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The usual structural analysis models for telecommunication and transmission steel tower
design tend to assume a simple truss behaviour where all the steel connections are
considered hinged. Despite this fact, the most commonly used tower geometries possess
structural mechanisms that could compromise the assumed structural behaviour. A
possible explanation for the structure stability is related to the connections semi-rigid
response instead of the initially assumed pinned behaviour. This paper proposes an
alternative structural analysis modelling strategy for guyed steel towers design,
considering all the actual structural forces and moments, by using three-dimensional beam
and truss finite elements. Comparisons of the above mentioned design models with a third
alternative, that models the main structure and the bracing system with 3D beam finite
elements, are made for three existing guyed steel telecommunication towers (50m, 70m
and 90m high). The comparisons are initially based on the towers static and dynamic
structural behaviour later to be followed by a linear buckling analysis to determine the
influence of the various modelling strategies on the tower stability behaviour.
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Introduction

The Brazilian telecommunication and electrical
transmission systems expansion were the main redsorefficient
and cost-effective transmission and telecommurinadieel towers.
Steel truss towers have been used to support tisgism antennas
or to enable electrical power transmission lines b® built,
interconnecting the vast Brazilian territory. Howev structural
collapses, mainly associated with the wind acti@e not
uncommon to this particular structural solutiong&mann, 2001;
Carril Janior 2000).

Despite these facts, most of the traditional stmadtanalysis
methods for telecommunication and transmissionl steeers still
assume a simple truss behaviour, where all cororectiare
considered hinged. On the other hand, structurahar@sms, that
could compromise the assumed structural respomlsebe present
in various commonly used tower geometries whenéues type
models are adopted (Policani 2000, 2000a; Sihad. 000, 2002).

A usual solution to overcome this problem is the asdummy
structural bars to prevent the occurrence of theamted degrees of
freedom. These bars, possessing a small axialess$f are generally
employed to prevent the occurrence of structurachasisms,
enabling the use of standard finite element prografn possible
explanation for the structure stability is relatedthe semi-rigid,
instead of the assumed hinged joint behaviourabt, fmost major
steel tower constructors still rely on full-scaksts to determine
which design and fabrication details can provideg@od test
correlation with the assumed simple truss modelltgs

Paper accepted April, 2006. Technical Editor: Marcelo A. Savi.

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright

0 2007 by ABCM

This paper proposes an alternative structural aigaiodelling
strategy, based on a less conservative model camypBD beam

finite elements in the main structure and 3D trefesnents in the
powebracing system and eliminating the use of dummy pagsent in the

traditional analysis.

Further comparisons of the two above mentioned odsttand
another design alternative only using 3D beam ditements on
three existing guyed steel telecommunication toWedsn, 70m and
90m high) are described. The comparison is focusethe tower
structural response in terms of displacements, ihgnchoments,
stresses, natural frequencies and buckling loads.

Nomenclature

Omax = Maximum stress of the tower;

Umax = Maximum horizontal displacements of the tower
fo1 = First natural frequency of the tower,

foo = Second natural frequency of the tower,
foz = Third natural frequency of the tower,
fos = Fourth natural frequency of the tower,
fos = Fifth natural frequency of the tower,
Ao1 = First buckling load of the tower,

Aoz = Second buckling load of the tower,

Aoz = Third buckling load of the tower,

Aos = Fourth buckling load of the tower,

Aos = Fifth buckling load of the tower,

The Structural Modelling

Several authors have contributed with theoreticald a
experimental investigations to access the best limglstrategy for
steel transmission and telecommunication towersis ltfair to
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mention the investigations made by: Albermani antp&rnchai
1993 and 2003; Albermani et al 2004; Carril Jun2®00; El-
Ghazaly and Al-Khaiat 1995; Kahla 1994 and 200Qjpiérnchai
and Albermani 1992; Madugula and Wahba 1998; M&0id2, Rao
and Kalyanaraman 2001; Saxena et al 1989; Wahbh1&96 and
Wahba et al 1998.

Kahla 1994, numerically modelled the dynamical &Bepresent
in guyed steel towers including the cable gallopffgcts. Later the
same author, Kahla 2000, dynamically modelled thgture of a
cable present in guyed steel towers. The analysisated that the
guyed steel towers cable rupture, disregardingvihe actions, was
one of the most severe critical load hypothesegHerinvestigated
structures.

Wahba et al 1996, considered the dynamical natutheoload
acting in guyed steel towers like wind, earthquakeads cable gallop.
The finite element method was used to model thestdvars as 3D
truss and 3D beam elements obtaining the structoratlels
dynamical characteristics. In a subsequent phasetresults were
compared to experiments. This paper also desctibedesults of
experiments made to identify the main parametasittiluence the
guyed steel towers natural frequencies, as well thsir and
associated vibration modes.

Ghazalyt and Khaiatz 1995, evaluated telecommuinicajuyed
steel tower designs based on discussions of tHeuganon-linear
aspects involved on their numerical modelling. Thiper also
contemplated the development and comparisons ofethidts of a
3D model for a 600 meter height guyed steel tower.

Wahba et al 1998, performed an investigation ofrthmerical
models used in telecommunication guyed steel tawldre authors
stressed the relevance of considering the nontliefects present
even at service load levels. In a subsequent papedugula and
Wahba 1998, described two different finite elemewtdels for the
dynamical simulation of guyed steel towers. Thispgyaalso
contemplated an experimental modal analysis of aediscale
guyed steel towers models that produced resultemsonance with
the developed numerical models.

Menin 2002, evaluated telecommunication guyed d®ekrs
from their static and dynamical structural respensehe static
analysis compared linear and non-linear mathematicalels. The
dynamical analysis employed the Monte Carlo sinmtamethod
including the wind load floating parcel producimgeresting results.

Albermani and Kitipornchai 2003, used the finiteerabnt
method by means of a geometrical and physical m@ad analysis
to simulate the structural response of telecomnatioic and
transmission steel towers. This was followed byaterl work of
Albermani et al 2004, that investigated the po#gibiof
strengthening steel truss towers from a restructaed
rearrangement of their bracing systems. The adoptdtion
consisted on the addition of axially rigid systetosintermediate
transverse planes of the tower panels.

The main purpose of the adopted modelling strasegias to
investigate the structural behaviour of the guyeeelstowers,
preventing the occurrence of spurious structurathagisms that
could lead to uneconomic or unsafe structure. Thwets
investigated in the present paper (50m, 70m and) 90ave a truss
type geometry with a square cross section. Hoedadingle sections
connected by bolts compose the main structure db asethe
bracing system. Prestressed cables support thestmaature, which
must be always in tension. Some of these cabledirdted to a
specific set of bars arranged to improve the systersional
stiffness. The geometry configuration of the thgeged towers are
depicted in Fig. 1.
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Figure 1. Towers’ basic geometric data.
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This investigation considered as acting verticalde structure
self-weight, stairs, antennas, cables, etc. Thel st@ver wind
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effects were the main horizontal loads. These bata loads were
calculated according to the procedures describetherBrazilian
code NBR 6123 (NBR 6123, 1988) and applied to tinged tower
nodes. Two wind load cases related to actions peipelar and
diagonal to the towers face were considered in dnialysis. The
adopted guy prestress loads were in accordancehdovalues
described in the Canadian Code CSA S37-94 (CSAR371994).

A lateral view of the tower and its correspondimgdlized
structural model are presented in Fig. 2. It carshewn that the
idealized structural model cannot only be represerity 3D truss
finite elements.

The steel tower modelling presented problems réledehe loss
of continuity, in some parts of the structure, doi¢he presence of
hinges associated with the 3D truss finite elemeftse vertical
angles (main legs) are usually connected by a -thoéeconnection
leading to a rigid design assumption. Using trdements to model
the angles a moment discontinuity occurs, since tthesses
connections are considered flexible. On the otfeerdh using only
one bolt in the diagonal or horizontal versus lagla connections,
give rises to another discontinuity. Although theplane behaviour
can be considered flexible, the out-of-plane behavdisregards the
torsion and bending continuity present in the gtmec

To overcome this problem, dummy bars, without n@ass with
low axial stiffness, were incorporated to the dime. In this
process every new bar represents the suppressi@n éfternal
degree of freedom. Although the towers have only fears in the
horizontal plane defined by a typical transversatisn (Fig. 2) it is
still necessary to add a fifth dummy bar to crete isostatic
triangles. If this restraint was not consideredirapte structural
mechanism collapse would occur. Another reasonufing these
bars is to improve the structure torsion stiffness.
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Figure 2. (a) Tower main structure (a) and (b) asso ciated idealized model

and dummy bars location.
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All the above-mentioned aspects allied to all th#icdlties
associated with the investigated tower geometry tanthe truss
finite element characteristics highlight the falatt the traditional
truss design is not the best-recommended methogéboge used. It
should be stressed that the large number of dunarg; bdopted to
enable the structural analysis to be performed,this major
disadvantage of this structural modelling stratddye used 3D truss
finite element is presented in Fig. 3.

This structural modelling strategy is characteribgdhe use of
3D beam finite elements with rigid connections. Huepted beam
finite elements presented six degrees of freedanmpae associated
with translation and rotation displacements in spaespectively, as
shown in Fig. 3.
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Figure 3. (a)Adopted spatial truss, (b) cable (tens
beam finite elements.

When all the structural modelling strategies ingeded are
compared, the beam element modelling is the eamiesse. This
conclusion is mainly justified by the fact that tlagloption of
dummy bars to prevent possible mechanisms is mptined in the
beam modelling strategy. Another advantage is trapaitational
model uniformity since all the adopted bars arereggnted by a
single finite element type (3D beam). Despite b# tmentioned
structural modelling advantages the model finalltesshould be
carefully checked. This is due to the fact thapiimciple, the rigid
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connections adopted in this strategy can lead toesdisturbing
and/or spurious effects, especially when the tosvitical buckling
loads are considered.

Based on an extensive parametric investigation, caleffing
strategy combining three-dimensional beam and tréisite
elements was proposed. In this methodology the staircture uses
3D beam elements, while the bracing system utilisess finite
elements. This method models the structure asti@ stetermined
system discarding the need for dummy bars presethiei traditional
analysis. The adoption of truss finite elementthmbracing system
is explained by two main reasons: a single boltcamitihg a hinged
behaviour usually makes the bracing system cororesto the main
structural system. Additionally, the low flexureiffstess values,
associated with the bracing elements, imply that significant
moments will be present or transmitted to theseciiral members.

The use of these two types of 3D finite elementsalhb and
truss) also eliminates the spurious mechanisms dfoim the
traditional design strategy, disregarding the nfeedhe previously
mentioned dummy bars. The authors believe, basedthen
performed parametric investigations, (Silva et2400, 2002 and
2005), that this mixed modelling strategy can poadmore realistic
and trustworthy results in respect to the statia atynamic
structural analysis, as well as to the tower aitioad assessment.
The proposed computational model, developed forstieel tower
static and dynamic analysis, adopted the usual mmefhement
techniques present in finite element method sirarat
implemented in the ANSYS program (ANSYS, 1998). this
computational model, the main structure was repteseby three-
dimensional beam elements where flexural and torsifects are
considered or truss elements having a uniaxialideranly (or
compression-only) element. The prestressed cabées simulated
by spar elements, see Fig. 3.

The ANSYS beam element BEAM44 (ANSYS, 1998), Figis3
a uniaxial element with tension, compression, torsand bending
capabilities. The element has six degrees of freedbeach node:
translations in the nodal x, y, and z directiond aotations about
the nodal x, y, and z-axes. The ANSYS spar elenéNK10
(ANSYS, 1998), Fig. 3, is a 3-D element having timque feature
of a bilinear stiffness matrix resulting in a uni@xension-only (or

Table 1. High steel towers maximum stresses and hor
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compression-only) element. With the tension-onlytimp the
stiffness is removed if the element goes into casEoN
(simulating a slack cable or slack chain conditiof)is feature is
useful for static guy-wire applications where tmire guy wire is
modelled with a single element.

Static Analysis

Table 1 present linear static analysis resultgHerinvestigated
guyed towers (50m, 70m and 90m high), accordinght three
earlier mentioned structural models. Maximum valoésstresses
and horizontal displacements are presented andarechp

The acting loads considered in the present analysere self-
weight and two wind load cases. In theses caselsdttizontal wind
loads were applied perpendicular and diagonal ¢otthvers face.
The horizontal wind loads were calculated accordiiog the
procedures described on the Brazilian code NBR NER 6123,
1988) and applied to the guyed tower nodes.

The prestress cable loads at the lateral anchddongdation
region are normally defined as 10% of the cable inahstrength
capacity. It is relevant to observe that prestidse load values
situated between limits of 8% and 15% are allowgthle Canadian
Standard (CSA S37-94, 1994). The present analgsiptad values
approximately equal to 14%. 13% and 11% for thestpess cable
loads of the towers with 50m 70m and 90m heighspeetively
(Menin, 2002).

The largest differences between the maximum stuedses
obtained for the simple truss model (Strategy K &r combined
beam and truss element model (Strategy Ill) ar€%6(50m high
tower), 83.1% (70m high tower) and 79.9% (90m himler) when
compared to the values obtained from the third fhode When a
quantitative analysis of the data was performedas possible to
confirm that the maximum stress values were sigaifily modified,
for the three investigated towers, Table 1. The imamr stress
points are depicted in Fig. 4 for the mixed beam tinss element
model considering the perpendicular wind load cibke. maximum
stresses, caused mainly by bending effects, werecited, in all
cases studied, to the towers base members.

izontal displacements.

Modelling Strategies:
| - Truss Element
Il - Beam Element
Ill - Combined Beam and Truss Element

. Perpendicular Wind Diagonal Wind Direction

Models Tower Height (m) O (MP2) Sme () o (MP2) e (M)

| 83.8 0.049 78.6 0.025

1 344.7 0.049 318.4 0.026

1l 50 357.0 0.049 330.3 0.024

Difference (I and IlI) 76.5% None 76.2% 3.8%

Difference (Il and 1ll) 3.4% None 3.6% 7.7%

| 747 0.089 66.4 0.039

1 411.6 0.093 378.9 0.044

11l 70 425.7 0.093 392.2 0.044

Difference (I and IlI) 82.5% None 83.1% None

Difference (Il and 1lI) 3.3% None 3.4% None

| 83.4 0.090 74.2 0.041

I 388.8 0.099 360.7 0.049

1] 90 398.5 0.099 369.9 0.049

Difference (I and Ill) 79.1% 9.1% 79.9% 16.3%

Difference (Il and 1ll) 2.4% None 2.5% None
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Table 2. High steel towers natural frequencies.
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Figure 4. Maximum stress points, perpendicular wind
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Modelling Strategies:
| - Truss Element
Il - Beam Element
11l - Combined Beam and Truss Element
Models Tower Height (m) Natural Frequencieg{Hz)
for foz fos fos fos
| 3.420 3.420 4.203 4.203 5.360
1l 50 4.142 4,142 5.124 5.124 5.504
11 2.609 2.698 2.698 2.731 4.000
| 2.616 2.616 3.783 3.783 4.233
1 70 3.016 3.016 4.225 4.225 4.781
1 3.015 3.015 4.222 4.222 4.779
| 2.497 2.497 3.151 3.151 3.420
1l 90 2.903 2.903 3.634 3.634 3.812
11 2.902 2.902 3.633 3.633 3.806
Table 3. High steel towers buckling loads.
Modelling Strategies:
Il - Beam Element
Il - Combined Beam and Truss Element
Wind Direction
Models Tower Height (m) Perpendicular | Diagonal
9 Buckling Loads\o;
)\01 )\02 )\03 )\01 )\02 )\03
1 50 10.114 10.306 11.164 10.566 11.063 11.142
1l 5.520 5.859 6.118 10.526 10.570 10.630
I 70 14.568 14.810 16.085 15.676 16.079 16.205
11 11.245 11.499 11.648 13.350 13.501 13.522
1 90 11.066 11.121 11.946 11.617 12.354 12.440
1 8.3721 8.4425 8.5999 9.2856 9.3311 9.3617
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(a) 50m high steel tower TORRE ESTAIADA DE 90m DE ALTURA - MISTA
ELEMENT S0LUTION AN (c) 90m high steel tower
STEP=2 JUL 2L 2004 . i
ShEper 15147124 Figure 4. (Continued)..
TINE=2
SIGMAX  (MOAVG)

On the other hand, the lateral displacements valuese
generally not significantly changed when the similess model
(Strategy I), the beam model (Strategy II) or thebined beam and
truss model (Strategy IIl) were considered, Taldlds 3. Figure 5
depicts the deformed shape of the three guyed toWeerdiagonal
wind load case considering the mixed beam and #lessent types.
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(c) 90m high steel tower
Figure 5. Deformed shapes, perpendicular wind load case.

Dynamic Analysis

The dynamical analysis performed in the presergstigation is
based on a free vibration strategy. The study veseentrated in
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evaluating natural frequencies and correspondibgation modes
for the 50m, 70m and 90m high towers consideridgted three
finite element modelling strategies previously dibszl. The main
objective of this assessment was to investigateeifchoice of finite
element modelling strategy could significantly affehe tower
natural frequencies.
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(a) Truss element modelling
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(b) Beam element modelling
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.003194
.008044

.006895
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(c) Mixed beam and truss element modelling

Figure 6. 50m tower models, first mode shape, later  al view.
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(b) Beam element modelling
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(c) Mixed beam and truss element modelling

Figure 7. 70m tower models, first mode shape, later  al view.

The tower natural frequencies knowledge is a furataal issue
regarding the tower structural design. This is akm@d by the fact
that if the excitation frequencies are similar b tnatural tower
frequencies the structure could, in extreme cdsegeopardised by
the resonance or fatigue related phenomena.
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(c) Mixed beam and truss element modelling

Figure 8. 90m tower models, first mode shape, later  al view.

The results depicted in Table 2 indicated thatfithiee element
modelling strategy can somehow affect the nomirsdlias of the
tower natural frequencies for the initial vibrationodes. These
results also indicated that the finite element nlodgstrategy can
significantly affect the values of the tower natur@quencies for
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the 50m tower initial vibration modes. The last twwers (70m and
90m) presented small natural frequencies differerfoe different
modelling strategies. The truss element modellingsisociated with
the smallest values, indicating a reduced systeffnegs. The
second and third modelling strategies presentedmeaningful
differences.
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Figure 9. 50m high steel tower layout, mixed beam a nd truss element

modelling.

It is also interesting to observe in Table 2 timathie mixed third
modelling strategy a slightly lower fundamentalgiency occurs
when the 50m tower is considered. This is relatethé tower base
horizontal bracing system finite element modellin@his
fundamental frequency is associated with a diffevésration mode,
see Fig. 6 (Mixed beam and truss element modellitttgn the
modes present in the other modelling strategies.

Figures 6 to 8 depict the first mode shape asstiaith all
structural models studied in the present paper.midide shapes,
related to the various models, corresponded exaoephe first
structural model (50m high tower). In this caser¢hés no
correspondence between the mode shapes extractbe byfferent
modelling strategies. The third modelling strategsesented a
spurious mode shape associated with the first alfiiequency
(Fig. 9). This mode shape describes a torsionalhar@sm that is
not present if the truss or the beam element modele considered.

Marcel Isandro R. de Oliveira et al

next two mode shapes associated with the mixed kaaintruss
element models can be clearly noticed.

Stability Analysis

Table 3 presents the first three buckling load dadbr the
investigated tower structures. The stability analyonsidered the
load actions related to perpendicular and diagonaid load
combinations and the last two already mentionedefielement
modelling strategies (beam elements and mixed baad truss
elements). As expected the results clearly indit#ie significant
influence of the bracing system finite element niliakg strategy
over the tower critical loads.

Critical loads evaluated according to second meitogy (beam
elements) are substantially higher than the praposembined
strategy. The lower critical factors are alwaysoaiged with the
perpendicular wind load case, which can be assmtiatith the
instability failure control. These buckling loadeeanot associated
with usual design practice and, if adopted, cowddl to unsafe
structures.
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Figure 10. 50m high tower first bucking mode, perpe  ndicular wind load

case.

Figures 10 to 12 illustrate the towers first bucllimodes
associated with the perpendicular wind load casefHe last two

If this first mode shape is neglected, the corradieace between the modelling strategies. It can be noticed that a8 ithstability modes
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are associated with local effects, except for tBen thigh tower,
when represented by beam elements. In this casenstability
mode is defined by a global structural system bieliayvFig. 11.

Wind loads are duplicated and applied after graligds and guys
prestressing and Case Il - Wind loads are quathateld and
applied after gravity loads and guys prestressing.

Mixed beam and truss element modelling

Figure 11. 70m high tower first bucking mode, perpe  ndicular wind load

case.

Non-linear Analysis

A guyed tower is generally very sensitive to noreéir effects.
These effects can produce substantial influence thee structural
behaviour indicating that a preliminary investigati should be
made before neglecting them. Because of its loffnsts, the tower
is subjected to large displacements even undericgetoading
conditions. Other source of non-linearity is thesien-only nature
of the guys. The prestressing level of the guysighbe enough to
keep its status as “in tension” and never allowiagslack
configuration.

To investigate the presence of these two aboveridescnon-
linearities, a large displacement analysis wasoperéd considering
the guys as cable (tension-only) elements, adiiited in Fig. 3, for
the 90m high steel tower structure. The updatedrdragean
formulation, based on the Newton-Raphson methods wsed to
model the geometric non-linearity (ANSYS, 1998).

Three load cases are considered to determine #uklével in
which the non-linearities can be clearly observ@dse | - Wind
loads are applied after gravity loads and guystpeesing; Case Il -

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright
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Mixed beam and truss element modelling

Figure 12. 90m high tower first bucking mode, perpe  ndicular wind load

case.
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It is important to notice that gravity loads aneé forces due to
guys prestressing are symmetric and do not induateral
deflections before the wind loads are introduced the system.

For the first and second load condition, non-lineféects related
to the guyed steel tower structure, cannot be gbdegis depicted in
Figs. 13 and 14. Alternatively, when the quadrugléhe wind load
were applied to the system the non-linear effeets be clearly
identified, Fig. 15.
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Figure 14. Tower top displacement versus nominal wi  nd load ratio (Load

condition II).
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Figure 15. Tower top displacement versus nominal wi  nd load ratio (Load

condition IIl).

Final Remarks

This paper proposes an alternative structural arsaodelling
strategy, based on qualitative and quantitative paoieons, for
guyed steel towers. The proposed methodology, desservative
than traditional analysis methods, uses a comtspnédion of three-
dimensional beam and truss finite element to mdelstructural
behaviour of 3D tower structures under severalit@pdonditions.

Generally, in all the cases studied, the maximumsstvalues
for the structural tower modelling based on thee¢hinvestigated
methodologies were significantly modified. On thtees hand, the
lateral displacement values were not significantignged when the
usual truss model, the beam model or the combieaghband truss
model were considered.

Based on the difficulties found in the analysed eglysteel
towers, present in current engineering design &ctand
corroborated by the nature of the 3D truss finligenent, an analysis
only using this element cannot be indicated. Thisthod also
implies in the utilization of a great number of dusn bars to
prevent the occurrence of structural mechanismis fllet increases
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the amount of work to model the structure and ggesra potential
error source if the rigidities and/or number of doynbars were not
properly considered.

Despite the numerous advantages related to theoubeam
finite elements its adoption for modelling the intigated steel
tower should be carefully addressed. The desigheuld bear in
mind that if rigid connections were used in theiglesnodel, higher
buckling load values would be produced, overesimathe actual
values. The effects produced by the adopted modebitrategy
were small when the dynamical behaviour of the esyst is
considered. The correspondence between naturalienetes and
mode shapes is dependent of each studied model.

A non-linear analysis was performed and non-linesriwere
detected only for extreme load conditions. Theselte can be used
to validate the initial assumption of the systeneéir behaviour for
the usual limited load ranges used in design macti

Finally, based on the obtained results for the stigated tower
geometries, the authors would like to suggest theption of the
third mixed strategy in which the bracing systeme modelled by
truss elements.
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