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ABSTRACT

Transmission towers are vital parts of the overhead power line infrastructures. Any damage to these supporting struc-
tures may result in decreased load-bearing capacity and, in consequence, their collapse. Failures of transmission towers
are much more severe than power failures, as they not only cause interruption to the energy supply but can also result
in considerable costs of infrastructure repairs and damage. Therefore, supporting structures of overhead power lines
should be subjected to structural health monitoring. This paper presents a comprehensive database containing natural
frequencies and strain energies of all elements for various (simulated) damage states. On the basis of structure modal
parameters, by finding the correlation between natural frequencies of damaged structure stored in the created database
and natural frequencies of the structure of interest, state of the test structure can be identified. In order to verify this
method, a numerical experiment was carried out. Observing the strain energy variation as compared to the undamaged
state makes it possible to localize the damage and assess its importance for the further structure exploitation.
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IDENTYFIKACJA STANOW KRYTYCZNYCH KONSTRUKCJI WSPORCZYCH
NAPOWIETRZNYCH LINII ENERGETYCZNYCH

Konstrukcje wsporcze stanowiq istotng czes¢ infrastruktury napowietrznych linii elektroenergetycznych. Uszkodzenie
konstrukcji stupa elektroenergetycznego moze prowadzi¢ do zmniejszenia nosnosci takiego obiektu, a w rezultacie do
utraty jego statecznosci i zniszczenia. Awarie konstrukcji wsporczych napowietrznych linii elektroenergetycznych sq
o wiele bardziej niebezpieczne niz awarie powstale z przyczyn elektroenergetycznych (np. awaria zasilania), gdyz powo-
dujq nie tylko przerwe w dostawie energii elektrycznej, ale rowniez mogq skutkowaé kosztami poniesionymi w zwigzku
z naprawami i wyplatq odszkodowan. Dlatego tez stan techniczny konstrukcji stupow elektroenergetycznych powinien
by¢ monitorowany. Artykul przedstawia baze danych zawierajgcq rozne (symulowane) stany uszkodzen, wraz z przypi-
sanymi do nich informacjami na temat czestotliwosci drgan wlasnych obiektu oraz energii sprezystej poszczegolnych
elementow. Na podstawie wlasnosci dynamicznych obiektu, poprzez znalezienie korelacji pomiedzy czestotliwosciami
drgan wlasnych symulowanych stanow uszkodzen konstrukcji, zapisanymi w bazie danych, a czestotliwosciami drgan
wlasnych badanej konstrukcji, stan techniczny badanej konstrukcji moze zostac zidentyfikowany. W celu weryfikacji
metody, przeprowadzono eksperyment numeryczny. Obserwujgc zmiane energii sprezystej konstrukcji badanego obiektu
w porownaniu z energiq konstrukcji nieuszkodzonej, mozliwe jest dokonanie oceny stanu technicznego badanego obiek-
tu i okreslenie wplywu uszkodzenia na przyszig prace konstrukcji.

Stowa kluczowe: ramy przestrzenne, czestotliwosci drgan wlasnych, baza danych, analiza numeryczna, detekcja
uszkodzen

1. INTRODUCTION

Overhead power lines are a very important part of the infra-
structure in every country. They allow for the distribution
of electricity in vast areas, supplying individual consumers,
the industry, transport and the public sector. A power outage
caused by a failure not only results in financial losses, but
also causes a drastic reduction in the comfort and safety for
the inhabitants of the area. One reason for the interruption of
the energy supply can be directly related to the problem with
electricity, such as a power plant failure. Another reason can
stem from a mechanical problem, i.e. the physical damage
of certain elements of the overhead power lines. In the latter
case, damage to the power lines’ supporting structures is the

most dangerous problem. Any damage to the transmission
tower structure may result in the loss of stability and, conse-
quently, its collapse. In many such cases, a collapsing tower
pulls on the power lines, causing cascading destruction of
other transmission towers (Albermani et al. 2009). Failures
of this type (Rao et al. 2010) are much more severe than
power failures, as they not only cause interruption of the
energy supply, but can also result in considerable costs of
infrastructure repairs and damages. There are different caus-
es of such failures. It can be long-term damage causing de-
terioration of material properties of certain elements of the
structure due to ageing and corrosion. On the other hand, the
damage may be directly caused by theft or breakage of cer-
tain elements (Sanayei et al. 2006). Therefore, supporting
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structures of overhead power lines should be subject to
monitoring, which would allow the identification of critical
points in individual towers (Yin et al. 2009).

In practical use, especially with constant monitoring, any
calculations relating to the identification of damage and criti-
cal states should be made as quickly as possible. The spec-
ificity of the power line means that it is built of a relatively
low number of transmission tower types repeated many times
along the observed line. Therefore, the best solution seems
to be building a numerical model of the transmission tower
and performing multiple simulations to determine the critical
conditions for a given tower type. Despite time-consuming
calculations performed at this stage, one has to remember that
such a database of critical conditions is prepared only once
for every tower type, while using such a solution considera-
bly speeds up the identification of damage in later monitoring
stage. It should be noted that the concept of the critical con-
dition means a condition of the transmission tower after dam-
age (or a combination of damages) threatening the stability of
the structure occurred. This raises another question, namely:
which condition should be treated as critical? In response, the
relevant criterion that would allow for judging it should be
chosen. This problem can be solved by using statistical analy-
sis conducted on a finite element (FE) model, with variations
in strain energy in individual elements as a criterion.

The process of monitoring consists of comparing the tower
actual state with the critical conditions stored in the database.
In order to do this, comparable parameters should be select-
ed (Wu and Li 2006). Since the study involves transmission
towers, determining the modal model of a structure using op-
erational modal analysis is a good solution (Zimmerman ef al.
2008). Of all the modal parameters, natural frequency is most
easily determined. The advantage of the natural frequency is
that it can be calculated using a relatively small number of
sensors, which is particularly important, since the use of ac-
celerometers for all degrees of freedom (DOFs) of a structure
as complex as a transmission tower is practically impossible
(Yin et al. 2009). In addition, the estimates of modal damping
and normal mode shapes yield an error that is 20 times higher
than the estimate of natural frequency (Messina et al. 1998).
If the natural frequency of the test structure and the numerical
model representing a specific critical state are close to each
other, it means that the stability of this object is at risk. This al-
lows for a more thorough study of the structure and to decide
if a given support structure requires renovation.

The method described above, along with the programme,
can be applied to different types of structures designed as
beam structures. This paper focuses on transmission towers.
The tower is a supporting structure for the line, embedded
in the ground directly or using a foundation. They can be di-
vided into the tangent and angle towers. Tangent towers are
light-weight structures, whose main purpose is to support
the conductors. Angle towers have to be additionally able to
withstand the tension powers. Therefore, they employ guy
suspension. Since up to 90% of all poles are tangent towers,
H and 024 tangent towers were studied. This paper presents
the results for the former.

2. DAMAGE STATE DATABASE CREATION

The study considers supporting structures for a high-volt-
age overhead power line. A transmission tower is treated
as a spatial frame structure; hence the FE model consists
of rigidly connected beam elements. As mentioned in the
previous section, the concept of critical condition means
structural damage that threatens to significantly decrease
the structures load-bearing capacity. The first step towards
building a database is to model consecutive damage states
of individual structural elements and to store all of them in
a database. Damage can be modelled using various methods,
e.g. as a decrease in the cross-sectional area of an element,
a decrease in Young’s modulus or a variation in its moment
of inertia (Nobahari and Seyedpoor 2011). A variation in
these parameters changes the stiffness of the component
and, consequently, the global stiffness matrix, which in turn
changes the modal parameters of the test object.

Strain energy is a function of the deformation of the sys-
tem but, after some transformations, it can be expressed by
means of stress, material properties, nodal displacements in
finite element method (FEM) or applied forces. That is why
using it as a criterion in static analysis using FEM is a con-
venient solution. The amount of variation in elastic ener-
gy in individual elements of the structure after the damage
occurred is a measure of the stress and strain that occurred
in parts of the object. For linearly elastic materials, strain
energy density stored in object is expressed as:

U=(1/2)[c"edV (1)

— T _ T
where 6 = [o,, ny.ozz G,,0, cyz] and € = [sxx.aw €.V Ve yyz]
are stress and strain column vectors, respectively.

Since the equations are solved using FEM, the strain en-
ergy density stored in element has to be presented as a func-

tion of nodal displacements:
U= (1/2),£{ui}r[B]T[D]T[B]{u,-}dV 2

where matrix D connects vector of strain with stress vec-
tor, strain displacements matrix B includes derivatives of the
shape function, which define the relationship between the
coordinates of the node positions and the displacements of
nodes in the element. After calculating the element stiffness
matrix K, the equation can be expressed as:

U= (1/2){u} K] {u} €)

Comparing the strain energy of structural elements in
the damaged condition with the energy of these elements
in a healthy structure, we focus on the biggest changes in
energy that occurred as a result of the damage. Let U" =
{(U,...,Ul...,U" means the vector of strain energy stored in all
n elements of healthy construction, and U(X”) = {U},...,U,...,
U?} denotes the vector of strain energy stored in elements for
the predicted p" state of damage. The change in strain energy
vector for the p" state of damage can be expressed as:
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dUX?)=UX") - X" (4)

Vector X” = {x!,...x[,....x"} represents the vector of dam-
age to state p, whose elements {x/, k= 1,...,n} are indicative
of the damage of all n elements of the numerical model. The
next section describes this vector in detail. Since the signifi-
cance of the individual elements of the supporting structure,
such as a transmission tower varies, calculating the relative
change of energy is inadvisable. For example, you may find
that the strain energy in an element of a frame structure that
carries a very little load under the influence of a given state
of damage is increased several times. The amount of this
energy is, however, still very small as compared to the strain
energy in the elements that bear the main load. Large actual
changes of strain energy in the elements are the basis for
selection of critical states.

Determine FE model
for undamaged structure

Set critical load

Determine nodal displacements i h
under critical load Bsferminejveciord

Solve eigenproblem . h

‘ for FE model Determine vector F

Read damage
vector X

Model p
damage state
set p=p+1 in FE model

Determine nodal displacements . p
under critical load Determine vector U(X")
Solve elgenproblem

p
for FE model Determine vector F(X") }—»

erte to
DATABASE

Fig. 1. The flowchart of a damage states database creation
algorithm

In order to evaluate the technical condition of the tower,
it is necessary to measure the parameters of the structure,
which will serve as the basis for the identification of the
structure’s condition using the FE model. One of the meth-
ods used in the evaluation of the technical condition is an

analysis of the dynamic properties of a structure. Unfor-
tunately, when assessing the structure’s conditions using
commonly applied criteria such as MAC, COMAC (Al-
lemang and Brown 1982, Allemang 2003), it is necessary
to thoroughly learn the subsequent mode shapes, which
involves the use of an increased number of vibration sen-
sors for more complex structures and higher modes. If we
consider the assessment of the technical condition of more
objects of a similar type (e.g. transmission towers) and the
relatively high cost of the sensors themselves, the aim is to
minimize the number of sensors used in such a diagnostic
system, particularly when the assessment of the technical
condition of such a structure is not a one-off test but is sub-
ject to a long period of monitoring. Therefore, the desired
solution in the evaluation of the technical condition of such
structures would involve using just the amplitude-frequen-
cy characteristics of measured structure vibration, while
its modes shapes would be used just for identification of
appropriate modes and natural frequencies of the numeric
model (Guo 2006).

Figure 1 presents an algorithm to create a database of
structural damage states. The input consists of an FE mod-
el of the frame structure in question. Two analyses are per-
formed: static and dynamic, which allows for determining
the strain energy and natural frequency for a healthy state,
with the data being stored in the database. Then, the damage
for subsequent states p of the test object is modelled. For
each state, as in the case of a healthy structure, the strain en-
ergy and natural frequencies are calculated and stored in the
database. The database thus includes information for each
structural damage state, which consists of: type of damage,
strain energy and natural frequency vector.

The database includes all simulated damage states, both
the ones threatening the safety of a structure and those
without considerable influence on it. Critical states can be
selected at this stage by picking them from the database,
though this paper uses all of the stored damage states to
identify the condition of a transmission tower, and the as-
sessment of criticality of a given state is performed at the
very end.

3. IDENTIFICATION OF THE TECHNICAL
CONDITION OF A TRANSMISSION TOWER

Among the dynamic values calculated as a result of a modal
analysis, natural frequency vectors can provide important
information in the process of assessing the technical condi-
tion of a given structure. By finding the level of correlation
in natural frequency between the damage states stored in
the database and the technical condition of a structure, we
can assess their level of similarity. In (Messina et al.1996)
was proposed the DLAC (Damage Location Assurance Cri-
terion), whose concept is similar to the MAC. They later
expanded this idea by ceating MDLAC (Multiple Damage
Location Assurance Criterion) which, in contrast to DLAC,
allowed for the detection of many faults in one structure.
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In (Koh and Dyke 2007, Nobahari and Seyedpoor 2011)
authors expanded the application of these solutions in the
assessment of the technical condition of a structure using
genetic algorithms. Through the proper comparison of con-
secutive numerical models differing in damage indexes, we
can choose a model which best reflects the actual structure,
based on a comparison of natural and calculated frequen-
cies. MDLAC serves as an assessment of such correlation
(Messina et al. 1998).

In order to determine the parameters of a modal model
without damping, the eigenproblem should be solved:

Ko, ~AMd,=0 6)

where M and K denote mass and stiffness matrixes respec-
tively, A, and ¢ are i-th eigenvalue and eigenvector. Equa-
tion (5) shows that mechanical parameters variation cause
change in vibration characteristics of the system. Sensitivity
theory allows to define the natural frequencies dependence
of the change in mass and stiffness due to damage of the
system:

9 1 0K, Ji oM
dx :8'n2~f‘.'¢iﬁ¢i_7¢i ax 9 (6)

In (Messina et al. 1998) the authors proposed a model,
that specifies the sensitivity of natural frequencies of all
modes to element damage, defined as a homogeneous reduc-
tion of stiffness, with no change of mass:

T
of 1 oKW
8w f g Mg

i

()

where £ and ¢ are i" natural frequency and mode shape vec-
tor, K| is the stiffness matrix of the k" element set in global
matrix, M" is the global mass matrix, the superscript # means
the term applies to the undamaged structure. Factor x, denotes
the damage state of the " element, by stiffness reduction.
The model assumes that every natural frequency depends
on a combination of damage size and location. Hence, fre-
quency changes can be written as the sum of the products of
sensitivities and damage states of all elements in the structure:

% %
dx, T ox,
S=
af, of,
dax, T ox,
SF=5-3X (8)

where OF is the predicted vector of the natural frequency
changes. The Size of this vector is r and it is equal to the
number of used modes. dX is the damage vector and its
length is equal to the number of all listed elements (Messina
et al. 1998).

Nobahari and Seyedpoor described the predicted natural
frequency change vector 6F in a slightly different form. The
vector is dependent on the vector that consists of the damage

extent of all elements. What is important, the damage extent
takes discrete values. Vector &F is expressed in the following
form:

SF(X?) = (F"— F(X"))/F" )

where F" is the natural frequency vector of a healthy (undam-
aged) structure, F(X?) is a predicted vector of the natural fre-
quency calculated from the numerical model. The length of
both vectors is equal to the number of used mode shapes 7.
Vector X = {x{,..., x/,..., x'} represents the vector of the
damage to state p. Damaging a given element of a structure
usually involves a decrease in its stiffness. Changing param-
eters such as Young’s modulus, geometric moment of inertia
or cross-sectional area influences stiffness. That is why one
of these parameters can be used to determine damage extent
for individual elements. For example, if damage extent de-
pends on the Young’s modulus variation, the damage indica-
tor of the k" element will be expressed as:

x! =(El —EDE}, k=1,..n (10)
where E] means the tensile modulus of k" element in an in-
tact structure, and E/ denotes the tensile modulus of the "
element to state p, in which the damage occurred. It should
be noted that the damage extent takes the value x; = 0 for the
undamaged element and x/” = 1 for 100% damage, opposite
to the Messina method where x, = 0 is complete loss of the
element. Of course every value from 0 to 1, is proportional
do the damage.

The second vector determining the change in the natu-
ral frequencies of the test structure as compared to a healthy
structure is AF:

AF=(F" - F)/F" (11)

Given two vectors defining the variation of natural fre-
quency, we can determine the MDLAC, that describes the
degree of similarity between the test state of the structure
and its models (Messina et al. 1998, Nobahari and Seyed-
poor 2011).

IAF" - SF(XM)P
(AF" - AF) - 3F'(X") - 8F(X"))

MDLAC(X") = (12)

It can easily be seen that MDLAC compares two vectors
of frequency variation. One vector is derived from the result
of studying the test structure, while the second one stems
from numerical calculations. This criterion has a value be-
tween 0 and 1, reaching a maximum when AF = 6F(X?).

Thus defined criterion of natural frequency correlation of
the test structure and its model serve as the basis for the as-
sessment of their similarity. Following the identification of
the structure’s state with one of the states stored in the da-
tabase, we are left with the task of assessing if the technical
condition should be classified as critical. In order to do this,
a criterion based on absolute change in energy mentioned in
chapter 2 was used.
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Fig. 2. The flowchart of a technical condition identification
algorithm

Figure 2 shows the identification of the technical condi-
tion of a transmission tower algorithm. The test structure
is compared, based on its natural frequency, to the models
stored in the database. The energies of individual parts of the
transmission tower for the numerical model most similar to
the tested state are determined and then assessed. Depending
on the assessment of the technical condition of the structure,
it can be considered as safe or in danger. If it is found to
be unsafe, it should be studied more thoroughly in order to
make a decision concerning its renovation.

4. NUMERICAL EXPERIMENT

In order to verify this method, a numerical experiment was
carried out. The study involved a high-voltage 110 kV,
H-type transmission tower. The faced problem was solved
with the use of the Strand7, software using the finite element
method. The transmission tower was modelled as a spatial
frame structure, so the FE model was constructed from 625
beam elements, rigidly connected in nodes (fig. 3). Because
the influence of stiffness between the ground, foundations
and steel part of the structure is omitted, the boundary con-
ditions were assumed as rigid fastening structure to the
ground. All degrees of freedom at the nodes lying at the base
of the structure were fixed.
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Fig. 3. Transmission tower geometric model

Loads were introduced as forces applied to the crown of
the pole, coming from the guys and the weight of the con-
ductors, as well as the gravitational acceleration allowing for
taking the weight of the structure into consideration. A fail-
ure state was also introduced (Mendera et al. 2012), i.e. ic-
ing is distributed asymmetrically on the wires, leading to the
asymmetric tower reaction.

4.1. Database creating

In order to create a database, structural damage was modelled
as a decrease in Young’s modulus of individual elements. At
this stage, three discrete indicators of damage were adopted
x{=0.3;0.6; 1. Values of 0.3 and 0.6 indicate a reduction of
Young’s modulus of the element 30 and 60%, respectively,
while the value of 1 means complete failure of the element.
For each element damaged, a static and dynamic analysis
was conducted, taking into consideration the three indicators
of damage. The simulation yielded the strain energy of all
elements, as well as the natural frequency vector for the test
structure for each variant of damage and for a healthy struc-
ture. The calculations were stored in a database.

Due to the large number of beam elements of the test
transmission tower, i.e. a large number of simulations, a pro-
gramme had to be created that allowed for automating the
calculations. Since the Strand7 environment was used for
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numerical calculations, an application which uses an API
to connect to the CAE environment was developed in C++.
The program allows the user to choose whether to carry out
simulations of a healthy structure, for a single damage or
a combination of damages as well as how many first natu-
ral frequencies are to be calculated and saved. You can also
select the option to create a completely new database or add
new damage states to the already existing database. The
creation of a database can be cancelled right away or after
a certain cycle of calculations has been finished. The main
window provides basic information about the tested struc-
ture, as well as the current simulations, which allows the
user to track the creation of the database in real time. After
the program is stopped, the right side shows a summary of
the simulations, such as the elapsed time.

Since two analyses, static and dynamic, have to be con-
ducted for each damage state, the time needed for an appro-
priate number of simulations is relatively long. The more
complex the structure and the more elements it has, the
longer the database creation time is. While creating a data-
base for a single damage (after an appropriate number of
damage indicators are chosen) is not much of a problem,
creating a database for all possible combinations of damag-
es in multiple elements is practically impossible. However,
in the case of transmission towers, not all the elements are
equally important for the stability of the structure. It should
therefore be observed which elements bear the most loads
and which elements are subject to the largest strain.

Simulation results show that the highest density of strain
energy and stress for structure under modelled critical load
conditions occurs in the legs and the outer edges of the tower
just behind the arms fork. This allows for narrowing down
the number of tested combinations of damage. The selected
set of beams is input into an array, whose elements create
various combinations of damage. A database was created for
the example presented, consisting of 4500 damage states,
which took less than 3 hours.

4.2. Identification of the technical condition
of a structure

In order to verify the correctness of a given method, a numer-
ical experiment should be conducted. For this purpose, some
damage of the transmission tower structure will be modelled
and a search will be performed on the database to find a state
that corresponds to the damage state of the model. In order to
study a single damage, one beam element 61, located in one
of the legs of the transmission tower, was selected (fig. 3).
The first damage case was modelled as a 45% reduction in
Young’s modulus of the selected item, while the second case
reflected total damage. In both cases, vectors were created for
natural frequencies for the first 15 modes and then compared
to all vectors of natural frequencies stored in the database.
In the first case, the maximum MDLAC(X®) was 0.9989 for
the frequency vector assigned to element 61, for the damage
indicator of x = 0.3. The identification of damage is thus cor-
rect, as the indicator taken from the discrete values stored in

the database is the closest value to the modelled indicator of
0.45. This type of failure is stored in the database as 62. In
the second case, the highest value MDLAC(X"") is equal to
0.9879, which corresponds to the complete failure of element
61 stored as number p = 1312. The MDLAC values for both
cases are presented in figures 4a and 4b.

The third case was modelled as a complete breakdown
of the two elements, 130 and 209 (fig. 3). Once the natural
frequency vector for the test case was obtained, the highest
value of MDLAC(X™*) of 0.9959 was obtained for the ad-
dress 2340 (fig. 4c), corresponding to the complete failure
of these very elements. The results of all three test cases are
summarized in table 1.

Table 1
MDLAC values for 3 damage cases

Case 1 2 3
State p 62 1312 2340
Element 1 61 61 131
Element 2 - - 211
Dmg [%] 45 100 100
MDLAC address 62 1312 2340
MDLAC value 0.9989 0.9879 0.9959

a) MDLAC values - Case 1

1 T T T T T T

MDLAC value

0 500 1000 1500 2000 2500 3000 3500 4000 4500
state address
b) MDLAC values - Case 2

MDLAC value

0 500 1000 1500 2000 2500 3000 3500 4000 4500
state address
c) MDLAC values - Case 3

MDLAC value

0 500 1000 1500 2000 2500 3000 3500 4000 4500
state address

Fig. 4. Multiple damage location assurance criterion values for
cases 1-3

The numerical experiment shows that comparing natural
frequency variation vectors allows for an effective compari-
son of the similarities between various states of the structure.
It should also be noted (fig. 4), that the MDLAC variance for
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states from 2 to 1876 is much higher than for states from
1877 to 4504. This is due to the fact that the first interval
includes indicators for single damage, while the second in-
terval relates to multiple damage.

4.3. Critical states identification

After the identification of damage, the technical condition of
the transmission tower can be assessed. Observing the strain
energy change as compared to the undamaged state allows
for analysing the structure. Figure 5a shows the strain energy
stored in the elements of an undamaged structure. All values
are stored in the database, so at this stage it is not necessary
to use the CAE software, which is not always available. Fig-
ure 5b shows the difference, i.e. the change in strain energy
for all elements between the identified damage state and the
undamaged state SUX*) = U - U", k=1, 2,..., 625. It is
worth noting that the difference is calculated as an absolute,
rather than relative variation. This means that slightly load-
ed elements of an intact structure may increase their stored
energy several times with a given damage state, even though
these values are still small compared to the largest energy
changes in the system. In the given case, the change in strain
energy for each element is small and max (SU(X**))=0.70 J
for element 124. When analysing this case further, statistical
analysis shows, that the maximum change in stress in this
element is below 1.1%, so this type of damage does not en-
danger the structure’s stability.

Let us now consider the second case, where there was
a complete breakdown of the element. It can be seen that
the complete breakdown introduces considerable changes in
strain energy of individual elements (fig. Sc), thus changing
the distribution of stress throughout the transmission tower
structure. Again, the greatest energy change occurs in ele-
ment 124, but the energy stored in the element is 2.74 times
greater than in an undamaged structure. The stresses in the
element are approximately 1.65 times higher than in an in-
tact object. In both cases given above, the energy changes
quadratically in relation to the variation in stress, which is
caused by the fact that energy is a function of the square of
the strain (for a FE model — the square of nodal displace-
ments). Therefore, the energy method is more sensitive than
basing the calculation on stresses alone.

Table 2

Maximum strain energy change in k" element for p” state

Case 1 2 3
State p 62 1312 2340
Element k& 124 124 55
U" for k 32.71 32.71 31.55
U(X?) for k 33.41 89.77 102.80
max(8U(X"))[T] 0.70 57.06 71.25
max(3U(X"))[%] 2.1 174.4 225.8

a) Stored strain energy for undamaged structure
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Fig. 5. Strain energy changes in elements for cases 1-3

In the case of two damages of elements 131 and 211 we
can also observe a large change in energy (fig. 5d). The larg-
est absolute change in energy occurs in element 55 and the
energy of this element is approximately 3.26 times higher
than in an intact structure. The results of all three test cases
are summarized in table 2.

In cases 2 and 3, the energy not only increases in these
elements, but in all beams of the legs of the tower or, to be
specific, the load from two legs is transferred to the other
two. Such a high increase in energy and stress in the ele-
ments forces the person using the diagnostic system to take
appropriate action. Even though the stresses may still not
exceed the safety indicators, subsequent damages to the
transmission tower elements in case of an emergency state
may cause its collapse. We should also consider the dynamic
forces acting on the structure, such as high intensity winds
(Battista et al. 2003). An observer with knowledge and ex-
perience concerning the structure and indicators correspond-
ing to individual elements should be able to correctly assess
the technical condition of the structure and decide whether
or not it requires renovation.
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5. SUMMARY AND CONCLUSIONS

This paper presents a method for identifying critical states in
supporting structures of overhead power lines. The whole pro-
cess can be divided into two stages. In the first stage, modal
parameters are used to identify the condition of a transmis-
sion pole by determining the level of similarity to the damage
states stored in the database. The second stage involves the
assessment of this state based on the variation in elastic strain
energy in individual elements of the structure under critical
load conditions. Based on this assessment, a decision con-
cerning the renovation of the test structure can be made.

The process of creating a database is an important part
of the work. This paper presents the creation of a compre-
hensive database, with all simulated damage states, natural
frequencies and energies of all elements. In order to reduce
the time it takes to create this database, as well as its size,
only an eigenproblem can be solved and only natural fre-
quencies can be stored. The static analysis can be performed
once a given state is identified. In this case, however, it is
important that the person using the diagnostic system has
constant access to the CAE software.

Additionally, the size of the database can be decreased
by storing just the critical states, i.e. the states that warrant
structure’s renovation. Since conducting an analysis of all
damage combinations is practically impossible, the simu-
lated states have to be carefully chosen in order to shorten
the time it takes to create the database as much as possible.
Using genetic algorithms (Nobahari and Seyedpoor 2011)
or artificial neural networks (Zhao et al. 1998) did may be
a good solution to choose the best combinations. Certainly
the database creation process itself may be improved, and
the subsequent works should emphasize that.

The identification method itself is fairly effective. Using
the natural frequencies, for which the estimation error is the
lowest from among all modal parameters, we can determine
the similarity level between the structure’s state and the
states stored in the database. If the MDLAC values for sev-
eral states are similar, they should be considered and, in case
of any doubt, a more thorough analysis should be conducted
to assess the technical condition of the transmission pole.
Since strain energy is the function of the square of strain
(nodal displacements), calculating the elastic strain energy
is a more sensitive method than the assessment of strain var-
iations in elements.

The method is universal enough to work for virtually any
beam construction and, with slight software modifications,
can be adapted to other transmission towers structures, thus

creating a diagnostic system for support structures in over-
head power lines along their whole length.
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