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ABSTRACT: This article encompasses a presentation of préparavorks and full-scale experiments thfree different steel latti
telecommunication towers. The emphasis was plaeed bn the way how these experiments were perforamed particularly orthe
experimental site selection, foundation site prepan, equipment application as well as an impdctifiiculties, which may hav
influenced the execution of the tests. The sdcpart of the work includes some of the resultsaimigd during the test such
displacements of particular points of the structasea function of the external load, the strainsuoesments, the failure modas well a
the large global deformations. The gathered datsareably enrich the knowledge on full-scale testofglarge-scale skeletadtee

structures.
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1. INTRODUCTION

Telecommunication structures have been becomindstape features
in both urban and rural environments. Recent deveémts in data
transmission technology, ever increasing custonrexgirements, and
technological level required in the cutting-edgéedemmunication

equipment (in the form of antennas, radio moduled atc.) cause
constant increase of requirements for this type tethnical

infrastructure. The impact of technology advancenienthe field of

telecommunication devices apparently leads to & réehe modern,
efficient and economical design process for thdesetransmission
structures as towers and masts.

The research & development works regarding telecomcation object
are focused on the few areas: optimization of pctidn, manufacturing
and prefabrication of structures, modification ohiytical descriptions
concerning structural behavior, elaboration of toenplex numerical
analyses as well as experimental studies realizedalels in laboratory
conditions, or - what is particularly importani-the full-scale mode. A
variety of the problems in design and analyses@télecommunication
structures were discussed by Travanca et al. [B]essential problem
concerning a modern engineering practice is a cosgraof different

standards definitions, which have an undisputatfleence on bearing
capacity estimation. One of the broadest descriptiof difficulties

connected with steel towers and masts can be fouijd, 6] — some

some examples of damage and failures of structweze given. The
elaboration on failures resulting from the wind dodor slender,
lightweight high steel structures was presentedRepetto and Solari
[4]. The very valuable reference in the contextasf amount and
intensity of the wind load would be this written Byarril Jr. et al. [2].
They discussed an influence of the wind action loa $teel lattice
towers having square cross-sections. The datangataduring the tests
in wind tunnel were compared with these obtainealyaically. On the
other hand, the ice load aspects were discusséthkigonen et al. [3].

It is known that modification or extension of thelecommunication
equipment attached to the structure needs its gttrening in some
cases; some examples are given in [1, 9].

The experiments made with the full-scale structaresthe great source
of the knowledge regarding especially structurdigwor close to and
under failure load. It is especially important feihe large-scale
engineering structures, where numerous geomeirigagrfections and
materials nonlinearities appear. Experimental datzerated by tests, as
opposed to computer simulations and calculatioas, fnd use in the
process of correctness verification or calibrafannumerical models.
This article is entirely devoted to a descriptidrth® experimental tests
performed, particularly to the testing preparatiamorks, execution
difficulties, equipment used, and the way the eixpents were carried
out. In the second part some experimental resudi® wresented. The
extreme displacements, overall deformations of tiwers legs and

structural solutions for different types of loads/b been presented and failure modes are discussed in details.



2. EXPERIMENTAL SITE

An initial assumed concept of the experiment wasf#ilure test of the

few tower structures, which were to be later disedged. The test was
to be carried out at their original locations, m@me disadvantages
including enormously large costs did not allowdach an activity.

One of the problems was the presence of transmidisies as well as

building developments in the closest neighborhobiyjs( 1-2). The

insufficient free space around the objects posedctithreat to the

citizens. The probability of unexpected damagesleesd the research
experiments impossible. The unfavorable locatiothefobjects did not
allow for external load to be utilized to the felktent either: usage of
the heavy equipment generating the failure loadiired hard terrain

and an empty space that would provide sufficielattge distance from

the tested tower.

The basic criteria affecting a selection procesthefdevice used for the
external load simulation were the following: sigcéint value of the

effective concentrated load (range of about 204prtee possibility to

utilize a single line, which would be pulled duritfge test, and also a &

large distance in-between the towing machine arsdtiucture (more
than 100 meters). It was essential because, asetfiele was slowly
moving away from the tower, the angle between thelied force and
the horizontal plane decreased, therefore thisudést would allow for a
more accurate reflection of the horizontal typé¢hefloading (wind).
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Fig. 1 Unfavorable location of the tower structuriese
neighborhood of the buildings

R =

Fig. 2 Ufavorable location of the tower structwiese
neighborhood of the medium voltage transmissioaslin

The force simulating the effective external loadswattached to the
tower through the pulled steel line and the addélosteel diaphragm
welded directly to the structure, which requireddiidnal welding

works carried out at the level of its final attaamh

Taking the aforementioned problems into considenatithe final

decision was made to perform the research effartthe specially
accommodated place (documented by Fig. 3), whidfiléd all the

requirements concerning geometric parameters apd, avhere the

highest security standards were met as well. Susolation had to
include the costs resulting from the plot lease disdssembly of the
structure, its transportation and further instalat The additional
expenses resulted from the foundation erectionchvhiad to provide,
apart from proper anchoring for the towers, a fnktyi to place the few
different structures with different geometries (doge one, including
their final failures), namely a triangular crosstgen as well as a square
one. The discussed additional activities includedting the heavy
equipment, the cranes or the excavators, and aisgg lthe crew of
professional assemblers of steel structures.

Fig. 3. Aerial view of the experimental site

The final scheme of the experiment is presentdéign4 below. We can
see that a distance in-between the tower and thimgotruck reached
more than 120 meters.

Fig. 4. Scheme of the experiment
3. ADDITIONAL TESTING EQUIPMENT

The additional equipment was needed in order talsita external load
in the experiment. It had to provide, apart froneréirg optimal load
value on the structure, means of the measuremémsadditional
requisite was a sufficient control of the tensidnhe steel cable so that
the applied force has been increased incrementallgllow for the
geodetic measurements of displacements of thistanels joints.

Fig. 5 Towing truck used in the experiments



A towing truck appeared to be an appropriate erpamial device for
this purpose (Fig. 5), which fulfilled the aforentiened criteria, had
enough mass and could be anchored into the temilch guaranteed
its stability against uncontrolled variations ofmal stresses in the line.
A special steel diaphragm was designed in ordemltow for an
appropriate transfer of the load to the entire ssection rather than to
a single joint or member (Figs. 6-7). The attachimiecation was
selected to avoid the damage of the cantilever glathe tower (top
section with the parallel legs) and to generateeext forces in lower
sections legs at the same time. The tower has ibstalled just before
the experiments; therefore the welding of the diagim could be done
before the structure got vertically fixed in theufmation, which
simplified further the works.

Fig. 6 Geﬁeral idea of the stel diaphragm fortokeer with
triangular cross section

It
during the experiment

Fig. 7 Stel dlahragm

An essential preparation phase worth discussingamasssurance of the
load transfer to avoid accidental twisting of timéire structure resulting
in its deplanation. Therefore, the line should beaong the direction
“y" (Fig. 4). It was realized by geodetic deterntioa of the hoisting
winch location and an appropriate and the veryipeesteel diaphragm
structure.

4. FOUNDATIONS

Stability of the entire structure had to be guazedt during these
experiments: it could neither move nor rotate untter simulated

external force and it should have been also prgpanthored in the
terrain. The foundation had been designed in aifsp@canner, so that
three structures of corresponding three differeqt layouts could be
attached (the first and second towers cross-secti@ne triangular and
the third was square). In order to minimize theemges and material
use, it was decided that the typical tower striegufoundations: a
monolithic concrete pad footing under each of theer legs were not
used. The slab foundation consisting of widely k¢ concrete plates
was constructed instead.

The foundations structure consisted of the stemind, which was

supported on concrete slabs for more uniform distion of the stresses
(Fig. 8). They were placed on a layer of compressedl of 50 cm.

Fig. 8 Steel frame in the foundation base

The foundation anchors were attached to the steghef in both
geometric leg layouts corresponding to the towpesy this foundation
was subsequently uploaded with concrete slabs. sthecture was
placed in foundation trench of about 1.0 m depttoider to protect
against moving. The concrete slabs shown in Figiege also inserted
between the walls of the slope to ensure the amtditistabilization of
this structure against possible rotation.

The elevation of foundations occurred during treting of the second
tower, which had the same geometry but larger aléromss-sections
than the first one - it took place for the totaligie of about 110 tones.
It is important to the future tests that such asnaas not sufficient to
ensure perfect stability of the foundation itselfherefore, the
experiment was repeated after additional load wiaeé to foundations,
which resulted in the final weight of 170 tons.

Fig. 10 Final foundation with asymmetnb mass distion

5. DESCRIPTION OF THE TOWERS GEOMETRY

The experiments were performed for two towers witangular cross
sections and heights equal to 40 meters each. &se& Istructural
concept is the same for both towers; the differeneere noticed for the
cross-sections of particular members only. Theil@etalescription of
one of the tested towers is presented below. Ttweert has been
manufactured as the three-dimensional steel trigstidangular cross-



section and height of 40.0 meters divided into sesgparate sections.
Its upper part is of a triangular cross-section #rabottom part (up to
34th meter) forms a pyramid frustum with a cons&tconvergence.
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Fig. 11 Scheme of the structure (left), and vieweftion S-7 (right)

The centerline dimension is 4.90 m at its basela®@ m at its top. The
upper part of the tower is a parallelepiped of ayliteequal to 6.0 m
with the cross-section of an equilateral triandieside length equal to
1.50 m. The segmentation of the tower, the heigtits, names of
particular sections and the 3D view of bottom sectS-7 with a
climbing-cable ladder is shown in Fig. 11 above.

The leg members in each section consist of thed@afid bars, while
the bracing elements are hot-rolled symmetrical aod-symmetrical
angle sections. The diagonal bracing system ofttvigr is of type X.
The bracing elements are continuous in this strecamnd the joints at
their intersections are made with a spacer andgushgle bolt. Their
connections with diagonal bracing of the latticeewmanufactured with
gusset plates and bolts, two in each node. Thelgsobf particular
elements of the tower are presented in Tab. 1 below

Tab. 1. Selected tower element profiles; dimensiomam

Section Legs Diagonal bracings
S-1 @ 65 L 60x60x5
S-2 J 65 L 60x60x5
S-3 @ 80 L 60x60x6
S-4 @ 80 L 90x60x8
S-5 @ 90 L 90x60x8
L 100x75x8
S-6 @90 L_100x75x8
S-7 @ 100 L 120x80x8

6. GEOMETRICAL IMPERFECTIONS

One of the more important activities before the ezipental test in
full-scale manner is a correct identification an@asurement of the
geometric imperfections. It is particularly impartan case of the steel
structures, where geometric nonlinearities caneoawwided and where
precision plays significant role.

These geometrical imperfections had been measuredase of the
second tested tower for each structural elemeritr go the final

installation of the structure. The measurementewet performed for

the climbing-cable ladder, because these impediestivere assumed as
uninfluential in this particular experiment. Theldeer was added to the
tower body to reflect the reality as accuratelpassible, although being
not very important for the overall structural respe. The diagonal
bracing members made of hot-rolled L-sections werEuced as the
independent elements without any welded gusseeqlérackets, etc.;
therefore no bulging, bending or other deformatiovese noticed in
case of these elements. The legs had the gusses plalded at centers
of section spans (10 mm thick rectangular plateatkr asymmetrically
in addition to the longitudinal leg axis), where tfreatest imperfections
were observed. They had been created during thefaxanring process
(residual and welding stresses) and take the fdrimperfections in
direction perpendicular to the welded gusset plaseshown in Fig. 12.
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Fig. 12. Geometrical imperfections of the towersléyS-6 and S-7

These imperfection values labeled in Fig. 11dascillated between 8
and 15 mm. The measurements of a curvature ween taker the
horizontal tower assembly. A line connecting setflanges was taken
as the reference base for measurements of thefggrfiections.

7. DISPLACEMENT MEASUREMENTS

There is no doubt that the most significant strradtuesponse in this
pushover test was the horizontal displacement efstnucture under
external load. A measurement of this displacememntstaken with total
station tachymeter and leveling instrument. Geaodetisplacement
measurements of the structure were taken at péint8, C on the
compressed leg and the points E, F, G in the stipganodes (see Fig.
4 and 13).

Fig. 13 Points A, B, C and the coordinates systaentation

The main goal of these measurements was an obiservat the
displacements as a function of the external loguliegh as well as a
verification of nonlinear fluctuations of these mlecements when
approaching to the failure including the geometriogerfections. The
measurements were taken for two settings of lunefttehe geodetic
instruments. The force in the line decreased ewgne when the
hoisting winch was stopped (to take measurementxy€l0-15 kN)
because of apparently elastic character of the kteebehavior under



the given load. Thus, the final measurements ptedehere are the
arithmetic mean of the two different values of tasements and the
force in the line read with about 1 kN accuracye Bbsolute value of
the total deflection of the top for the second towas about 475 mm.
The displacements graphs for directiorsndz versus the force applied
to the structure are presented in Fig. 14.

presented in Fig. 15. These strain readings carrelipg to parallel
measurements of the force in the pulled line altbez

- normal stresses identification and axial forantification when the
cross-section of an element is known,

- determination if particular elements are undempression or under
tension,

- validation of the results for the overall capgcitbtained using
standards definitions.

The strains of the particular tower members arsepred in a graphical
form as a function of the external load (force e tline). Fig. 15
presents these strains values for three measuremenits located in
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10 ‘ the compressed leg of the tower in section S-7. graphs correspond
20 1 u, [mm] to the setting of the element:
03 T e o e e aT - the bottom graph corresponds to measurement poitite bottom of
e node A ——nodeB  ——node C the element, just above the supporting joint,
140 - the middle graph corresponds to the measurenuént gt the center of
120 g, the element just under welded gusset plates,
100 ?2 - Fhe top graph corresponds to .the measurement plaioed under the
s — joint between the leg of the sections S-7 and S-6.
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Fig. 14 Displacement of nodes A, B and C (secostitetower) = BESGNI
40 C ,A
It is seen that after reaching the external loddevaf 90 kN, all the e N
values started to decreasezidirection (the points moved downwards), » s
while all these values increased systematically idirection. It was TR
therefore revealed that, in agreement with stgbiliteory for large o E— —T
systems with geometrical imperfections, the disptaents of points e e
rapidly increased when approaching the value of fdilere load. It o - —— -
should be noted that there were also vertical dighents of the = - =L =
supporting nodes under the given external load. Vihees noticed for “ = -
the compressed leg seem to be of the paramounttampe. The results N
of vertical displacements for the supporting notes=, Gversus the j;
external force for the second tower are given ib. Pabelow. o o T
Tab. 2. Vertical displacements of the supportingeso . = S R
Force in the line Vertical displacement (Z axis) [mm] s e =
[kN] Node E Node F Node G : . = o
0 0 0 0 e : b=y e 7
70 -6 5 3 . ‘ S |
80 -8 6 3 . o
90 -10 7 4 : I |
104 -11 9 6 o
115 -13 10 7 Fig. 15 Strains of the deformed leg of the tower
116 -14 11 8
121 -14 12 9 It can be stated that the distribution of stregsssunder the supporting
125 -15 14 10 joint indicates that the element was being bendddisispot, which had
after the -36 18 18 been caused by its attachment to the anchors. Wineeimaining strain
experiment rates indicate clearly compression of this elem&he maximum value

From the perspective of a global behavior of tiiscdure under failure

load, the differences in the vertical displacemérefore and after the
destruction were relevant. It is important to mentihat the permanent
deformations in the supporting frame were relagitaige, in particular

below the compressed leg.

8. STRAINS MEASUREMENTS

Strains measurements within the selected structmerhbers of the
towers (compressed legs in particular) were the fepus during the
execution of the tests. The results presented im ghbsection were
taken directly from the experiment on the secondeto The strain
measurements were made with the electric resistatreén gauges.
Every measuring point had four independent gaudasep on the
opposite sides of the cross section and the additi@sults have been

of the strains in the leg amounted to -676puf6/m. This value was

reached for the force in line of 132.5 kN. The eahbove corresponds
to maximum stresses that leg members in this se¢iaid round bar @

100) can transfer. Yielding of this cross-sectiakes place leading to
buckling of the leg immediately above this limit.

9. FAILURE MODES

Due to the fact that the towers analyzed had diffegeometry, the
cross sections of the legs, and also the diagaraiiy members, the
final stability loss occurred at different heighasd different sections.
Exemplary failure mode of the second tested toweepicted in Fig.16.
The attached pictures show that the main extremierrdations
occurred in the compressed leg at the sectionrSease of the second
tested tower.



Fig.16 Buckling of the tower leg in section S-7o@ed tower)

The stability loss occurred in the section S-5ha first case.For all
cases, the buckling of the legs took place almegpgndicularly to the
loading force. Plastic hinges occurred at the gsnté the bracing
panels, at 1/3 and 2/3 of section span. It shoelddticed that the joints
connecting the neighboring legs remained rigid daesignificant
thickness of the connecting flanges, and no sedddverage effect was
present. Taking damage schemes of the particid@arehed structures
into consideration, it can be stated that the oditg of that structures is
based on carrying capacity of the legs. The sthetegt of the real full-
scale structures, whose particular elements aredhscale allows for
authentic measurements of the large deformatiohs. &dvantage of
those kinds of tests over the tests on laboratargets, which do not
have real scale, is particularly visible in thisea

)
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Fig. 17 Large deformation measurements
in the most deformed leg for the second testedrtowe

The measurements of the deformed element of thendetower

destroyed leg are presented in a graphical forfign17. The data may
serve the adaptation of FEM models to failure asedyor analytical
behavior descriptions when such elements are uthddailure load.

10. CONCLUSIONS

The article contains the basic information gatheterdng the full-scale
tests of steel telecommunication skeletal towergpafticular attention
was devoted in this work to

- the difficulties in finding an appropriate testchtions, which would
meet all the experimental requirements,

- a description of the fundamental equipment and #uxiliary
structures employed to perform these tests.

The above information considerably enriches thestewg knowledge
concerning the full-scale testing of high skelstakl structures. Taking
into account the fact that a scientific literatwentains only the few
examples of such a full-scale structure reseahib article may serve as
the concise guidelines for researchers, practieingineers as well as
telecommunication companies employers who wantatoymut similar
experiments on their own account in the futures keen in particular
that the post-industrial urban locations meet ptlsfehe needs of such
full-scale experiments.

It can be also stated that the very expensivestidle tests allow for
obtaining the results that are unavailable in atineoway. The results
concerning displacements included in the articlenafor stating that
the serviceability limit states (the displacememtsasured at the top of
the tower were equal to 0.475 m) would be pradticalached before
the loss of bearing capacity in the section S-7degurs. The failure
modes analysis supported the view that standargigioos are not
accurately described and defined, which had beeady proposed in
some earlier work [7]. These results will serveftother both analytical
and computational studies concerning quasi-statielastic failure
analysis of such structures to validate some nwalerodels applied
frequently in steel structures designing processes.
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