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Abstract On the basis of the documentation, the finite ele-
ment beam model of the Shukhov’s tower has been con-
structed. In 1970-1971, after 50 years of exploitation, the
study of the Shukhov’s tower was conducted by the special-
ists. This study has revealed serious defects of the individ-
ual elements. It was found that the rolled profiles reaches
10 % of the cross section due to corrosion and the calculated
resistance of the individual components is in the range of
170 MPa, which is somewhat lower than the standard values.
In the present work the time factor is taken into account as a
reduction of the wall thickness of the metal profiles. In this
article the state of the stress under the own weight has been
examined when the wall thickness corresponds documenta-
tion (1921) and after reducing the thickness by 2 mm (2011).
Stability analysis has been performed taking into account
only the compressive load from the own weight. In this paper
the main frequencies and modes of vibration of the tower
model, depending on the thickness of the profile wall have
been calculated. The results were obtained under the assump-
tion that the loss of thickness of the metal profiles of the tower
is accompanied by the proportional loss of the own weight.
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1 Shukhov’s tower model

On the basis of the documentation [1] the finite element
model of Shukov’s tower has been constructed (Fig. 1). The
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model consists of the six sections, which consist of 37,277
nodes and 55,849 finite elements [2]. The applied beam finite
elements have 6 degrees of freedom at each node. The tower’s
skeleton consists of the 48 inclined interrelated components.
Each of the six sections consisting of 48 segments with two
C-shaped cross-section is connected through the walls by
distance sleeve.

2 The effect of reducing the wall thickness in the
stress-deformation condition of the Shukhov’s tower

In 1970-1971, after 50 years of exploitation, the survey of
the Shukhov’s tower steel structures was conducted by the
specialists [3]. They revealed significant defects in the indi-
vidual elements.

It was found that the rolled profiles rolled profiles reaches
10 % of their cross section due to the corrosion and the cal-
culated strength of individual components is in the range
170 MPa, which is somewhat lower than the standard values.

There is widespread “crevice” corrosion in the metal frame
of the tower, especially at the contact elements and hard to
clean connections.

In the present work, the time factor is taken into account
as a reduction of the wall thickness of the metal profiles.
According to [4,5], the corrosion speed of the carbon steel
in St3 (EN 12500, PN-EN ISO 12944-2:2000) for 10 year
takes average values 5—-12 um/year.

Taking the minimum value of this range we are able to
predict decrease in the thickness after 90 years, to about
2.450 pm = 0.9 mm. However you can not exclude the pos-
sibility that in the area of riveted joints the reduction of the
thickness can be up to 2 mm or more.

The performed calculations take into account the loading
by the own weight, the effects of wind, icing and snow [6,7].
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Fig. 1 Finite-element model of
the Shukhov’s tower

They also takes into account the weight (2 tones) of antennas
installed on top of the tower.

Calculations were performed for two cases: the first
case—having loss of mass proportional to the reduction
of the profile thickness—corrosion products are completely
removed from the structure, the second case—the reduction
in the profile thickness with the conservation of the mass of
corrosion products Fe,O3.

The Fig. 2a—c shows the dystribution of the stress only
under its own weight, when the thickness profiles correspond-
ing documentation (Year 1921) (Fig. 2a), after the reduction

Fig. 2 Distribution of the stress (a)
from the weight of the
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in thickness of 2 mm (probably in 2011) without taking into
account the mass of Fe,O3 (Fig. 2b) and taking into account
the mass of the corrosion products (Fig.2c).

Figure 3 shows the graph of the maximum stress under
the own weight as a function of the thickness loss of profiles,
without taking into account the mass of Fe,O3 (white bars)
and taking into account the mass of Fe,O3 (gray bars). The
gray area between dashed lines in the Figs. 3, 4, 5, 6 repre-
sents the area between approved level of allowable stresses
in structures in 1921 (235 MPa), and the level of allowable
stresses in the construction of 50-year old (170 MPa).

Figure 4 shows the maximum stress under the own weight
and the wind loading as a function of the thickness loss of
profiles: without taking into account the mass of Fe,O3 and
taking into account the mass of Fe;O3. In six variants the
allowable stress level are exceeded.

Figure 5 is a graph of the maximum stress caused by
the own weight, wind, icing and snow loading as a function
of the loss of the wall thickness of profiles: without taking
into account the mass of Fe, O3, and taking into account the
mass Fe>Os. In the six variants exceeded the allowable stress
level.

3 Stability Shukhov’s tower

The stability analysis of the tower was performed taking
into account the compressive load of its own weight and the
weight placed on the top of the antenna.

Figure 6 shows the basic form of the loss of stability
(buckling), together with the values of the buckling factor for
the following variants: without taking into account the mass
Fe,03, and taking into account the mass Fe,O3, Fig. 7—
changes of this ratio as a function of the profiles thickness.
The required buckling factor is 1.5 (dashed line).
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Fig. 3 Relationship between
maximum stress caused by the
own weight of the tower and the
thickness loss of profiles of the
Shukhov’s tower: without taking
into account the mass of Fe, O3
white bars and taking into
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4 Dynamic identity Shukhov’s tower Figure 8 shows the four main modes of natural vibrations

of the tower with attached mass of 2 tones (1 % of the mass

The main frequencies and modes of vibration of Shukhov’s  of the tower) at the top and the corresponding frequencies,
tower in dependence of the thickness loss of profiles was  and Fig. 9—natural frequency as a function of the thickness
determined by the finite element method. loss of profiles.
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Fig. 6 The basic form of the
loss of the stability of the
Shukhov’s tower under its own
weight and the weight of the
antenna with the values of the
buckling factor in case of:
zero-loss (a), the loss of 2 mm
of thickness without taking into
account the mass of Feo,O3 (b)
and taking into account the mass
of Fe, O3 (¢)
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Fig. 7 Change of the buckling factor as a function of the profile thick-
ness of the Shukhov’s tower: without taking into account the mass of
Fe, O3 white bars and taking into account the mass of Fe, O3 gray bars
with selected value 1.5 of the accepted buckling factor

It was obtained the following basic modes of vibration—
bending in vertical plane with particularly expressed dis-
placement of the ring connecting Sect. 1 and 2 (count from the
base), next-bending in the horizontal plane: elliptical flatten-
ing in the individual Sect. (2, 3 and 4) and at the connection
Sect. 1 of 2, three-arm section flattening 2, 3, 4, 5 and multi
armed flattened Sect. 1. In all of these modes of vibration
participate the ring connecting the Sect. 1 and 2. This proves
its greatest flexibility compared to the stiffness of the other
rings.

5 Analysis of the damage limits of the riveted joints
The Shukhov’s tower is a riveted construction. The limit val-

ues for damaged riveted joints by the usability criteria are
given in the Table 1 on the basis of data [8].
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Degradation (wear) of the riveted joints is a long tasking
process and can be divided into three stages. In the first stage,
all forces are transmitted by the friction at the contact surfaces
of jointed elements. Then minimum stress concentration is
under the rivets on the edges of the holes.

In the second stage, the forces are transmitted either by
the friction at the contact surfaces of the jointed elements
and directly through the rivet’s cores to the wall of the holes.
Then the stress concentration increases at the edges of the
holes.

In the third stage (the worst) forces are transmitted only
through the core rivet to the wall of the holes. Then stress
concentration at the edges of the holes reaches the highest
value.

As a result of the degradation of the rivets humidity and
aggressive gases have easy access to the edge of the holes.
This helps speed up the development of corrosion and fatigue
cracks.

Riveted joints reached the second or the third stage in the
construction of the Shukov’s tower.

This is demonstrated by the results shown in Table 2. In
the absence of some of the data it was possible to estimate
the usability riveted joints after 90 years, only for criteria 5,
7,8 and 9.

6 Conclusions

The above results are based on the two assumptions: first—
the thickness loss of profiles of the Shukov’s tower construc-
tion accompanied by the proportional loss of its weight, its
means, if the cross section is reduced by the 15 % then the
weight of the tower is also reduced by the same value, the
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Fig. 8 The four basic modes
and vibration frequencies of the
Shukhov’s tower in Front view
(a, b, ¢, d) and the Top view (e,
f, g, h), a, e—bending
vibrations in the vertical plane
of the particularly expressed
displacement of the ring
connecting Sect. 1 and 2; b,
f—bending vibration in the
horizontal plane of the elliptical
flattening in each Sect. (2, 3
and 4) and at the place of the
connection Sect. 1 of 2; c,
g—bending vibration in the
horizontal plane with three-arm
Section flattening 2, 3, 4, 5; d,
h—bending vibrations in the
horizontal plane of multi armed
flattened Sect. 1
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Fig. 9 Frequencies of the four
basic vibration modes as a
function of the thickness loss of

profiles of the Shukhov’s tower
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second—with the thickness loss of profiles of the structure,
the weight of the corrosion product Fe,Os is considered.

The calculation results presented in Figs. 3, 4, 5 are for
maximum negative—extreme loads. Their analysis shows
that the own weight of the structure and the wind, ice and
snow loading cause a dangerous increase in a stress as a
function of the loss of the wall thickness of the steel profiles
the Shukov’s tower.

The gray fields (Figs. 3, 4, 5, 6) which defines the area
with the level of allowable stresses in the construction of the
Shukov’s tower allow to conclude about the danger of its
further usage, especially under adverse weather conditions
such as strong wind + ice (Figs. 4, 5).

The analysis of the results of buckling safety factor (Fig.
7) shows a slight increase in as a function of the loss
of the material— without taking into account the mass of
Fe> O3 and it’s important reduction to a level bordering to
acceptable— when the mass of Fe;Os is included in the
calculation.

The results of the calculations of the four main frequen-
cies and the vibration modes indicate the dominance of the
local rigidity of the tower (section stiffness) over the global
stiffness. The weakest place of the tower is a conection of
Sect. 1 and 2 The loss of the profiles thickness of the tower
reduced the frequency in each of the four basic vibration
modes.
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Table 2 Assessment according to usability criteria of the selected riveted joints

Is the limit value exceeded?

Acceptable value of usability criterion

Monitored parameter

Damage

No. criteria

according to
Table 1

Not exceeded the limit value

ngn < 0.1 Nc when a < 0.03 gp

Number deformed rivets

Leaking contact head rivet with the

(ngn) a-angle of inclination of
rivet axis [rad] (gp) joint

thickness
The distance between the joined

element or the rivet axis tilt

Several times exceeded the limit

a < 0.2 [mm] for every 50 [mm] depth

Clearance between the joined

value after 90 years.

elements (a [mm])

elements

Exceeded the limit value.

8r < 5%Fo

Reduced cross section § in %

Surface wear (mechanical or

Corrosion reduction after 50

cross section of conection Fg

corrosion)

years the cross-section is 10 % Fo

Exceeded the limit value after

AKS ey < 2[mm]

The maximum distance between

Crevice corrosion

more than 50 year

jointed elements ags,,,

The analysis of the damage limits of the riveted joints in
the Shukhov’s tower by the usability criteria points to exceed
the limits in three of the four criteria.
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