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This paper presents a computational methodology for accounting for the fluctuating component of wind loading in the analysis of a
spatial lattice telecommunication tower 50 m high, designed according to a modular concept (2.0 m vertical module) with plan-
dimension changes along the height. Unlike the standard approach, in which the dynamic coefficient is taken as an input multiplier, a

peak-response-based methodology is proposed. In this methodology, the equivalent dynamic coefficient Cd,, is determined by the
criterion of the structure’s peak response (top displacement, base bending moment, or critical axial force), and the distribution of
equivalent nodal forces is formed so as to ensure equality of the generalized modal force in the first vibration mode. The matrix form of
the equations of motion is given in full as Mii+ Cii + Ku = F(t) , including the derivation of the element stiffness and mass matrices of

a spatial truss element and the rules for assembling the global matrices. An algorithm is proposed for piecewise formation of the
equivalent wind load over the height intervals 0-32, 32-34, 3444, 44-46, and 46-50 m, converting pressure to forces through the
effective projected area of the lattice. The methodology provides a physically justified consideration of the fluctuating component
without direct time-history simulation of the wind process and improves the reproducibility of calculation results.

Keywords: wind load, fluctuating pressure, steel structures, equivalent load, dynamic coefficient, modal analysis, stiffness
matrix, mass matrix, finite element method.

Introduction. Lattice telecommunication towers are tall, flexible spatial structures for which wind
is one of the principal governing actions. In engineering practice, wind loading is often represented as
an equivalent static load; however, real wind is stochastic in nature: wind velocity and pressure contain
turbulent fluctuations that can excite structural vibrations and produce peak values of displacements
and internal forces.

The instantaneous wind speed at height z is expressed as the sum of a mean component and a
fluctuating component:

V(z,t)=V(z)+V'(z,0). e
Then, the dynamic (velocity) pressure of the flow is:
1
q(Zat) =5pair VZ(Z:t)’ (2)
Substituting (1) into (2) yields the following expansion:
q=0.5p, (V> +21 +(v')%), A3)

which implies that the fluctuating component of pressure is determined, in particular, by the product
V(z)v'(z,t). Therefore, it increases with increasing mean wind speed and height, which is critical
specifically for slender structures.
The code-based specification of the design wind pressure is typically given in terms of the basic
(characteristic) value W0 and a generalized multiplier:
w(z)=W0C(z), 4
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where
C(z) = Caer(z)Ch(z) Calt Crel Cdir Cd(z). (5)
This form makes it possible to separate the quasi-static components (through Caer and Ch) and the
dynamic component (through Cd). However, for lattice towers, treating Cd solely as an «input»
multiplier may be insufficiently justified, since the dynamic increment depends on the natural
frequencies, damping, and vibration mode shapes.
The dynamic response of the tower to fluctuating loading is described by the matrix equation of motion:
Mii(t)+ Cu(t)+ Ku(t) = F(¢), (6)
where the dominant contribution to the along-wind response is typically provided by the first bending
vibration mode, characterized by the circular natural frequency @, and the frequency:

fi=0/(27). 7
In this regard, it is relevant to apply an approach that preserves the code-based structure (4)—(5) but
determines the dynamic increment on the basis of the structural response, taking into account @,

damping, and the modal distribution, which constitutes the subject of this study.

Analysis of recent research and publications. Approaches to accounting for the pulsation
(turbulent) component of wind loading have evolved from simple gustiness factors to modal-spectral
methods and equivalent static wind load (ESWL) procedures. The classical basis for an engineering
transition from a random wind action to a design peak effect is the gust loading factor (GLF) concept
formulated by A.G. Davenport [1], in which the extreme effect (or response) is related to the mean
value through a multiplier that summarizes turbulence and dynamic sensitivity.

Subsequently, the ESWL direction was advanced by E.Simiu, who proposed procedures for
constructing equivalent static loads for tall structures based on the characteristics of the along-wind response
[2]. In the spectral framework, a significant contribution was made by G. Solari: in work on closed-form
evaluation of along-wind response it was shown how to obtain design response parameters relying on the
structure’s dynamic properties [3], and a consistent approach to peak velocity and equivalent pressure was
developed (Gust buffeting. 1) [4]. Particularly important for unifying terminology and procedures is Solari’s
work on a generalized definition of the «gust factor» [5], where the heterogeneity of approaches for different
«gust factors» (velocity, pressure, displacement, etc.) is critically analyzed.

For lattice towers (including telecommunication towers), it is essential that the structure is «permeablex:
the aerodynamic action is formed as the sum of contributions from individual members and their mutual
shielding, while the dynamic response is often governed by the dominance of the first bending mode. In this
context, the series of works by J.D. Holmes on the along-wind dynamic response of lattice towers is key:
Part I derives expressions for gust response factors [6], Part II accounts for aerodynamic damping and
deflections [7], and Part III provides effective static load distributions reproducing the background and
resonant components [8]. Further development of ESWL and their generalization for various combinations
of mean/background/resonant components is presented in Holmes (2002) [9].

A modern interpretation of GLF as a «load factor» versus a «response factor» is given in the work
of Kareem & Zhou, where more consistent procedures for determining design loads are proposed, in
particular by focusing on the base moment as a representative effect [10]. Design codes reflect a
similar logic through structural factors (generalization of background + resonance, correlation effects,
etc.). For practical calculations, provisions of Eurocode EN 1991-1-4 [11] are widely used, as well as
the international standard ISO 4354, which covers methods for determining wind actions for buildings,
towers, chimneys, and other structures [12].

A foundation for describing turbulence in spectral approaches is provided by model spectra of
longitudinal turbulence (e.g., Kaimal-type), which are based on experimental data from the
atmospheric surface layer [13]. The comprehensive monographs by Simiu & Scanlan [14] and Holmes
[15] systematize the links between meteorology, aecrodynamics, and structural dynamics and serve as a
basis for engineering implementation of spectral and ESWL procedures.

For applied engineering practice, general-purpose standards for minimum design loads are
important (ASCE/SEI 7-22) [16], as well as experimental and applied studies that provide data on
aerodynamic coefficients specifically for lattice towers—for example, Bayar’s work on drag
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coefficients for latticed towers [17] and the experimental study by Carril Jr. et al. for lattice
communication towers made of angle sections [18].

More recent studies show that «tower—antennay» interaction and wind direction can significantly
influence aerodynamic coefficients and design internal forces; in particular, a computational protocol
has been proposed for assessing wind load coefficients for telecommunication towers and antennas
based on numerical simulation [19]. In parallel, multi-target ESWL methods are being developed,
allowing several target responses (displacements/moments/forces) to be reproduced using a small
number of load distributions—useful as an ideological basis for «response-consistent» calibration [20].

Problem statement. It is necessary to ensure a methodically correct consideration of the pulsation
component of wind loading for a 50 m high spatial lattice tower, which has segments with changes in plan
dimensions and a non-uniform distribution of stiffness/mass along the height. Typical challenges include:

- the need to transform pressure into forces for a permeable lattice (absence of a continuous

windward area);

- dependence of the dynamic amplification on the first natural frequency o, and damping ratio ¢, ;

- correct formation of the equivalent load distribution along the height that reproduces the peak
response.
The aim of the article. To develop a response-consistent methodology for forming an equivalent
wind load for a modular lattice tower, which:
- enables determination of an equivalent dynamic factor Cd,, based on the criterion of the peak
response R;
- generates a segment-wise distribution of nodal forces consistent with the first mode shape ¢, ;

- pis implemented within a matrix finite-element (FEM) formulation.

Presentation of the main research material. The analysis is performed for a spatial bar-type
lattice system (truss idealization), in which members work predominantly in axial force, and joints are
assumed pinned or quasi-pinned. Wind acts in a fixed direction (conventionally along the X-axis), and
the response is controlled in the same direction (along-wind formulation).

The pulsation component is treated as a stochastic process but is ultimately replaced by an
equivalent static peak load, calibrated to match the response. The key principle is not to simulate a
time history of wind, but to reproduce the peak effect (displacement/moment/force) through:

1. identification of the dynamic sensitivity parameters (@, &, @, );

2. construction of an equivalent load distribution consistent with the first mode;

3. determination of Cd,, from the response.

The mean and pulsation components of pressure (derivation and interpretation): from (1)—(3) it
follows that for engineering linearization (first-order approximation) the following expansion is
introduced:

q(z)=0.5p,, V3(2), q'(z,0) = 2.V (2)V'(z,1). ()
Physical meaning of (8): even for the same turbulence intensity, the pulsation action increases
with height due to the increase of V'(z).

From the code-based (normative) pressure structure and the decomposition into components in (4)—
(5), it is convenient to isolate the «static» part of the coefficient:

C,,(z) = Caer(z) Ch(z) Calt Crel Cdir. 9
Then:
W, (2)=W0C,(z), (10
W, (2) = wy, (2)Cd(2), an
Aw(z)=w,, (z)[Cd(z)—-1]. (12)

In engineering practice, (10)—(12) are conveniently implemented through two load cases: «mean
wind» w;, and «pulsation increment» Aw , while the full equivalent peak is specified w,, .

FEM equation of motion and physical meaning of the terms.
Let us rewrite the equation of motion (6) in the form:
Mii(t) + Cu(t)+ Ku(t) = F(¢). (13)
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Here: Mii - inertial forces defining the dynamic nature of the problem; Cu - dissipation (damping)
limiting resonant amplitudes; Ku - elastic restoring forces; F(f) - external wind forces (mean +

pulsation) or equivalent peak forces.
Free vibrations (without damping and external forces):

Mii+ Ku=0. (14)
A harmonic solution u(¢) = @sin(wt) leads to:
(K —*M)p=0, (15)
det(K — 0’ M) =0. (16)
First circular frequency and first (cyclic) frequency:
o =%, _ﬁ:%. (17)
Modal expansion:
u(t)=@q(t), ©=[(¢,s,....0,] (18)
For the r-th mode:
i, +20,0,4, + 024, = QM(? (19)
Where
M, =@ Mg,, 0.() = ¢, F (). (20)

Practically, it is important to ensure consistent normalization of the mode shapes ¢, , since the

scalar ¢! F is used later.
Local stiffness matrix of an axial member

EA |1 -1
kgloc) _ Zelle ) (21)
L -1 1
Direction cosines
Ie=&, me=&, ne=£. (22)
Le Le Le
Global stiffness matrix of a spatial truss element (6x6)
182 le m@ le ne - 182 _le me _le ne
leme mz mene _leme _m€2 _mene
2 2
k(glob) — EgAe lene mn, n, _lene -my.n, —n, ) (23)
Le _182 _leme _lene 182 leme lene
_leme _mg _mene leme m€2 mene
__lene _mene _”3 lene mene ne2 i
Consistent local mass matrix
2 1
m((gloc) — pmatAeLe . (24)
6 1 2

After transformation (analogous to stiffness), one obtains mggl”b) of size 6x6.
Assembly of global matrices

K= ZAT HENA,, M= Y ATl A (25)

e=l1

e

Rayleigh damping and selection of parameters
C=aoM+ K. (26)
Modal damping ratio:
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(o

2 =1[3+ﬂw,]- @7)
(0]

given {,,§, at @,, @, :

p=2E%=00%) o _2s 0 - po. (8)
wb wa
It is practically advisable to «tie» damping to the lower modes (the 1st and the 2nd/3rd), since these
modes govern the along-wind response.
Unlike the approach where «Cd is used as an input multiplier», the methodology works as follows:
1. the mean-wind load vector F,; is formed;
2. the peak response R.q is specified/estimated;
3. Cd,, is determined as a response-consistent coefficient;

4. the equivalent load vector F,,, consistent with the first mode shape ¢, is constructed.
In this logic, Cd,, is an output quantity rather than a prescribed coefficient.
Segment-wise scheme along the height.
The height H =50 m is divided into 5 segments:
) i=1'[0'32] h =32, z, =16,
:[32;34], h, =2, z,=33;
3:[34;44], hy =10, z; =39;
4:[44;46], hy =2, z, =45;
5:[46;50], hs =4, z;=48.
Such segmentation reproduces structural transitions (changes in dimensions/stiffness/area) and
prevents their influence from being «smeared» over the entire height.

Effective projected area of a segment. For a permeable lattice, the effective «sail area» is defined as
the sum of projections of the members:

Ly1-12. (29)
e€i
Here, \ll—lez represents the projection of a member onto the plane perpendicular to the wind

direction: members nearly parallel to the wind contribute little to the frontal area.
Mean pressure, segment forces, and conversion to nodal forces.
Mean (quasi-static) pressure at the reference height z;:
wy,; =WO0Caer; Ch(z;) Calt Crel Cdir. (30)

Resultant force on the segment:

Foi =Wy Ay - (1)
Equivalent distributed line load:
Fyy o)
pst,i - h[ .
Decomposition to the lower/upper levels of the segment:
F. .
bo 0, St
B =Fif == (33)
Decomposition to the nodes of a level:
Flev
Ftnode =~ (34)
lev
Thus, the global vector F, is formed.
A control effect R is selected (e.g., u;,,, M 505 Ny ). The mean response is:

Rpean = R(E). (35)

mean
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Peak response (Gaussian approximation):

Rpeak = Rmean +g Og- (36)
Equivalent dynamic factor:
R
Cdeq — RPeak ~ 1+g RO-R . (37)

Here g is the peak factor and o, is the RMS of the response. The method of evaluating o, may

be spectral or engineering-estimated; the methodology only requires consistency of the adopted model.
Generalized (modal) force in the first mode from the mean wind:

O =0\ Fy- (38)
Target peak value:
Ql,peak = Cdeq Ql,st' (39)
«Mode-consistent» condition:
O Fuy = O peak (40)

Construction of the pulsation force template AF;, and segment weights
Segment weight:

8 = Wi Aoy i i (41)
where 7, is the «influence» of segment i in the first mode (the average value of the mode-shape
component in the wind direction at the nodes of the segment):

1
n = Vl_gcou,k, (42)
Next, AF; is formed proportional to the weights g;, using the same decomposition rules into
levels and nodes as for F,,.
Scaling of the pulsation part and obtaining £, .
Equivalent force vector:
F,, =F, +sAF, (43)
The scale factor s is determined from condition (40):
__(cd,~Dg[F,
QAR
Equation (44) is key: it guarantees that F|, reproduces the peak generalized action in the dominant

(44)

first mode.

Estimation of @, and f,: main approach and verification.

Main approach: perform a modal analysis according to (14)—(17) to obtain @,, f;, and the mode
shape ¢, . In practical interpretation, it is important to describe:

1. the character of the 1st mode (bending in the wind direction);

2. maximum displacements (typically in the upper segments);

3. ifavailable, the participation factor of the first mode in the wind direction.
For a verification estimate, it is convenient to use the Rayleigh estimate:

), _ YKy 1 |yv'Ky

) L f = )
y'myt T 2m\y My

(45)

The vector y can be taken as:
1. either linear along the height, y(z) ~z/H ;

2. or as the static deflection shape under a unit horizontal force applied at the top (a better
engineering option).
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If (45) differs significantly from the modal result, typical reasons include incorrect mass,
«mechanisms» in the model, or support/fixity errors.
Specific segment-wise distribution of the equivalent load (0-32, 32-34, 34-44, 44-46, 46-50 m).

Formation of F,, is carried out using a single procedure for all five segments:
Step 1. Compute 4,,; using (29) for each segment.

Step 2. Determine w,

i using (30) (coefficients Chi, and, if required, other multipliers are taken

from code charts/tables; Caer; is taken from reference/experimental data or a conservative estimate).
using (31) and form F,, using (33)—(34).

Step 4. Perform modal analysis to obtain @, f,, ¢, .

Step 5. Select the control effect R and determine Cd,, using (35)~37).

Step 6. Compute the weights g; using (41)—(42) and build AF; .

Step 7. Computesusing (44) and obtain F,, using (43).

Step 3. Compute F,

t,i

Numerical values Ch(z) and Cd(z) are adopted from code charts/tables and depend on terrain
category, height, and effective geometric parameters (width/diameter; for lattice structures also on
porosity/shielding). Since the aim of the article is to present the methodological algorithm (response- and
mode-consistent calibration), in the demonstration it is sufficient to provide the structure and sequence
(29)—(44), while the specific numbers can be moved to an illustrative calculation or an appendix.

Modal check: after forming £, , compliance with the condition is verified:
(plTF;zq = Cdeq (plTF'st (46)
Response check: compare the target peak response with the response produced by £, :
R(F,)=R 7)

Sensitivity to damping: Increasing &, (via (27)) reduces the resonant contribution and therefore

peak *

typically reduces o and Cd,, .

Sensitivity to the choice of R: if R=u Cd,, is oriented to serviceability; if R=M,,,, to

top °

foundation design; if R=N,

max » t0 member forces. This is an advantage of the methodology, as it

allows the equivalent wind load to be tailored to a specific design objective.
Conclusions. A response-consistent methodology has been developed for forming an equivalent
wind load for a 50 m high modular lattice tower, in which Cd,,, is determined based on the criterion of

the peak response R, and the equivalent nodal force vector F,, is made consistent with the first

vibration mode. It is shown that the matrix FEM formulation Mii+ Cu+ Ku = F(t) with element

stiffness (6x6) and mass matrices provides a sufficient basis for modal analysis and subsequent quasi-
dynamic equivalencing of the pulsation action. A segment-wise load distribution scheme along the
height (0-32, 32-34, 3444, 44-46, 46-50 m) is proposed, corresponding to structural transitions and
enabling correct consideration of variations in Ch(z), Caer; and A4, with height. A geometrically

defined computation of the effective projected area A, through the sum of member projections is

introduced, reducing subjectivity in assessing the «sail area» of a lattice system. Relations (37) and
(44) provide a transparent transition from the mean wind action to an equivalent peak load without
direct time-history simulation, with the possibility of selecting the control effect depending on the
design objective (strength, stability, serviceability).
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Maxcum ok FO.B., [ionun €.1., bawuncoka O;'}O., 1(.93(11( A.A. .
OIIHKA BILJIUBY HYJILCAIIII/IHQI CKJIAZOBOI BITPOBOI'O TUCKY HA
TPATYACTY TEJEKOMYHIKAIIMHY BEXY

AHortanis. HaBeneHo po3paxyHKOBY METOIMKY BPaxyBaHHS I1yJIbCAIIMHOI CKJIaJOBOi BITPOBOrO HAaBaHTa)KeHHs IiJ 4ac
aHaJI3y MpoCTOPOBOI I'PAaTYACTOl TENEKOMYHIKaliiHO Bexi BUCOTOIO 50 M, BUKOHAHOI 32 MOJYJIBHMM INPUHIMIOM (KPOK 3a
BUCOTOIO 2 M) i3 AUISHKaMHU 3MiHM rabapuTiB y miaHi. Ha BiaMiHY Bif cTaHAapTHOro migxony, A€ Koe(ilieHT IMHAMi4HOCTI
NMpUIMaETbCs K BXIJHUI MHOXHHK, 3alPOIIOHOBAHO METOJIMKY 3a IapaMeTpoM IIIKOBOI peakiii, y sKili eKBiBaJCHTHHMH

koediuient sunamiunocri Cd,, BM3HA4A€THCA 38 KPUTEPiEM MiKOBOI peakuii KOHCTPYKLi (epemilienns Bepwmnu, 6a3oBuit

MOMEHT a00 KPUTHYHA OCbOBA CHJIA), a PO3MOJII E€KBIBAJCHTHUX BY3JIOBHX CHJI (POPMYETHCS TaK, 1100 3a0€3ME€UUTH PiBHICTH
y3arajbHEHOl MOJabHOI CHJIM Y Tepiliit popMi KoanBaHb. MaTpU4HY NMOCTAHOBKY PIBHAHb PYXy HAaBEIECHO B IIOBHOMY BHIJIS
Mii+ Cu+ Ku=F(tf) 3 BHUBEIEHHSAM €JIEMEHTHUX MATpPHIb >KOPCTKOCTI Ta Mac HPOCTOPOBOro (HepMOBOro eleMeHTa i

MpaBUJIAMH CKJIaJJaHHS TJ100aJIbHUX MaTPHUIlb. 3alIPONIOHOBAHO AJITOPUTM AIISHKOBOrO ()OPMyBaHHS €KBIBAJICHTHOIO BITPOBOTO
HaBaHTaXeHHa i iHrepBanis 0-32, 32-34, 34-44, 44-46, 46-50 M 3 mepexopoM BiJl TUCKY 1O CHJ 4epe3 e(pEeKTHUBHY
MPOEKIIHHY IJIONLY IpaTKH. Meroauka 3abe3nedye (pi3nuHO OOIpyHTOBAaHE BpaxyBaHHS IyJIbCALIIMHOI CKIAZ0BOI 0€3 MpsIMOoro
4acOBO-ICTOPUYHOIO MOJICJIIOBAHHS BITPOBOIO IPOLIECY Ta IiJBHILYE BiATBOPIOBAHICTH PO3PaXyHKOBUX pilleHb. JlogaTKoBO
0o0rpyHTOBaHO BUOip nepiuoi popmu K JoMiHyr0uoi st along-wind BiAryKy Ta HaBeJeHO HPOLEAYPHI NEPEBIPKH y3rOAXKEeHOCTi
HaBaHTa)XCHHs 4epe3 PIBHICTh MOJalbHOI y3aranbHeHol cuiu. ITokasaHo, 10 AUISHKOBA AMCKPETH3ALis J03BOJISAE KOPEKTHO
BpaxyBaTH KOHCTPYKTHBHI MEPEXO/IM Ta BIIMIHHOCTI «IapyCHOCTI» IO BHCOTI, a 3aCTOCYBaHHs €()eKTUBHOT MPOEKIIHHOI U0y
3MEHIIy€e Cy0’€KTHUBHICTh IPH MOJENIOBAaHHI INPOHMKHMX IPAaTYACTHX CHCTEM. 3allpONIOHOBAHO KPHUTEPIH KOHTPOIIO:

R(F,)) =R, Ta ol F,=0d, -@! F,, , mo rapanTye 36xHiCTS 32 0GpauM ehexToM.

KarouoBi cioBa: BiTpoBe HaBaHTaXKEHHs, HYJIbCALIMHUI THUCK, CTaJeBI KOHCTPYKIii, €KBIBaJICHTHE HaBAHTAXEHHS,
Koe(ilieHT AMHAMIYHOCTI, MOJAJILHUN aHaIi3, MATPUILS XKOPCTKOCTI, MATPULI Mac, METO/l CKIHUEHHUX €JIEMEHTIB.

Maksymiuk Yu.V., Tsyupyn Y.I., Bashynska O.Y., Kozak A.A.
ASSESSMENT OF THE EFFECT OF THE FLUCTUATING COMPONENT OF WIND PRESSURE ON A LATTICE
TELECOMMUNICATION TOWER

Abstract. The paper presents a calculation methodology for accounting for the fluctuating component of wind loading in the
analysis of a spatial lattice telecommunication tower 50 m high, designed according to a modular concept (2 m vertical module)
with plan-dimension changes along the height. Unlike the standard approach, where the dynamic coefficient is taken as an input
multiplier, a methodology based on the peak response parameter is proposed. In this methodology, the equivalent dynamic
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coefficient Cd,, is determined by the criterion of the structure’s peak response (top displacement, base bending moment, or

critical axial force), and the distribution of equivalent nodal forces is formed so as to ensure equality of the generalized modal
force in the first vibration mode. The matrix form of the equations of motion is given in full as Mii+ Cii + Ku = F(¢) , with

derivation of the element stiffness and mass matrices of a spatial truss element and rules for assembling the global matrices. An
algorithm is proposed for piecewise formation of the equivalent wind load over the height intervals 0-32, 32-34, 34—44, 4446,
and 46-50 m, converting pressure to forces through the effective projected area of the lattice. The methodology provides a
physically justified consideration of the fluctuating component without direct time-history simulation of the wind process and
improves the reproducibility of calculation results. In addition, the choice of the first mode as dominant for the along-wind
response is substantiated, and procedural checks of load consistency are provided through equality of the generalized modal
force. It is shown that the piecewise discretization enables correct consideration of structural transitions and differences in
«wind-exposed area» along the height, while the use of the effective projected area reduces subjectivity when modeling

which guarantees

permeable lattice systems. A control criterion is proposed: R(F,, )= R v

and (P1 —Cdc,q (P1

peak

convergence with respect to the selected response quantity.
Keywords: wind load, fluctuating pressure, steel structures, equivalent load, dynamic coefficient, modal analysis, stiffness
matrix, mass matrix, finite element method.
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