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Abstract. The bolted joints in the leg and the bracing members of the lattice transmission
towers are always subjected to predominant axial forces, which will cause joint slip that greatly af-
fects the global behaviour of the whole structure. The paper shows the results of the numerical
modelling of the response of the steel lattice communication tower, with height h = 40.5 m located
in Rzeszo6w. A comparison was made of five tower models, differing in the characteristics of the
joint force-elongation relationship, including stiffness of the components and also joint slippage,
coming from Category A joints. The paper presents the difference in displacements and rotations of
chosen tower panels, internal forces in leg members, as well as in the fundamental flexural frequen-
cy obtained without considering the force-displacement characteristic and with four different ways
of modelling of joints behaviour.

Keywords: steel lattice tower, global response, bolted splice connection, load-deformation of
bolted joint.

1. Introduction. It is widely accepted that the effects of the behaviour of the joints on the dis-
tribution of internal forces within a structure, and on its overall deformations, should be taken into
account during the analysis and design stage [1]. Consideration of the rotational stiffness of joints in
steel frames made of the I or H sections is already well recognised and standardised.

Steel lattice towers are structures in which axial force is predominant, not bending moments.
They are used as transmission lines or, especially recently, as supporting structures for mobile te-
lephony base stations. They are often made of open profiles, frequently from hot-rolled angles that
are joined by Category A bolted connections according to [1]. In such joints, the bolts are only
slightly tightened, with the force of the worker's arm [2] and the clearance between the diameters of
the bolt and the bolt hole is necessary to create useful dimensional tolerances during the fabrication
and assembly of the structure. This clearance may cause the joined elements to slip when they are
loaded. An additional source of their longitudinal deformability are components such as bolts in
shear and bolts in bearing (for each element on which the bolts bear), so the stiffness of the bolted
joint, even after the end of the slippage phase, has a lower value than the stiffness of the elements
connected.

Such a slip in the bolted joints and their reduced longitudinal stiffness can influence the ser-
viceability limit state of the steel lattice towers. It is reported that during the full-scale transmission
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lattice tower test, the experimentally obtained displacements can be up to three times greater than
the numerical ones calculated without considering the influence of joints [3, 4].

Measures are taken to reduce the impact of slip on the behaviour of lattice structures of towers
or masts. It is recommended [2] that for these structures, the nominal clearance for normal round
holes be reduced by 0.5 mm. In this case for bolts M16-M24 the hole diameter should be only 1.5
mm larger than the diameter of the bolts instead of 2.0 mm. However, this only reduces the impact
of slip, but does not fully eliminate it.

The paper presents the results of the numerical modelling of the response of the steel lattice
communication tower, with height h = 40.5 m located in Rzeszow. A comparison was made of five
tower models, differing in the characteristics of the joint force-elongation relationship, including
stiffness of components and also joint slippage, from Category A use joints. The paper presents the
difference in internal forces in the legs, displacements, and rotations of the chosen tower panels, as
well as in the fundamental flexural frequency obtained without considering the force-displacement
characteristic and with four different ways of modelling joint behaviour.

2. Case study — steel lattice tower with height 40.5 m.

The shaft of the considered tower is designed as a steel lattice space structure with height h =
40.5 m. It has a triangular plan, with a base width equal to 4.3 m, which gradually decreases to 1.5
m on the height 28.5 m, and above it has a constant width (Fig. 1). Cross bracing (type X) is applied
as a bracing pattern. All members are made of hot rolled equal leg steel angles, of steel grade S235,
and hot-dip galvanised for corrosion protection. The shaft is vertically divided into seven assembly
sections, designated as S1+S7, with their height equal to 5.0 or 6.0 meters.

The tower is used for telecommunication needs as a cellular base station. The equipment
mounted on the tower consists of ladder placed within the shaft, with a guide for power cables and
feeders, six panel antennas mounted at a height of 39.5 m, three microwave antennas with diameter
0.6 m (+38.0 m) and two working platforms (+36.5 and +38.5 m). The ladder is made of two verti-
cally located cold-formed C profiles, with circular bars on one side, and brackets for feeders and
cables on the other side. The ladder is self-supporting; the wind load on the ladder acts on the tower
shaft, but self-weight of the ladder loads directly the foundation — so the bars constituting the ladder
can be omitted from the analysis.

The steel profiles that make up the structure are joined using Category A bolt connections, ac-
cording to [1]. Due to the uniform topology of the steel structure, the bolted connections are unified
within the leg members and the bracing members. They are designated from ‘a’ to ‘e’ in Fig. 1. In
all joints bolts grade 8.8 are used.

All bracing and secondary bracing members are connected to the legs with one bolt only (Fig.
2), using the gusset plates. Depending on the diameter of the bolts (M16 or M20), two types of joint
are distinguished (‘d’ or ‘e’). In both types, the thicknesses of the walls of the connecting profiles
are the same. Group ‘d’ includes joints of bracing members located within segments S1, S2 and S3;
group ‘e’ includes joints in segments S4+S7.

The splice joints of the leg members, linking the assembly sections, are double lap connec-
tions, with two shear planes (Fig. 3). Depending on the number of bolts and the thickness of the legs
in connected angles, there are 3 recognised types, from ‘a’ to ‘c’. Throughout the height of the leg
members, the ‘a’ joints are between the sections S1-S2, S2-S3, and between the foundation and the
bottom section S1; the ‘b’ joints are between the segments S3-S4 and S4-S5, and also ‘c’ between
the segments S5-S6 and S6-S7 (Fig. 1).
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Fig. 1 The steel lattice tower analysed: 1 - tower shaft, 2 - ladder with cables and feeders, 3 - mi-
crowave antennas, 4 — panel antennas, 5 - working platforms, 6 - foundations
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Fig. 2 Bolted connections of the bracing members with the legs
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Fig. 3 Bolted splice joints in leg members

3. Wind load acting on the tower.

The predominant load on towers is wind actions, but permanent actions such as self-weight of
structure, antennas, and working platforms, as well as imposed loads on the platforms, were also
considered.

Wind forces come from the projected areas of structural elements and ancillaries, wind force
coefficients, from the fundamental value of the basic wind velocity vy = 22 m/s, and the total
height and location of the tower in category II terrain. The summary of the resultant equivalent gust
wind load in the direction of the wind on structural components and linear ancillaries is presented in
Table 1, determined according to Annex B of [5]. The resultant forces from wind acting on individ-
ual components are presented in Table 2. Three wind directions, shown in Fig. 4 were considered
during the global analysis.

The atmospheric icing of the structure was not considered.

Table 1. Resultant forces for individual panels from wind on structural components and linear

ancillaries
Panel Resultant force Frw(z) [kN]
S1 9.81
S2 10.92
S3 10.80
S4 8.37
S5 8.59
S6 9.94
S7 11.05
Table 2. Resultant forces for individual components from wind
Resultant force
Component Level [m] Frwz) [kN]
Panel antennas 39.5 3.91
Microwave antennas 38.0 3.97
Platform 38.5 0.21
Platform 36.5 0.21
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Fig. 4. Wind directions considered

4. Characteristics of bolted joints.

The numerical model of the structure is based on beam elements, with proper geometrical
properties of cross sections and spatial orientation. The specified properties of the steel material are
the nominal values used in the design. To capture the effect of reduced stiffness and slippage of the
bolted joint on tower behaviour, all bolted joints were treated as nonlinear springs, with appropriate
force-displacement characteristics, Fig. 5. In each bolted joint, the nonlinear spring is defined with
proper translational stiffness along the longitudinal axis of the elements. In simple joints due to the
bending moment, zero rotational stiffness was also defined at the end of the element.

>segment i

Bracing
members _wiy- Non-linear springs

segment i-1

Fig. 5. Mechanical model of bolted joints

The force-displacement characteristics used, including slip effects, vary depending on the
joint type (from ‘a’ to ‘e’ — see paragraph 2). In addition, some joint models of each joint were stud-
ied. The models of connection behaviour adopted are an idealisation of the model developed by
Ungkurapinan et al. [6], which is now widely used [3, 4, 7].

The first model ignores the influence of longitudinal stiffness of the joints and slippage. The

second model implemented in the global analysis includes only the axial stiffness of the joint, ignor-
ing the effect of slippage; Fig. 6.
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Fig. 6. Bolted joints influencing only stiffness of components (without slippage)

- 45 -



Cyuachni 6ydisenvhi KOHCmpyKyii 3 memany ma oepegutu, 2023. — Bun. Ne 27 (ctop. 41-51)

The longitudinal stiffness of the bolted joints was estimated based on formulas presented in
EN 1993-1-8 [1]. It depends on the stiffness of the basic components (bolts in shear and bolts in
bearing) and the number of cover plates and also the global configuration of the joints (single- or
double-sided joints). A list of formulas used to determine initial longitudinal stiffness, together with
mechanical models of bolted connections, is presented in [8, 9]. The determined stiffnesses are
listed in Table 3 for each type of joint.

Table 3. Force-displacement parameters for joints

Joint type Longitudinal stiffness & [N/mm]
a 171360
b 156870
C 94710
d 9870
e 7770

The idealised load-deformation characteristics for the joints taking into account the stiffness
of the joint components and the slippage between the connecting elements are presented in Figs. 7
and 8, separately for connections of the bracing members with the legs, and splice joints of legs. In
both cases slippage can occur immediately at zero load, but from the numerical point of view a light
slope of 0-A branch was given, equal to k.4 = 0.1%; (Figs. 7 and 8). The slip range considered was
equal to £1.5 mm in case of bracing members joints (single-sided connections) and its doubled val-
ue +3.0 mm in case of double lap connections of the leg members. In both cases, the centred posi-
tion of the bolts relative to the connected elements was assumed. The stiffness &; of the A-B region

(bearing stage) was calculated according to the component method and their values are the same as
in Table 3.

a) b) N Tension

Force, F

g F -1.5 mm A. ,_/—41 0.1k .
T T 7z
1.5 mm Displacement, A
1
k

Compression

Fig. 7. Bracing member joints with centred position of the bolt

Next force-displacement model of the bolted connections was applied only to leg member
joints, Fig. 9. In this case, a shifted position of the bolts was used to influence the assembly condi-
tions. During the erection stage, each section of the tower is assembled on the ground, then lifted as
a unit and bolted to the previously installed segment. In this case, the weight of the segment affects
the small compression force and bearing of the bolts, and then they are tightened. Therefore, later in
the working life stage, slippage in such joints is possible only in the case of a tensile force and their
range is equal to 6 mm. The stiffness 4; of the A-B region (bearing stage) is the same as in Table 3.

In any case, the plastic region (failure stage) of the force-displacement characteristic, which
occurs after reaching the shear or bearing resistance of the bolts, was not modelled due to checking
the failure criteria during structural design.
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Fig. 9. Splice joints in leg members with shifted position of the bolts
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5. Modelling of the structure.

The response of the whole structure was determined using an elastic first-order analysis,
without taking into account global or local imperfections.

Three wind directions were considered. Basic loading combinations include permanent ac-
tions and wind loading, with partial factors for actions appropriate for the ultimate limit state or the
serviceability limit state. Structural analysis was performed in Autodesk Robot Structural Analysis
Professional 2022 software [10]. All tower members were checked to meet the ULS provisions of
Eurocode 3.

The computational models considered for the tower differed in the degree of detail of the
force-displacement characteristics for the connections. Model 1 does not consider the stiffness char-
acteristics of the joints for longitudinal force or the effect of slippage. Model 2 includes only the
linear stiffness characteristics of the joints, according to Fig. 6, for all joints, both the leg and the
bracing members, with the appropriate stiffness assignment. In Model 3, for the bracing members,
the force-displacement characteristic with slippage was considered (according to Fig. 7) and for the
leg connections, neither the reduction in stiffness nor slippage was modelled. Models 4 and 5 con-
sider the force-displacement characteristics with slippage with centred position of the bolts (acc. to
Fig. 7) for bracing members, and for leg joints characteristic with slippage with centred position of
the bolts (Fig. 8), and respectively, with shifted position of the bolts (acc. to Fig. 9).
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The computational models considered, due to the degree of force-displacement characteristic,
are compared in Table 4.

Table 4. Considered numerical models of the tower, due to the behaviour of joints

Designation Bracing member joints Splice joints in leg members
- simple due to bending moment - continuous due to the bending moment
Model 1 - no joint effect due to longitudinal - no joint effect due to longitudinal force
force and slippage and slippage
- simple due to bending moment - continuous due to the bending moment
Model 2 - force-displacement characteristic ac- | - force-displacement characteristic ac-
cording to Fig. 6 cording to Fig. 6
- simple due to bending moment - continuous due to the bending moment
Model 3 - force-displacement characteristic ac- | - no joint effect due to longitudinal force
cording to Fig. 7 and slippage
- simple due to bending moment - continuous due to the bending moment
Model 4 - force-displacement characteristic ac- | - force-displacement characteristic ac-
cording to Fig. 7 cording to Fig. 8
- simple due to bending moment - continuous due to the bending moment
Model 5 - force-displacement characteristic ac- | - force-displacement characteristic ac-
cording to Fig. 7 cording to Fig. 9

6. Obtained response.

The analysis showed that the change in internal forces in leg members caused by the different
ways of influencing (or omitting) the force-displacement characteristic of the joints and slippage is
practically insignificant. The change in longitudinal forces in the leg members obtained in Models
2+5, were not bigger than +2.0% in bottom segments (S1-S3) compared to Model 1, where the in-
fluence of longitudinal stiffness of the joints and slippage was omitted. In the upper segments, the
change was slightly larger (up to +4.0%) in Segments S4-S6, and even £8.0% in the highest seg-
ment S-7, although the internal forces there are the smallest and do not determine the check of ULS.

However, the influence of the longitudinal stiffness of the joints and slippage on the behav-
iour of the tower in the serviceability limit state was significant.

Neglecting the effect of the connection characteristic results in lower tower deflection and the
angle of rotation of the segment in which the antennas are mounted (Figs. 10 and 11 — wind direc-
tion 2). Similarly, the basic dynamic characteristics, which is the basic flexural frequency of the
tower computational model, in which the influence of connections was not considered, are overes-
timated compared to models with proper force-displacement characteristic taken into account (Fig.
12).

All of these results are based on a single tower analysis, but it seems to be the basis for gener-
alisations.
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Fig. 10. Tower deflection depending on the force-displacement characteristic of the joints
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Fig. 12. The fundamental flexural frequency of the tower shaft depending on the force-displacement
characteristic of the joints

7. Summary. The omission of the longitudinal stiffness of the joints and their slippage results
in a significant underestimation of the resulting deflections and rotations of the tower.

The model without considering the slip but including the reduction of the connection stiffness
gives results comparable to the models that include both the reduction of stiffness and the slip and is
additionally numerically efficient (no calculation problems due to linearity of the problem).

The use of computational models that capture slippage makes the calculations non-linear, which
sometimes manifests itself in a lack of convergence. Then you should change the task settings (in-
creasing the load increment number, increasing the number of iterations, using the line-searching
method, etc.).

There is practically no difference between the results of the calculations of the models that in-
clude the slippage of the joints resulting from the centred or shifted position of the bolts in the bolt
holes.
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Anoramnis. CraneBi rpaT4acTi ONOPU YacTO BUTOTOBIISIOTHCS 3 BIIKPUTHUX OIMHKOBAHUX
CEKIIiH, 3'€eqHAaHUX OOATOBUMU 3'€IHAHHIMHU YHAIyCTOK Kateropii A BimmoBigHo a0 EN 1993-1-8,
K1 TAJAI0THCS TEPEBAKHUM OChOBUM HABAHTAKEHHSM, IO BUKJIMKAE MPOCIU3aHHS CTHKIB, IO
CHJILHO BIUIMBA€ Ha 3arajibHy TOBEIIHKY.

Y poboTi mpeAcTaBieHi pe3yNbTaTH YHCEILHOTO MOJICTIOBAHHS IOBEAIHKUA CTaleBOi
rpatdactoi Bexi 3aBBuIiku H=40,5 m. y XKemrysi. Byno mpoBeeHO MOPIBHAHHS YOTUPHOX MOJIEICH
BEX, SIKI BIJIPI3HSINCS XapaKTEPUCTUKAMU BiIHOIIEHHS 3YCWILIS Yy 3'€HAaHHI 1O TMOJOBXKCHHS,
BKJTIOYAIOUHN YKOPCTKICTh KOMITOHEHTIB, @ TaKOX MPOCIH3aHHA 3'€JHAHb, 110 BUHUKAE Yepe3 3a30p
MK pgiamerpamu OonTiB (d) Ta miamerpamu oTBopiB mix Oontu. (do). Y craTTi mpoBOAMTHCS
MOPIBHSHHS IPOTHHIB, TOBOPOTIB BUOPAHUX MaHeNel BeXi (MICI[b YCTAHOBKH aHTEHH ), BHYTPIIITHIX
CHJI y CTIMKax Ta eJIeMEHTax PEIliTKU, a TAKOK YaCTOTH OCHOBHOT'O BUTHHY Bally BEXi.

Bexxa Oyma HaBaHTa)X€Ha BJIACHOIO BAarol KOHCTPYKIIII Ta oOJaJHAHHS, a TaKOX BITPOBUMU
BIUTMBAMH, 3yMOBIICHUMH 3HAUEHHSM LIBUAKOCTI BITPY Vb0 = 22 M/C Ta po3TairyBaHHsAM Bexi y 11
KaTeropii MiCIIeBOCTI.

VY mepmniii Moxeni 3'€IHAHHS BpPaXOBYBAJIHMCS SIK JKOPCTKI (0e3 mpociu3aHHS Ta 3
HECKIHUYCHHOIO TIO37IOBXXKHBOIO JKOPCTKICTIO). Y Jpyrii MoAeNl TO3/IOBXHS KOPCTKICTh 1
MPOCIM3aHHS BPaXOBYBAIUCS JIUIIE CIIOTYKax po3kociB. TpeTs Monmens BpaxoByBalia MO3OBKHIO
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KOPCTKICTh 1 MPOCIM3aHHSA y BCIX 3'€HAHHAX (B €JEMEHTaX PO3KOCIB, a TaKOX y CTUKOBHUX
3'€IHaHHIX B €JeMEeHTax omop). YeTrBepra Mojelb BpaxoByBaJia BCi 3'¢qHaHHS (SK 1 TpeTs), aje
Jiana30H KOB3aHHS B CTHKOBHX 3'€JTHAHHSX TUIOK Y I[bOMY BUIIAJKy BPaXxOBYBaBCS TPOXU 1HAKIIIE.

[IpoBeneHuit aHami3 Bka3dye Ha HEOOXIIHICTh ypaxyBaHHS IMPOCIH3aHHS Ta I03J0BKHBOI
KOPCTKOCTI, 110 BUHUKAIOTh Y 00nTOBUX 3'eqHaHHAX KaTeropii A EN 1993-1-8 y rpanuunomy crasi
3a MPUIATHICTIO 10 eKkcrutyaTarii. [le ocoOamBO BaXMHMBO MJis TEJIECKOMYHIKAIIMHUX BUIIOK,
OCKUTBKK JedopMariii, 1m0 BUHHUKAIOTh MPH IbOMY, MOXYTh IPU3BECTH 10 HEMPUITYCTUMOIO
3HIKEHHS PIBHS 00CIIyTOBYBaHHS, 110 3a0€3Meuy€eThcs PO3TAlllOBAHUMH Ha HUX aHTEHAMHU.

KurouoBi ciioBa: craneBa rpaTdacrta Beka, 3arajibHa peakilis, 00NToBe 3’€IHAHHS, HaBaHTa-
XKeHHs-7edopmariiss 00JTOBOTO 3’ €THAHHS.
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