. As a consequence, a bifurcation analysis is first 
carried out to obtain the buckling shapes of the structure and the eigenvalues necessary for the 
geometrical and material non-linear imperfection analysis. The eigenvalue analysis is a hint of the 
theoretical ultimate buckling load of the structure without initial imperfections. The static 
non-linear analysis is then carried out to show the response of the tower again without initial 
imperfections. 

 
4.6 Stiffening schemes 
 
Along with the unstiffened tower which is analyzed for the purposes of comparison, five 

different types of tower models are used with different number of stiffening rings introduced at the 
tower shell as shown in Figs. 6 and 7. In addition four different models are investigated with 
different number of longitudinal stringer stiffeners introduced at the tower shell as shown in Fig. 8. 
In total the analyzed models are: 

 

● the unstiffened original tower [US], 
● a tower model including 3 stiffening rings, one at each tower part [3R], 
● a tower model including 9 stiffening rings, 3 at each tower part [9R], 
● a tower model including 15 stiffening rings, 5 at each tower part [15R], 
● a tower model including 21 stiffening rings, 7 at each tower part [21R]. 
● a tower model including 1longitudinal stiffener [1V], 
● a tower model including 2longitudinal stiffeners [2V], 
● a tower model including 3longitudinal stiffeners [3V], 
● a tower model including 4longitudinal stiffeners [4V]. 
 
 

Fig. 6 Structural models analyzed, including unstiffened tower and four different stiffening schemes 
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Fig. 7 Details, dimensions and spacing of stiffening rings in the different configurations 

 
 
 
 

 
Fig. 8 Longitudinal stiffeners configurations 
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Fig. 9 Compression buckling shape of first Eigenmode of US 
 
 
5. Results for the unstiffened tower 

 
5.1 Eigenvalue analysis 
 
An initial bifurcation analysis is imperative for the calculation of the critical buckling load of 

the structure and the calculation of the eigenmode shapes of the structure that can be introduced 
with the use of certain amplitude as the initial imperfections of the structure. In order to conduct an 
initial calculation, a linear buckling analysis is performed separately to show the influenced region. 
The first eigenmode is shown in Fig. 9 where the compressive short wavelength buckling shape is 
dominant. This buckling shape is characteristic of the presence of bending moment or compressive 
forces. 

 
5.2 GMNA and GMNIA analysis of the unstiffened tower 
 
After having performed the eigenvalue analysis the deformed shape of the 1st eigenmode is 

used with the relevant amplification factor as the initial imperfections of the tower. The 
introduction of initial imperfections is performed by using the deformed shape of the first 
eigenmode multiplied by an amplification factor proposed by the Eurocode, (EN 1993-1-6 2006) 
and evidently both [GMNA] and [GMNIA] analyses are performed. Taking into account the initial 
imperfections of the tower, which in this case are short wavelength buckling shapes of the first 
eigenmode are initializing more complicated deformations like “ovalization” of the cross-section 
and long wavelength buckling shapes of the circumference of the shell. This is proved by the fact 
that these more complicated deformations are only observed when performing geometrically and 
material non-linear imperfection analysis and not simple geometrical and material non-linear 
analysis. For both methods of analysis a concentration of high von Mises stresses appears close to 
the top part of the structure as shown in Fig. 10. When the tower buckles, the von Mises stresses 
have passed beyond the yielding point and the deformed shape indicates the presence of buckling 
failure. For the [GMNA] case, no such failure type is present, which indicates the immense 
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Fig. 10 Von Mises stresses for [MNA] and [GMNIA] for the US model 
 
 

importance of imperfections to the final failure of the structure. 
The response of structure is described in Fig. 11. The vertical axis represents the load factor 

which is applied on the structure and the horizontal axis represents the horizontal displacement of 
the top of the tower. The dashed line represents the material non-linear analysis of the tower 
[GMNA] and the solid line represents the material nonlinear imperfection analysis of the tower 
[GMNIA]. The load where the structure fails without the introduction of the initial imperfections 
is about 0,6 P and the one with the introduction of the initial imperfections is about 0,44 P. This is 
about one fourth of the load indicated by the eigenvalue analysis. This phenomenon of shells that 
buckle at a lower ultimate load than the one that is shown by the eigenvalue analysis is expected 
and has been described extensively in the cylindrical shells theory. The problem that is under 
investigation is a bending dominated problems where there is a strong presence of short- 
wavelength buckles. The introduction of stiffeners, both vertical and horizontal, is attempted. The 
influence of ring stiffeners is expected to limit to some extent the phenomenon of ovalization of 
the cross-section, while the vertical stiffeners are expected to limit the presence of the 
short-wavelength buckles. 

 
 

 
Fig. 11 Comparison of [GMNA] and [GMNIA] analyses of the unstiffened structure US 
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6. Results for the different stiffening schemes 
 
6.1 Eigenvalue analysis 
 
For all the analyzed schemes, both stiffened and unstiffened, the mesh of the models is 

maintained almost the same in order to avoid any numerical incoherence. The unstiffened structure 
has just the two stiffening rings at the connections between consequent parts of the structure and 
the stiffened structures include the internal rings and the longitudinal stiffeners respectively. The 
stiffening rings are added at equal distances in between each part as shown in Figs. 6 and 7 while 
the longitudinal stiffeners are positioned symmetrically around the circumference of the shell 
dividing it into 4 equal parts. 

As it can be derived from Table 1 the introduction of the stiffeners improves the behavior of the 
tower. This is reflected to the critical buckling load calculated for all the cases. The more stiffeners 
added to the cylinder the higher the critical buckling load. After conducting a linear perturbation 
analysis for each model, the non-linear imperfection analysis that follows, is performed using as 
initial imperfections, the 1st eigenmode shape of the relevant structure with the appropriate 
imperfection factor. 

 
6.2 Ring stiffened structures [GMNA] analysis 
 
The static nonlinear analysis without imperfections, shows that the response of the stiffened 

structures is better than the unstiffened one. The ultimate load that the stiffened structure can 
sustain can be seen from Fig. 16. The ultimate load for the tower with 3 rings is 0,64P, for the 
tower with 9 rings is 0,65P, for the tower with 15 rings is 0,67P and for the tower with 21 rings is 
0,69P. In Figs. 12-13 the Von Mises stresses of the structure are shown. The area around the 
stiffening rings is relieved in the structures that have denser ring schemes while in the unstiffened 
structure and the 3R case, the stresses are distributed in a wider area with greater values. This 
relief in the shell stresses can be observed better in the structures where rings are added closer to 

 
 

Table 1 Eigenvalues of stiffened and unstiffened towers 

 1st Eigenvalue 2nd Eigenvalue 3rd Eigenvalue Difference of 1st Eigenvalue 

US 2.0056 2.0229 2.2348 - 

3R 2.0326 2.1293 2.3489 1.35% 

9R 2.0814 2.2098 2.3381 3.5% 

15R 2.3316 2.4905 2.7459 16.58% 

21R 2.3832 2.5828 2.7879 18.83% 

1V 2.0801 2.1111 2.3324 4.00% 

2V 2.2029 2.2068 2.2070 9.83% 

3V 2.7740 2.8390 2.8575 38.3% 

4V 2.7790 2.8416 2.8637 38.56% 

*US: Unstiffened Structure; 3R: Stiffened structure with 3 rings; 9R: Stiffened structure with 9 rings; 15R: 
Stiffened structure with 15 rings; 21R: Stiffened structure with 21 rings, 1V: Stiffened structure with 1 
stringer stiffener, 2V: Stiffened structure with 2 stringer stiffeners, 3V: Stiffened structure with 3 stringer 
stiffeners, 4V: Stiffened structure with 4 stringer stiffeners 
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Fig. 12 Von Mises stresses for [GMNA] and [GMNIA] for the models 3R and 9R 

 

 
Fig. 13 Von Mises stresses for [GMNA] and [GMNIA] for the models 15R and 21R 
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Fig. 14 Von Mises stresses for [GMNA] and [GMNIA] for the models 1V and 2V 
 
 

the area where buckling is occurring. The increase of the capacity of the structure is slightly higher 
between the 9R and 15R structures reflecting the difference of adding the rings in the mostly 
influenced area. 

 

6.3 Stringer stiffened structures [GMNA] analysis 
 

The static nonlinear analysis without imperfections, shows that the response of the longitudinally 
stiffened structures is better than the unstiffened one. The ultimate load that these stringer stiffened 
structures can sustain can be observed in the diagrams presented in Fig. 17. The ultimate load for 
the tower with 1 stringer stiffener is 0,64P, for the tower with 2 stringer stiffeners is 0,69P, for the 
tower with 3 stringer stiffeners is 0,693P and for the tower with 4 stringer stiffeners is 0,694P. In 
Figs. 14-15 the Von Mises stresses of the structures are presented. The influenced area more likely 
to fail is located at the upper one third of the tower with the von Mises stresses exceeding the 
yielding point of the material. A slight “ovalization” of the tower shell is observed in all the cases 
showing that stringer stiffeners do not function against this phenomenon. The increase of the 
capacity of the structure is slightly higher between the 1V and 2V structures compared to the 
increase between 2V-3V and 3V-4V showing that the two stiffeners vertically to the moment and 
shear load are the ones that function better against bending. The first two longitudinal stiffeners 
implemented in the model are positioned accordingly in order to withstand the bending and shear 
load. The eigenvalue of the structure 2V has a significant difference compared to the unstiffened 
one. The next two longitudinal stiffeners placed at the positions specified in Fig. 8 are mainly 
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Fig. 15 Von Mises stresses for [GMNA] and [GMNIA] for the models 3V and 4V 
 
 

 
(a) 3R case (b) 9R case 

 

 

(c) 15R case (d) 21R case 

Fig. 16 Comparison of [GMNA] and [GMNIA] analyses of all the ring stiffened schemes 
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(a) 1V case (b) 2V case 
  

(c) 3V case (d) 4V case 

Fig. 17 Comparison of [GMNA] and [GMNIA] analyses of all the stringer stiffened schemes 
 
 

placed for symmetry and their inertia does not influence much the bending and shear capacity of 
the structure, which is reflected in the minor difference between the eigenvalue of model 4V and 
US. 

 
6.4 Ring stiffened structures [GMNIA] analysis 
 
With the introduction of the initial imperfections to the structural analysis the ultimate load is 

dropping for all the models, both stiffened and unstiffened. It is characteristic that for the 
ring-stiffened models, GMNIA results appear to be 15% lower respectively to the GMNA ones for 
all models 3R to 21R. This reflects the great degree of sensitivity of shell structures to initial 
imperfections. Fig. 16 shows that the ultimate buckling load of 3R is 0,47P, of 9R is 0,49P, of 15R 
is 0,56P and of 21R is 0,57P. For [GMNIA], the difference in the response of the towers is greater 
than before. It is remarked that for the ring-stiffened structures and especially for the 9R and 15R 
cases the ultimate buckling load increases about 14%.This reflects the importance of the rings 
position in the tower response. For the 15R structure there are more rings added to the area that is 
more vulnerable to buckling and therefore the ultimate load increases remarkably. The most 
remarkable difference to be observed from the results of the analyses is the difference in the shape 
of the failure among the models. The first three models US, 3R and 9R have the similarity that in 
addition to the short wavelength buckles of compressive nature, an ovalization of the tower 
cross-section is observed in the upper part of the tower. This type of deformation dominated by 
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long wavelength buckling shapes is mainly controlled by the presence of the stiffening rings. This 
can be observed in the limiting of ovalization observed between US and 15R models. As extracted 
from Table 2, the US structure deforms uniformly in the transverse and normal direction. On the 
contrary the 15R structure has a local deformation on the transverse direction while keeping the 
circular shape in the normal direction. The effect of the introduction of stiffening rings in the 
affected area is reflected in the difference of the buckling shape between 9R and 15R models, 
where rings are added in the area where this “ovalization” occurs. In addition it is also reflected in 
the great difference in the buckling load between the two models. In the 15R model this 
phenomenon is eliminated, therefore the further introduction of rings has a limited effect both on 
the shape and the buckling load, which is seen in 21R model. The presence of ovalization in the 

 
 

Table 2 Effect of ovalization on the tower shape 

 US_GMNIA 15R_GMNIA 4V_GMNIA 

Undeformed diameter 3.080 3.056 3.123 

Deformed normal distance 3.189 3.068 3.138 

Deformed transverse distance 2.912 2.938 3.036 

*Deformed normal distance (N) in meters as indicated in Fig. 23, Deformed transverse distance (T) in 
meters as indicated in Fig. 23 

 
 

 
(a) Description of zones [US] (b) Von Mises stresses at Zone 1 [US] 

  

(c) Von Mises stresses at Zone 2 [US] (d) Von Mises stresses at Zone 3 [US] 

Fig. 18 Von Mises stresses around the circumference for the US model 
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models US, 4V in contradiction with its absence in the model 15R is reflected in Fig. 23. The 
bottom diameter illustrated is the one at 10m above the ground which is perfectly circular for all 
the models; US, 4V and 15R. The top diameter presented is the one at 63m above the ground 
which is the area most affected by loading and more vulnerable to failure for all the models 
investigated. In that height it is clear that the US and 4V diameters are “ovalized”, having lost their 
circular shape, while in the 15R the circular shape is maintained due to the introduction of 
stiffening rings. 

Another observation that can be made is that with the introduction of rings the buckling 
capacity of the structure is increased and the circumferential stresses are noticeably reduced. The 
rings function beneficially on the structure in reducing the impact of the initial imperfections 
which can be seen from the fact that the difference in the ultimate load between US.GMNA and 
US.GMNIA is 36%, 3R.GMNA and 3R.GMNIA is 36%, 9R.GMNA and 9R.GMNIA is 32%, but 
for 15R is 20% and for 21R is 19%. Again the greater difference appears between 9R and 15R 
structures demonstrating the importance of the positioning of the rings. The more rings added 
closer to the influenced area, the greater the impact that is reflected in the ultimate capacity of the 
structure. The occurrence of buckling for all the models is presented through the von Mises 
stresses around the circumference of the shell at the area where failure is occurring displayed in 
Figs. 18-22. Zone 1 is the leeward side of the tower showing very high stresses forming the 
potential buckling zone. The sides which are represented in zone 2 have very low stresses and the 
windward side of the tower has stresses that towards the final load step have higher values but are 
below yielding. 

 
 

(a) Description of zones [3R] (b) Von Mises stresses at Zone 1 [3R] 
  

(c) Von Mises stresses at Zone 2 [3R] (d) Von Mises stresses at Zone 3 [3R] 

Fig. 19 Von Mises stresses around the circumference for the 3R model 
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(a) Description of zones [9R] (b) Von Mises stresses at Zone 1 [9R] 
  

(c) Von Mises stresses at Zone 2 [9R] (d) Von Mises stresses at Zone 3 [9R] 

Fig. 20 Von Mises stresses around the circumference for the 9R model 
 
 

 
(a) Description of zones [15R] (b) Von Mises stresses at Zone 1 [15R] 

  

(c) Von Mises stresses at Zone 2 [15R] (d) Von Mises stresses at Zone 3 [15R] 

Fig. 21 Von Mises stresses around the circumference for the 15R model 
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(a) Description of zones [21R] (b) Von Mises stresses at Zone 1 [21R] 
  

(c) Von Mises stresses at Zone 2 [21R] (d) Von Mises stresses at Zone 3 [21R] 

Fig. 22 Von Mises stresses around the circumference for the 21R model 
 
 
6.5 Stringer stiffened structures [GMNIA] analysis 
 
With the introduction of the initial imperfections to the structural analysis the ultimate load is 

dropping also for all the stringer-stiffened models about 20%. This highlights the importance of 
conducting calculations taking into account initial imperfections for complicated structures. Fig. 
17 shows that the ultimate buckling load of 1V is 0,48P, of 2V is 0,55P, of 3V is 0,57P and of 4V 
is 0,63P. For [GMNIA], the difference in the response of the towers is greater than before. It is 
remarked that for the stringer-stiffened structures and especially between 1V and 2V cases the 
ultimate buckling load increases more than 15%.The importance of placing stringer stiffeners 
symmetrically is highlighted along with the fact that the stiffeners perpendicular to the shear and 
bending loads contribute to increasing the buckling capacity of the structure. The presence of 
ovalization in all the stringer stiffened structures is observed, highlighting the fact that this 
phenomenon is purely controlled by the introduction of ring-stiffeners. In Table 2 the structure 4V 
is observed to deform uniformly on the transverse and normal direction, indicating that it is 
ovalized. This absence of the circular shape is limited compared to the US structure, but the 
phenomenon is not localized buckling. In all the models, both ring-stiffened and stinger stiffened 
short wavelength buckling shapes of compressive nature arise in the upper part of the tower. In the 
models 1V, 2V and 3V these buckling deformations are of shorter wavelength at the circumference 
of the tower and the longitudinal stiffener is proved to function as a pin end for the tower shell. In 
the last model, 4V there is an absence of short wavelength buckling deformations and the panel 
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Fig. 23 Deformed cylindrical shape – ovalization phenomenon 
 
 

buckling mode is proved dominant, indicating that with the use of stiffer longitudinal stiffeners or 
with denser positioning, short wavelength buckling deformations of compressive nature can be 
controlled by stringer stiffeners. 

Another observation that can be made is that with the introduction of longitudinal stiffeners the 
buckling capacity of the structure is increased and the impact of the initial imperfections is limited. 
The latter can be observed from the fact that the difference in the ultimate load between 
1V.GMNA and 1V.GMNIA is 33%, 2V.GMNA and 2V.GMNIA is 25%, 3V.GMNA and 
3V.GMNIA is 21% and for 4V is 10%. 

 
6.6 Stiffening performance index 
 
The introduction of internal stiffeners needs to be investigated in the aspect of the capacity gain 

counterbalanced by the additional weight added to the structure. The concept of internal stiffening 
of wind turbine towers is based on the idea of adding elements with high stiffness/weight ratio in 
critical positions so that the capacity of the structure is maximized while the weight of the 
structure is slightly increased. A new stiffening performance index is defined, which takes into 
account the added weight of the structure along with the respective increased capacity as indicated 
in Eq. (13) as follows 

WC

CC
I

*


  (13)
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Table 3 Capacity index over the tower weight 

 W increase (%) GMNIA Index 

US - - 

3R 0.19 0.0591 

9R 0.56 0.0342 

15R 0.94 0.0409 

21R 1.31 0.0254 

1V 0.43 0.0291 

2V 0.87 0.0419 

3V 1.30 0.0317 

4V 1.73 0.0305 

*US: Unstiffened Structure; 3R: Stiffened structure with 3 rings; 9R: Stiffened structure with 9 rings; 
15R: Stiffened structure with 15 rings; 21R: Stiffened structure with 21 rings; 
1V: Stiffened structure with 1 stringer stiffener; 2V: Stiffened structure with 2 stringer stiffeners; 
3V: Stiffened structure with 3 stringer stiffeners; 4V: Stiffened structure with 4 stringer stiffeners 

 
 
Where C′ is the capacity of the stiffened structure, C is the capacity of the unstiffened structure 

and W is the weight due to the stiffening scheme under examination. The results of the calculation 
of the above described index are presented in Table 3. 

As already discussed above, the introduction of stiffeners is proved to be more beneficial when 
conducting analyses with introduction of initial imperfections. The stiffeners limit phenomena 
deriving from these prebuckling deformations and increase the capacity of the structure. The 
increase in the weight of the structure is trivial compared to the gain in the capacity which is 
proved by the fact that the stiffeners do not constitute more than 1,7% of the weight of the 

 
 

 
Fig. 24 GMNIA Index per ton of added material to the structure 
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structure even in the most heavily stiffened cases, while the gain in capacity is in some cases over 
30% compared to the unstiffened structure. 

 
 

7. Conclusions 
 
The focus of the present work is put on the investigation of the function of internal stiffening of 

wind turbine towers towards buckling phenomena. The analysis of both the unstiffened tower and 
various schemes of stiffened structures with material nonlinear analysis and material nonlinear 
analysis with initial imperfections shows the great sensitivity ofwind turbine towers to initial 
imperfections added to the structure. As expected, the more stiffeners are added to the structure the 
greater is the ultimate capacity of the structure in both cases of perfect and imperfect structures. 
The differences between the unstiffened and the stiffened structures are much greater in the 
material nonlinear imperfection analyses which reflect the beneficial impact of internal stiffening 
in limiting the effect of the initial imperfections induced in the structure. The rings are responsible 
for limiting the possible ovalization of the structure and constitute an effective mean especially 
against external wind pressure. Longitudinal stiffeners on the other part are responsible for 
limiting deformations induced by bending and shear forces and their beneficial impact is reflected 
in the increase of the failure load of the stringer stiffened structures. Finally, the positioning of 
rings proves to be important as the ultimate capacity of the structure with imperfections is much 
closer to the ultimate capacity without imperfections to the models where stiffening rings are 
implemented in the area where failure is most likely to occur. The presence of the short 
wavelength buckling deformations is mainly controlled by the presence of vertical stiffeners. In 
the model with four symmetrically positioned longitudinal stiffeners the results of GMNA and 
GMNIA analyses are very close indicating the beneficial function of stringer stiffeners in limiting 
the effect of initial imperfections. In wind turbine towers the use of orthogonally placed stiffeners, 
which is the combination of longitudinal and ring stiffeners, is effectively limiting the 
deformations induced by the combination of wind pressure and shear and bending forces and their 
optimal distribution is the aim of future work. 
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