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This work is focused on the experimental-based Stochastic Finite Element Method
analysis of the steel lattice telecommunication structure exposed to the wind pressure,
whose average value is treated as the Gaussian random variable. The Least Squares
Method is provided here for symbolic recovery of the polynomial responses of this
structure in addition to the given uncertainty source and it serves to the twenti-
eth order perturbation-based approximations for the first four probabilistic moments
and coefficients. Static numerical analysis has been carried out by the use of the in-
cremental BFGS (Broyden–Fletcher–Goldfarb–Shanno) procedure necessary for the
so-called P-delta effect in steel structures, while the basic statistics of the ultimate
limit state have been included into the formulas for the reliability indices of both
first and second order. This study shows that the safety margin of such structures
is definitely wider than it follows the basic Eurocodes statements, which means that
designed durability period for these telecommunication structures is definitely longer.
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1. Introduction

It is widely known that the wind pressure and its dynamical excitation is
a very important environmental action on various engineering structures [1],
which becomes decisive for the stability and capacity of the skeletal steel and
aluminum communication structures [2]. The effect of the wind on the tower
structures has been studied many times in the literature including both exper-
imental and numerical methods [3–5]. A specific subject of such analyses were
aerodynamic damping of various cross-sections, horizontal deflections as well as
the effective static loads replacing real dynamic excitation of the winds [6, 7].
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A real problem with telecommunication towers is that these structures are rela-
tively new and there is no rich evidence concerning their failures in engineering
literature unlike for the transmission towers [8], also in testing phase [9]. This
evidence has limited importance for the telecommunication towers, because the
wind pressure is dominating, while transmission towers are subjected to a com-
bination of the wind and ice covers. Let us note that the wind induced dynamic
excitations have been extensively studied including dynamic instabilities as well
as fatigue effects and collapses of various vertical slender structures [10–12].
There is no doubt that realistic analysis of the bearing capacity and stability of
the towers needs some full scale tests and these scarce experiments were reported
in [13–15], where traditionally nonlinear static analysis [16] is preferred instead
of the dynamical response of the towers. It is also known that uncertainty and
stochasticity is an inherent part of the wind loading – this aspect has been stud-
ied initially by the traditional crude Monte-Carlo sampling in terms of complex
structures [17], further focused on reliability issues of the towers themselves [18].
This technique has been replaced later with importance sampling while mini-
mizing the computer effort and overall simulation time [19], while recently have
been replaced with the stochastic perturbation technique allowing for eigenvalue
[20] and stability analysis [21] for the telecommunication towers. This technique
is fast, accurate and does not demand massive computers and it originates from
the Second Order Second Moment (SOSM) version [22], where the expectations
and variances are determined. However, recently its generalized modification to
the nth order Taylor expansion [23] became popular due to larger accuracy and
computer algebra implementations which enables for an efficient computation of
the skewness and kurtosis of the state functions also. Its further implementations
may obey stochastic dynamic effects in the skeletal tower and mast structures,
similarly to numerical studies contained in [24, 25].

A majority of this study is in presentation of the push-over test in a form
of the breaking force and buckling resistance of the tower and further direct
application of these data into Stochastic Finite Element Method (SFEM) relia-
bility analysis of this tower according to both First and Second Order Reliability
Methods (FORM & SORM). Following previous computational models [13, 16]
we apply geometrically nonlinear static analysis to detect extreme normal force
serving for the Ultimate Limit State (ULS). It is important to notice that the
dominating design variable in the skeletal structures, i.e., the characteristic wind
pressure, is considered here as the Gaussian random parameter with the given
expectation and some variability interval for the coefficient of variation. It is
known [26] that the wind pressure field for tall buildings has non-Gaussian char-
acter, however due to remarkably smaller height of the transmission towers and
its slenderness with the few orders larger than for the buildings, numerical mod-
elling of the wind speed as the Gaussian PDF is well justified. It is true that the
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applied version of the Stochastic Finite Element Method permits non-Gaussian
variables, but neither existing literature nor the engineering codes do not con-
tain sufficient information, so that Gaussian PDF has been adopted after Central
Limit Theorem. Further, the wind is modeled physically as the Newtonian, vis-
cous fluid, whose non-turbulent flow with no pressure gradient is replaced with
its static equivalent; some other models with Finite Volume Method (FVM) for
the fluid flow part and Finite Element Method (FEM) for the structural analysis
could overcome these limitations (i.e., by solving fluid-solid stochastic interaction
problem). The generalized stochastic perturbation method of the higher order
is implemented with the FEM program Autodesk ROBOT Structural Analysis
v. 2015 [27] to calculate the first four probabilistic moments and characteristics of
the given state parameter. Higher order expansions have been programmed in the
computer algebra program MAPLE v. 2016 [28] together with the Least Squares
Method recovery of the extreme normal force polynomial response function. It is
theoretically and numerically demonstrated that the proposed stochastic tech-
nique is efficient in modeling of geometric nonlinearities subjected to random
loadings, while the principal engineering outcome is that the realistic capacity
of the steel tower structures is higher than it follows the basic statements of the
Eurocodes [29].

2. Structural experiment description

The tower has been manufactured as a three-dimensional beam structure
with the rebars having a horizontal square cross-section, the height equal to
42.0 m (see Fig. 1) and has been divided into seven sections. This tower has
a linear convergence of the legs for the first six sections (up to 36 above the
terrain level, while the highest section has a form of the prism with the diameter
equal to 0.90 m. The legs of the tower has been manufactured by using of the
circular hollow sections (sizes from 114.3 mm × 6.3 mm to 60.3 mm × 3.6 mm).
The diagonal bracing members have been designed as circular and rectangular
hollow sections as well as the channel bars. All structural elements have been
manufactured with the structural steel S 355. All the connections in-between
fundamental structural elements of the tower (legs and the rebars) have been
manufactured in lower sections (S-3–S-7) with the use of plates and bolts (a single
per a joint – rotation admissible), while two upper segments (S-1–S-2) have been
completely welded (fully stiff). The X rebars pattern has been applied within
the segments S-4 do S-7, while the segments from S-1 to S-3 have K pattern.
The rebars are discontinuous from the leg to leg – they are connected with each
other in the crossing at the half of a distance in-between the legs being connected.
A continuity of the legs throughout their lengths is assured by the bolted joints
in the circular plates finishing each section.
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Fig. 1. The general view of the tower (top left), failure mode of the leg in the lowest section
(top right and bottom).

The main objectives of this experiment were:

• an identification of the failure mechanism and failure mode,
• measurements of strains in the tower legs,
• determination of the breaking external load, which can be assumed as

a structure experimental load capacity.

The hardware engaged to accomplish these goals included measurement equip-
ment capable of the strains notification for all the tower members (a load cell al-
lowing for a direct registration of strain and external load values), of the geodetic
displacement measurements, and of the video registration of the structure be-
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havior under the ultimate load. This study is focused on the values of axial forces
in the tower legs, the failure mechanism of the structure, and the displacements
of the joints observed during the pushover test.

The geometrical scheme of the entire tower adopted further in the FEM
simulations have been shown in Fig. 2, whereas the full specification of the
structural steel profiles is included in Table 1.

Table 1. Selected tower members steel profiles.

Section Height
of the section [m]

Legs steel profiles types Diagonal bracing
steel profiles types

S-1 6.0 CHS 60.3 × 3.6 Ø22

S-2 6.0 CHS 70.0 × 4.0 RHS 25.0 × 3.0

S-3 6.0 CHS 76.1 × 5.0 CHS 38.0 × 4.0

S-4 6.0 CHS 88.9 × 6.3 C 30 × 30 × 3

S-5 6.0 CHS 88.9 × 6.3 C 30 × 30 × 3

S-6 6.0 CHS 114.3 × 6.3 C 40 × 40 × 3

S-7 6.0 CHS 114.3 × 6.3 C 40 × 40 × 3

Fig. 2. Scheme of the tested tower with telecommunication equipment (left) and the wind
pressure distribution (right) taken to the reliability analysis.
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A general view of the pushover experiment in the vertical plane has been
presented in Fig. 3, where a towing truck applying the external force through
the steel wire cable on the tower structure is shown. Application of this force
has also incremental character similarly to further computer FEM simulations.
We need to mention that the main motivation of this specific static scheme
was to simulate experimentally an influence of the wind pressure on this struc-
ture. Unfortunately, due to the technical limitations (a limited area of the ex-
periment) it was unable to assure a smaller angle of application of the con-
centrated force (specifically in the horizontal direction), while its attachment
point is equivalent to the location of the effective concentrated force coming
from the overall wind pressure. The basic experimental results are obtained
as the overall breaking force value of 113.2 kN and the experimental buckling
resistance of the tower leg, whose buckled deformed configuration is given in
Fig. 1, also – 753.3 kN. It is very important to mention that both values are
remarkably larger than their Eurocode counterparts, which validates designing
codes procedures. The smaller value from these two is taken as the mean re-
sistance during calculation of the reliability indices during the SFEM experi-
ments.

Fig. 3. Full static scheme of the pushover tower.

Further, various computer models of the same tower have been tested to
obtain the best fitting into the failure process and have been all prepared with
the use of FEM civil engineering system Autodesk ROBOT Structural Analysis
v. 2015 according to its wide availability and free student licenses. The failure
mechanism itself, the failure form and the entire uploading process may be seen
online (cf. [30]). Model 1 has been built with the use of 222 3D linear beam
finite elements connected in 278 nodal points, where all structural connections
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– in-between the legs sections as well as in-between the legs and rebars (two
bolts of the class 8.8) have been set as completely rigid. Additionally, the
geometrical imperfections have been added to the legs in two lower segments
(S-7 and S-6) that have been measured before the experiment – these are about
15 mm for the legs in S-7 as well as about 8.0 mm in the section S-6. These
initial deformations have been noticed in the mid-span of these elements, so that
in a location of the gusset plates (see Fig. 2 (right)) and their computational
implementation has been made by replacing perfect geometry with adding new
finite elements fitting curvilinear deformed shape in-between the original nodes;
therefore, the resulting displacements are given in addition to the original
geometry. Finally, compatible nodes have been inserted in all the crossings
within the X patterns of the tower rebars. Model 2 is an extension of Model 1
by an application of the elastic supports (connections with the foundation).
The compliance coefficient has been detected on the basis of real displacements
of the supporting nodes for the uploading level 125.0 kN, for each support
independently. Model 3 includes all the features of Model 2, but additionally
geometrically nonlinear analysis has been performed (the so-called P-∆ analysis)
according to the BFGS (Broyden–Fletcher–Goldfarb–Shanno) algorithm. The
resulting relations in-between external force and displacements of points A and C
together with some experimental evidence have been presented in Fig. 4. As one
can notice, Model 3 returns the results very close to each other. Observation
of the experimental data (green curves) are in agreement with the stability
theory for large systems with geometrical imperfections where the displacements
increase significantly and nonlinearly when approaching the value of breaking
load. Test and computational results are consistent within the range of external
load up to approx. 100 kN. It has been decided that this convergence is good
enough for further reliability analysis.

Fig. 4. Various FEM models of the pushover experiment.
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3. Stochastic perturbation technique in reliability analysis

The generalized stochastic perturbation technique is based on an expan-
sion of all the random functions into the Taylor series of the required order.
In this particular formulation, assumptions of the Gaussian probability density
function is not necessary, because we can implement such an approach to the
non-symmetrical density distribution as well. Such an expansion applied for the
sought random deflection u resulting from the uncertain wind velocity ν(ω) can
be expanded as

(3.1) u(ν(ω)) = u0(ν0(ω)) + ε
du(ν(ω))

dν

∣

∣

∣

∣

ν=ν0

∆ν + · · ·+ εn

n!

dnu(ν(ω))

dνn

∣

∣

∣

∣
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and classical integral definitions like these adjacent for the Mth central proba-
bilistic moments

(3.2) µM (u(ν)) =

+∞
∫

−∞

(u(ν) − E(u(ν)))Mpu(ν)(x) dx.

A full symbolic approach guarantees the expansion with a priori given length
and its a posteriori modifications according to the numerical errors obtained for
higher than the second probabilistic moments of the structural deformations.
The method in the structural context is based on the iterative solution of the
discrete equilibrium equation

(3.3) ∆K∆
αβqβ = ∆Qα

using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) [31, 32] strategy to get
the series of deterministic nodal responses increments ∆qβ . Application of the
Taylor expansion in this problem is less complicated than structural problems
with randomized material characteristics, because all derivatives of the stiffness
matrix with respect to the input random variables vanishes, while the R.H.S.
(Right Hand Side) vector exhibits zeroth and the first order terms only in
stochastic expansions as higher than the first order derivatives to random ν
vanish also. Let us start from an incremental formulation of the FEM equations
and their stochastic counterparts using an additional local polynomial basis of
the given order. We obtain the following polynomial representations for the state
functions:

• for the structural displacements increments as

(3.4) ∆uζ = aζβ∆qβ = aζβD
(p)
β νp, p = 0, . . . , n− 1, β, ζ = 1, . . . , N ;
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• increments of the strain tensor components

(3.5) ∆εkl = ∆ε̄kl + ∆¯̄εkl = B̄ζ
klaζαDαpb

p + ¯̄Bζξ
kl aζαDαpb

paξβDβrb
r,

p, r = 0, . . . , n− 1, α, β = 1, . . . , N, k, l = 1, 2, 3;

• increments of the second Piola-Kirchhoff stress tensor as

(3.6) ∆σ̃ij = Cijkl∆εkl = Cijkl(B̄
ζ
klaζαDαpν

p + ¯̄Bζξ
kl aζαDαpν

paξβDβrν
r),

p, r = 0, . . . , n− 1, α, β = 1, . . . , N, i, j, k, l = 1, 2, 3.

Partial derivatives of these state functions with respect to the parameter b are
derived analytically and are used in determination of the structural response
probabilistic moments. There holds:

• for the first partial derivatives of the displacements

(3.7)
d∆uζ

dν
= aζβ

d∆qβ
dν

= aζβ

d(D
(p)
β νp)

dν
= paζβD

(p)
β νp−1,

p = 0, . . . , n− 1, β = 1, . . . , N,

• as well as for analogous mth order derivatives

(3.8)
dm∆uζ

dνm
= aζβ

dm∆qβ
dνm

= aζβ

dm(D
(p)
β νp)

dνm
= p . . . (p−m)aζβD

(p)
β νp−m,

p = 0, . . . , n− 1, β = 1, . . . , N.

Further, we determine the strain tensor components partial derivatives with
respect to the input random variable ν as

(3.9)
d∆εkl

dν
= B̄ζ

klaζαpDαpν
p−1 + ¯̄Bζξ

kl aζαDαppν
p−1aξβDβrν

r

+ ¯̄Bζξ
kl aζαDαpν

paξβDβrrν
r−1, p, r = 0, . . . , n− 1, β = 1, . . . , N, k, l = 1, 2, 3.

Let us note that polynomial basis degree is a subject of the separate opti-
mization – it maximizes a correlation of this basis to the FEM trial points and
minimizes mean square error of such an approximation. The local character of
this basis shows variations of such an optimal degree in-between different degrees
of freedom in the FEM model. Further determination of the probabilistic mo-
ments proceeds from their integral definitions extracted from Eq. (3.2) thanks
to the symbolic derivation of all partial derivatives with respect to the given
random input variableν. There holds for the expected values of the force F
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E[F (ν)] = F 0(ν0) +
1

2

d2F (ν)

dν2
µ2(ν)(3.10)

+
1

4!

d4F (ν)

dν4
µ4(ν) +

1

6!

d6F (ν)

dν6
µ6(ν)

+
1

8!

d8F (ν)

dν8
µ8(ν) +

1

10!

d10F (ν)

dν10
µ10(ν),

as well as for the variances of the same force inherent in the Ultimate Limit
State verification

(3.11) Var(F (ν))

= µ2(ν)(
dF (ν)

dν
)2+µ4(ν)

{

1

4

(

d2F (ν)

dν2

)2

+
1

3

d3F (ν)

dν3

dF (ν)

dν

}

+µ6(ν)

{

1
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(

d3F (ν)

dν3

)2

+
1
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d4F (ν)

dν4

d2F (ν)

dν2
+

1

60

d5F (ν)

dν5

dF (ν)

dν

}

+µ8(ν)

{

1

576

(

d4F (ν)

dν4

)2

+
1

360

d5F (ν)

dν5

d3F (ν)

dν3
+

1

2520

d7F (ν)

dν7

dF (ν)

dν

+
1

720

d6F (ν)

dν6

d2F (ν)

dν2

}

+µ10(ν)

{

1

14400

(

d5F (ν)

dν5

)2

+
1

40320

d8F (ν)

dν8

d2F (ν)

dν2
+

1

8640

d6F (ν)

dν6

d4F (ν)

dν4

}

+µ10(ν)

{

1

15120

d7F (ν)

dν7

d3F (ν)

dν3
+

1

181440

d9F (ν)

dν9

dF (ν)

dν

}

.

It is seen that detection of the optimal expansion order is very important
considering complexity of the resulting equations and may be provided for each
consecutive moment separately. This is the reason, together with numerical effi-
ciency, to use in computational experiments up to the tenth order expansions for
expectations and variances, while up to twentieth while analyzing the skewness
and kurtosis. All the remaining expansions for the third and fourth central prob-
abilistic moments can be directly found in [23], for non-symmetric probability
distributions also.

The first two probabilistic moments of the elongation are determined ana-
lytically as the linear transform of the normal force F of the given rebar. This
procedure may be necessary for the Ultimate Limit State analysis and it is clear
that complex perturbation-based formulas of the twentieth order as above are
not necessary here at all. There holds

(3.12)











E[∆u] =
EA

L
E[F ],

Var(∆u) =
E2A2

L2
Var(F ),
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where E, A and L denote Young modulus, a cross-sectional area and the length
of this element.

After calculation of the first and second order statistics of the structural re-
sponse, we proceed with determination of the reliability index, which is the basis
to introduce some set of required levels of the structural safety, varying require-
ments depending on the consequences of a possible failure or object damage.
The limit state function can be expressed in case of the tower capacity analysis
(with revealed “weakest link”) and random wind load in the following form:

(3.13) g = Fb,ex − Fx,

where Fx is the axial force in a tower leg under compression. The reliability
index is defined as a reciprocal of the safety margin according to the First Or-
der Reliability Method. We can express it in the following manner for our case
study [33]:

(3.14) βFORM =
E[Fb,ex] − E[Fx]

√

σ[Fb,ex]2 + σ[Fx]2
,

where E[Fb,ex] denotes the expected value of the experimental buckling resis-
tance, E[Fx] is the expected value of the axial forces in a tower leg under com-
pression according to the random wind velocity and σ[Fb,ex], σ[Fx] are standard
deviations of both above variables, respectively. The general formula of the reli-
ability index in the Second Order Reliability Method (SORM) applied in further
numerical analysis is the following one [33]:

(3.15) βSORM = −Φ−1(Pf2),

where Pf2 denotes the probability of failure for the Gaussian probability distri-
bution Φ of the function related to βFORM in the following manner:

(3.16) Pf2 =
Φ(βFORM)√
1 + βFORMκ

,

where κ stands for a curvature of the limit function g (surface) usually defined
as

(3.17) κ =

d2g

dv2
(

1 +

(

dg

dv

)2)3/2
.

It is known that FORM reliability analysis recommended in the Eurocodes is not
efficient for highly nonlinear limit functions or surfaces, so that a comparison of
both approaches is recommended and included in the further numerical section.
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4. Computer simulation

Deterministic computer analysis has been carried out with the use of the FEM
civil engineering system Autodesk ROBOT Structural Analysis v. 2015, where
383 3D linear beam elements have been provided with 287 nodal points (with
6 d.o.f. each). The tower has fixed elastic supports at the lowest nodes – compres-
sive mode has stiffness set as Kz = 500 000 kN/m, while Kz = 2 500 000 kN/m
in tension. Geometrical imperfections have been defined automatically after
Eurocode EC3:2005, buckling coefficients are adopted as 1,0 for all structural
members and compatible nodes are provided in all X rebars pattern crossings
(the same displacements in each direction and full transfer of the longitudi-
nal force). The nonlinear incremental static solution has been obtained with
the algorithm BFGS (relevant to the so-called P-∆ option in this software)
with structural matrices automatic update after each increment. The follow-
ing parameters have been fixed: a number of the increments – 5, a maximum
iterations number for a single increment – 40, a number of reductions for the
increment length – 3, the reduction coefficient of the increment length – 0,5,
a maximum number of ‘line search’ options – 0, control parameter of the ‘line
search’ method – 0,5, maximum number of the corrections in BFGS algorithm
– 10, a tolerance of the relative norm for the residual forces – 0,0001, a tol-
erance of the relative norm for the displacements – 0,0001. The wind pressure
throughout the tower has been defined according to the Eurocodes [27] too as the
non-uniform (height dependent) equivalent static pressure on its structural ele-
ments corrected with the aerodynamic coefficient of different cross-sections. The
wind pressure distribution and magnitude for a tower body as well as telecom-
munication equipment and for an expected value of wind velocity is presented
in Fig. 1 (right). Numerical recovery of the normal force polynomial response
function has been done by 11 repetitions of the same boundary value problem
with a varying magnitude of the wind pressure for its about ±50% variations
about the mean values; this variability interval has been subdivided into the
equidistant discrete values that differ with about 10% from each other. Final
results of the extreme normal force have been linked with this magnitude us-
ing the Least Squares Method polynomial approximation of the optimal order.
This order minimizes the error and variances of LSM fitting and maximizes
the cross-correlation in-between the FEM experiments and the target polyno-
mial. This procedure has been entirely implemented in the computer algebra
system MAPLE v. 2016, where additionally all the first four probabilistic mo-
ments and coefficients have been derived according to the stochastic perturba-
tion technique equations. Finally, the same system served for calculation of both
FORM and SORM reliability indices and overall visualization of all the numer-
ical results.
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Fig. 5. Response function of the extreme normal force in the tower.

Computational results are contained in Fig. 5 – an extreme normal force
response function, while Fig. 6 and 7 illustrating expectation, the coefficient of
variation, skewness and kurtosis of this force as the functions of an input coeffi-
cient of variation α(ν). Finally, Fig. 8 shows the reliability index for the Ultimate
Limit State computed by either FORM and SORM techniques. Generally, we use
the 20th order stochastic Taylor expansion technique, where some higher order
components are postponed for lower order characteristics because they bring no
additional contribution to the final result, so that the highest order expansion is
treated as the exact result.

Fig. 6. Expected values (left) and variances (right) of the extreme normal force in the tower.

As one could expect, a relation of the extreme normal force in the tower after
uniform and horizontal wind pressure almost linearly depends upon the mean
wind speed, although we provide in further computations higher order polyno-
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mial as the approximation because it fits better the FEM data obtained. One
may notice this structural system linearly depends upon the given external load
even in geometrically nonlinear analysis including some geometrical imperfec-
tions and compliance of the supports. It can be noticed with a relatively small
modelling error that Gaussian wind pressure induces Gaussian extreme normal
force, which is decisive for the critical values ULS reliability index. This hypoth-
esis is confirmed by further results, where the highest order approximations of
the expected values are almost independent of the input coefficient of variation,
where an output coefficient of variation almost linearly depends upon the input
one and where skewness and kurtosis up to the certain level of the input α(ν)
remains 0 showing some numerical discrepancies for larger input uncertainty. It
is worthy to underline that when one adopts a linear response function, then
after the basic perturbation-based equations of any order for the probabilistic
moments (see Eqs. (3.10)–(3.11)) the resulting expectation equals to the mean
value and is constant, expansion for the variance reduces to the first term only,
while skewness and kurtosis equal approximately zeroes, which contrasted with
the above analysis validates this study. Quite typically for this method (cf. [23])
the odd central moments and characteristics (like skewness) exhibit less numer-
ical stability than the even ones (including kurtosis). Skewness has very small
negative values diverging systematically from 0, while kurtosis keeps zero up to
the given level of the input randomness, see Fig. 7.

Fig. 7. Skewness (left) and kurtosis (right) of the extreme normal force in the tower.

Let us remind that determination of the examined tower reliability has been
performed by using of the experimental data in the context of numerical model
validation as well as the definition of the reliability indices (experimental values
of the tower legs buckling resistances). The FEM model of the structure was cre-
ated with respect to the supports susceptibility, geometrical imperfections and
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Fig. 8. Reliability index for the ULS (FORM, SORM) with respect to Gaussian random
wind velocity.

material properties. In the reliability analysis mean wind velocity was treated
as a Gaussian random variable. Figure 8 includes reliability indices (FORM,
SORM) calculated for the tower – they are both given as the functions of the
input wind velocity coefficient of variation α. Both indices traditionally decrease
exponentially together with an increasing input random dispersion. Some differ-
ences in-between FORM and SORM have been noticed, which become apparent
when α(ν) > 0, 05 and where SORM returns a little bit larger values; addi-
tionally, this difference increases together with an input coefficient of variation.
Nevertheless, all these differences are noticed for a reliability index having the
value smaller than it is recommended by the civil engineering designing codes.
It was decided to not discuss these aspects here.

5. Conclusions

The experimental-based Stochastic Finite Element Method analysis of the
steel lattice tower presented in this paper shows clearly that the reliability of
the considered structure is larger than it is suggested by the Eurocode demands.
Similar studies related to the steel masts, chimneys, cable bridges and tall build-
ings would be recommended also. One of the most important results is that the
Gaussian mean wind speed induces Gaussian extreme normal force being the
basis for calculating of the ULS reliability index, so that an application of the
FORM approach is well justified. This effect is obtained from both theoretical
considerations following deterministic response functions (almost linear) and the
resulting probabilistic characteristics. Let us note that this has been obtained for
the geometrically nonlinear FEM structural analysis of the large scale structure
implemented with the proposed scheme of SFEM, so that it may serve as some
kind of validation of the stochastic perturbation method for nonlinear computer
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analyses with uncertain loadings. A validity range of the higher order stochas-
tic perturbation method in application to this kind of nonlinear problems has
been given in accordance with the input coefficient of variation, which should be
smaller or equal than 0.10. Skewness and kurtosis diverge from the theoretically
justified values beyond this limit value, while the first two characteristics are
almost insensitive to this limitation.

Further stochastic computational analysis should focus of course on stochastic
dynamic excitations [24, 25] of these structures with the use of Taylor expansions
of all the state functions and of the Least Squares Method approximations with
the polynomial bases. Special attention should be paid to introduction of the
shell finite elements discretization of the steel profiles to capture warping effect
on the overall behavior of long structural elements under compression, better
modeling of the joints [34], whose some specific stiffness may affect internal forces
redistribution. Reliability based design optimization of the steel towers calibrated
with the experimental results would be a very important and interesting issue
similarly to the SFEM analysis of the aluminum tower structure contained in [35].
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