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EFFECT OF REINFORCEMENT PARAMETERS ON THE STRESS-STRAIN STATE OF
POLYMER COMPOSITE MASTS

The aim of the study is to optimize the structure of a polymer composite with continuous longitudinal reinforcement for
lighting masts by numerically simulating their stress—strain state under extreme wind loads.

A three-layer composite mast (epoxy matrix reinforced with fiberglass or carbon fiber) with an outer diameter of 90 mm, a
wall thickness of 5 mm, and a height of 4 m was investigated. A comparison with the base aluminum structure (6060-T6 alloy) was
performed using finite element analysis (FEA) in the Ansys software suite. The combined effect of storm wind (25 m/s), lighting device
mass (5 kg), and aerodynamic pressure was taken into account. The volume fraction of fibers (40, 60, 80%) and the spatial location of
the reinforced layer (inner, central, outer) in the cross-section were varied.

The use of polymer composites reduces the mast mass by 50-52% compared to the aluminum analogue (14.42 kg). Replacing
fiberglass with carbon fiber additionally reduces the mass by ~10%. Increasing the fiberglass volume fraction from 40 to 80% increases
the mass from 6.70 to 7.86 kg, reducing the maximum displacements of the mast top from 4.04 to 3.51 mm. The configuration with a
reinforced inner layer provides the highest stiffness: deflections are 2.02—2.04 mm, equivalent stresses are 1.11-3.42 MPa, and the
factor of safety reaches a maximum of 704—824. Reinforcing the outer layer increases equivalent stresses up to 5.22 MPa and reduces
the factor of safety to ~260. Carbon fibers generate higher stresses (up to 5.22 MPa versus 3.03 MPa for fiberglass) due to a higher
modulus of elasticity and local load concentration. Their higher strength limits (up to 2407 MPa) provide an average factor of safety
(~575) close to that of fiberglass. The base aluminum mast has the smallest deflections (0.07 mm) but a significantly lower factor of
safety (214). A structure with fiberglass in the inner layer at a volume fraction of 60-80% was determined to be rational for street
lighting.

The patterns of local stiffness redistribution in tubular composite elements depending on the configuration of longitudinal
continuous fibers were established. The possibility of targeted control of the mast strength without changing its geometry was proven,
which is implemented in serial production using the developed direct extrusion technology.

Keywords: mast, polymer composites, reinforcement, stress—strain state, numerical simulation, finite element analysis.

BUTBUIbKHI BIKTOP, MIKYJIbOHOK IT'OP, COKOJIbCbKHI OJIEKCAH/P, IIBELH JAHILIT

Harionansauit TexHiuHMi yHiBepenTeT YKpainu « KuiBcbkuit nomitexHigamit incTUTYT iMeHi Iropst Cikopchkoro»

BILJIMB IAPAMETPIB APMYBAHHS HA HAIIPYKEHO-IE®OPMOBAHUI
CTAH INOJIMEPHO-KOMITIO3UTHHUX IIOI'JI

Memoio docniodcenns € onmumizayis CmpyKmypu noIMepHO20 KOMRO3UNLY 3 HeNnepepaHUM NO3006XHCHIM APMYSAHHAM O OCEIMIIOBATLHUX
Wo2N WIIAXOM YUCTIO8020 MOOENIOBAHHS IXHLO20 HANPYICEHO-0ePOPMOBAHO20 CINAHY 3 Oli eKCMPeMalbHUX 8IMPOBUX HABAHMAICEHD.

Jocniooceno mpuwapogy KomMnosumiuy woany (enoKCUOHa Mampuys, apmMo8ana CKI080I0KHOM a0 8yaneyesum 80I0KHOM) i3 306HIUHIM
odiamempom 90 mm, moswunoio cminku 5 mm ma eucomoio 4 m. Iopiensanns 3 6a306010 anominiceolo koncmpykyieio (cnaasé 6060-T6) euxonano
MemoOoM CKiHUeHHO-eleMenmno2o ananizy (FEA) y komnuexci Ansys. Bpaxosano komOiHo8amy 0ito ulmopmoso2o eimpy (25 m/c), macu c8imuibHUuKie
(5 ke) ma aepoounamiunozo mucky. Bapirosanu 06'cmmy yacmry sonoxon (40, 60, 80%) i npocmopose po3mautyéants apmosano2o wapy (6Hympiuiniil,
cepeonitl, 308HIWHILL) Y NONEPeuHOMY nepepisi.

Buxopucmanns nonimepnux xomnosumie suuoicye macy woenu na 50-52% nopisuano 3 aniominicéum amnanocom (14,42 xe). 3amina
CKII080I0KHA HA 8yeieyese 000amKo60 3menutye macy na ~10%. 36invuenns 0b'emnoi yacmru cxnosonokna 3 40 0o 80% 3oinvwye macy 3 6,70 oo 7,86
K2, BHUIICYIOUU MAKCUMATbHE nepemiwjents gepuiunu wjoeau 3 4,04 oo 3,51 mm. Konghieypayia 3 apmosanum enympiwnin wiapom 3adesneuyc Hauguugy
arcopemricms: npozury cmarogaaime 2,02—2,04 mm, exsieanenmui Hanpyscenns — 1,11-3,42 MIla, a koeghiyicum 3anacy miyHocmi 00cs12a€ MAKCUMYMY
704—824. ApmysanHs 308HIUHBbO2O WAPy NIOBUWYE eKeigaeHmHI Hanpycenns 00 5,22 MIla ma 3nudicye 3anac miynocmi 0o ~260. Byeneyesi 6onrokna
2enepyioms euwi nanpyscenns (0o 5,22 MIla npomu 3,03 Mlla ons cknogonokna) uepes suujuii MOOyib RPYICHOCMI MA JOKAIbHY KOHYEHMPAYilo
Hasanmaxcenv. Ixui suwi nimimu miynocmi (0o 2407 MIla) 3abesneuyioms Gnusvkuii 00 CK106010KHA cepedniti 3anac miynocmi (~575). bazosa
anominiesa woena mae Havimerwi npocunu (0,07 mm), are cymmeso Husxcuutl Koegiyienm 3anacy miynocmi (214). Payionansroro 018 8yauuHo20
0CGIMIeHHsl GU3HAYEHO CIPYKMYPY 3i CKII0BONOKHOM Y GHYMPIUHbOMY wapi npu 06 ‘emuitl uacmyi 60-80%.

Bcmanoeneno 3axoHomiprocmi nepepo3nooiny I10KAIbHOT HCOPCMKOCMI MPYOUACMUX KOMROSUMHUX e/leMEeHmMI8 3a7eHCHO 8I0 KoHizypayii
N03006JICHIX HenepepeHUX B00KOH. [{06e0eHO MOMCIUBICHb YINeCHPAMOBAN020 KepYBaHHs MiyHicmio onop 6e3 3minu ixHboi eeomempii, wjo
peanizyemocsy cepiitHoMy 6UpOOHUYMEI 3a 00NOMO2010 PO3POOAEHOT MEXHONO02I] NPAMOMEYIHOL eKcmpY3il.

Knrouoei cnosa: woena, nonimepni KOMnO3umu, apmy8anHs, HanpysHceHo-0eoOpmMoBaHuULl CIAH, YUCT08E MOOEIOBAHHS, MeMOO CKIHUEHHUX
eeMeHmie.
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Introduction

For the lighting of various infrastructure, engineering structures such as lighting masts are widely used.
Traditionally, lighting masts are manufactured from aluminum alloys or steel. This provides the necessary load-bearing
capacity, but leads to a significant mass of the structure, high loads on the foundation, difficulties during transportation
and installation, as well as vulnerability to corrosion. An alternative is polymer composites, which reduce the mass of
load-bearing elements while maintaining stiffness, corrosion resistance, and durability [1, 2].

The application of finite element analysis (FEA) allows predicting the stress-strain state of composite structures,
taking into account the volume fraction, spatial distribution of reinforcing fibers, cross-sectional geometry, and combined
loads [3, 4]. For medium-height lighting masts, this approach enables the optimization of the polymer composite structure
(fiber type, volume fraction, layer location). The main objective of such optimization is to minimize the mass of the
structure while maintaining allowable deflections and the necessary factor of safety under storm winds.

Literature Review

Replacing metal (steel and aluminum) poles with polymer composites significantly reduces the structural mass
without losing load-bearing capacity and wind resistance [5, 6]. This is confirmed by the results of numerical strength
evaluations of profiles, demonstrating the higher specific stiffness of composites compared to metals [6].

The effect of fiber volume fraction on the deformability and strength of composite elements has been investigated
in [7-9]. An increase in the volume fraction improves the moduli of elasticity, strength, and fracture energy [9]. For
vertical masts, optimizing the fiber fraction allows for minimizing bending deflections from wind with an insignificant
increase in structural mass.

The spatial distribution of reinforcement is a critical strength factor. The local concentration of fibers
redistributes stiffness, alters stress fields, and affects the ultimate load [10, 11]. Studies of the load-bearing capacity of
polymer pipes with continuous longitudinal reinforcement confirm the determining influence of the fiber layers' location
on the failure mode of the product [12, 13].

Carbon fibers outperform fiberglass in strength and stiffness at a lower density, but their cost is significantly
higher [14, 15]. Carbon-epoxy composites exceed fiberglass systems in strength and modulus of elasticity by 20—70%,
additionally providing a mass reduction of 10—20% [15].

The experience of applying composite masts in marine and tactical areas proves their operational advantages
over metal ones: lower mass, corrosion resistance, and higher fatigue life [16, 17]. For onshore poles, the absence of
corrosion additionally reduces maintenance costs, while the lower mass proportionally decreases the foundation load.

The fundamental aspects of the formation of the polymer matrix and reinforcing fibers, as well as the rheological
behavior of melts, are based on the principles of polymer processing theory [18]. Based on these, for the practical
implementation of composite masts, we have developed a direct extrusion die (Pat. UA153031U). Its design allows for
introducing longitudinal fibers into the channel, varying their volume fraction and spatial location.

The operational reliability of extrusion equipment with similar design improvements, in particular, the strength
of extrusion dies under melt pressure, has been confirmed by previous numerical studies [19], which guarantees the
stability of the composite forming process.

The available literature confirms the feasibility of replacing metal load-bearing structures with polymer
composites. However, the quantitative impact of structuring parameters (the interrelation of the location and volume
fraction of longitudinal continuous fibers) on the stress-strain state of lighting masts remains insufficiently studied and
requires further research.

Goals of the Study

The aim of the study is a numerical evaluation of the stress-strain state of a polymer composite lighting mast
(with continuous longitudinal reinforcement) and the comparison of its mass, stiffness, and factor of safety with a base
aluminum structure.

To achieve this aim, the following tasks were set:

— to perform a finite element analysis of the composite mast's stress-strain state under storm wind conditions,
taking into account the mass and area of lighting devices;

— to determine the effect of the reinforcing material type, fiber volume fraction, and location of the reinforced
layer on the mast's mass, its maximum displacements, and the factor of safety;

— to justify rational reinforcement schemes based on the "mass/stiffness/factor of safety" criteria and to determine
the areas of their practical application compared to existing aluminum and steel structures.

Materials and Methods

Research Methodology

A numerical simulation of the lighting mast's stress-strain state under storm wind was carried out in the Ansys
software suite using finite element analysis (FEA). The adequacy of the selected approaches to numerical modeling, in
particular the configuration of mesh domains and boundary conditions, is based on verified methodologies from previous
works by the authors [20, 21].

A comparison of the calculation results was performed for the base mast made of an aluminum alloy and the
improved mast made of a polymer composite reinforced with continuous longitudinal fibers. Additionally, the effect of
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the volume concentration and fiber layer structure in the cross-section on the stress-strain state of the mast was
investigated.
Examples of typical 1i

- |

ghting mast structures are shown in Figure 1.
_°

Fig.1. Typical lighting masts

Geometry and Materials

The mast body was modeled as a thin-walled cylindrical shell with an outer diameter D = 90 mm (0.09 m), a
wall thickness # =5 mm (0.005 m), and a height H =4 m.

The finite element mesh of the modeled lighting mast was specified with a finite element size of 20 mm along
the structure's height and 1 mm in thickness. The selection of the mesh domain parameters was justified by comparing
modeling results with different element sizes until an acceptable convergence of up to 5% was achieved.

The base mast material is the 6060-T6 aluminum alloy with mechanical properties typical of 6060/6063-T5/T6
alloys (Table 1) [22], which is widely used in lighting masts due to its high specific strength and corrosion resistance [1].

Table 1
Material properties
Material Axis | E, MPa v G, MPa p, kg/m? | 6+, MPa | 65, MPa
"*6182“0‘?;2‘ xy.z | 70000 0.33 26 300 2700 210 240
Epoxyresin | xyz | 2500 0.33 940 1100 40 70
X | 20000 | vy =025 | Gy=025 - -
Fiberglass y 20000 | vx,=0.22 G, =022 2540 - -
z | 72000 | v,,=022 | Gy,=022 2000 | 2000
X | 15000 | vy=040 | Gy=0.40 - -
Carbon fiber ™ 1 50000 2027 | Gy =027 1900 - -
(high-strength)
z | 240000 | v,,=027 | Gy,=027 3000 | 3000

In table 1: E — tensile modulus of elasticity, MPa; v — Poisson's ratio; G — shear modulus, MPa; p — density,
kg/m?3; o, — tensile yield strength, MPa; o, — ultimate tensile strength, MPa.

An epoxy resin with typical properties was used as the matrix polymer for manufacturing the polymer composite
mast (Table 1) [23]. Carbon fiber and fiberglass were used for reinforcement. The physical and mechanical properties of
the reinforcing fibers as an independent element (without matrix) were set using average standard values (Table 1) based
on experimental studies [24, 25].

The polymer composite mast was modeled as a three-layer structure (inner, central, and outer layers). The
volume content of continuous longitudinal fibers was set at 40, 60, and 80% for one of the layers in turn. This allowed
investigating the effect of the reinforcement structure on the stress-strain state of the structure.

The main characteristics of the composite layer were determined according to the author's methodology [12].
When setting the orthotropic properties of the fibers, the direction of the mast axis along the global z-axis was taken into
account.

Loads and Boundary Conditions

In the finite element model (FEA), the following forces were taken into account to investigate the mast under
combined loading (Figure 2):

— load from lighting devices on the mast (B);

— wind load on the mast (C);

— wind load on the lighting devices (E);

— standard Earth gravity (D).
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. Fixed support

. Load from lighting devices: 3,68e-002 MPa
. Load from wind on the mast: 3,515e-004 MPa
|£ Standard Earth Gravity: 9806,6 mm/s?

. Load from wind on lighting devices: 100, N

%
500,00 1000,00 (mm) g

1
250,00 750,00
Fig.2. Simulation model with loads and boundary conditions

0,00

Boundary conditions: the lower end of the mast was rigidly fixed using a cantilever scheme (Figure 2, A), which
simulates the actual mounting in the foundation.

Load from lighting devices

The installation of LED street luminaires with a mass of 1-2.5 kg (power of 50-150 W) was modeled [26, 27].
The luminaires were not modeled geometrically: their weight was replaced by an equivalent pressure applied to the upper
end of the mast along the vertical z-axis, directed downwards along the mast axis.

For the calculation, the total mass of the lighting devices mamps = 5 kg was assumed. The corresponding vertical
force

=m,  g=5981~=49.05H. @)

lamps lai

Cross-sectional area of the wall
T T
S = —(Dz ~(D-2) ) = —(0.092 - 0.082) ~1.335-10"m". )
T4 4

Equivalent pressure from the luminaires' weight
~ Famps _ 49.05
Prams =g 71335107

cyl

~36800 Ila. 3)

Load from wind on the mast

Storm conditions with a wind speed ¥ = 25 m/s, which corresponds to a severe storm on the Beaufort scale (10
points), were modeled [28]. The range of 24.5...28.4 m/s is representative for calculating extreme wind loads on high-
rise structures [29].

The dynamic wind pressure on the mast shaft was determined by the formula [30]

q, =0.50,V*=0.5-1.25-25 =390.6 I1a, 4)

where py = 1.25 kg/m? is the air density.

For a cylindrical mast with an aerodynamic coefficient Cey1 = 0.9 [31], the equivalent pressure was applied to the
windward half of the mast's lateral surface according to the methodology [32, 33], which approximately replicates the

effect of wind from one side. The wind pressure on the mast was calculated as follows
Py =Ciyq,, =0.9-390.6 ~351.5 Ia. (5)

Load from wind on lighting devices

To account for the wind load on the lighting devices, the frontal contour of the luminaires was approximated by
rectangles of 0.5%0.2 m (projected area Siamp = 0.10 m?) [23, 34]. Taking into account the aerodynamic drag coefficient
for a flat body Ceops = 1.2 [31], the equivalent pressure on the luminaire is

Peorps = Coomsdw 1.2-390.6 ~ 468.7 Ia. (6)
The total load from two luminaires
Fiowr = 2PeorpsStamp = 2-468.7-0.10 ~100 H. (7

In the calculation model, this force was applied at the mounting point of the luminaires (2 = 3.9 m) along the
normal to the lateral wall of the mast in the direction of the wind (y-axis)
Results and Discussion
The numerical simulation of the lighting mast's stress-strain state provided the following results (table 2)
Table 2
Numerical simulation results
Material type | Content, % | Layer | m,kg | 6eq, MPa | &, mm/mm | 6tt, mm | oiim, MPa | FoS
Fiberglass + Central | 6.62 244 0.1909 5.07 821 336

Epoxy resin 40 Inner 6.83 1.11 0.0596 2.04 821 737

Herald of Khmelnytskyi national university, Issue 4, 2026 (367) 237




Technical sciences ISSN 2307-5732

Outer 6.65 2.24 0.1937 5.02 821 366

Carbon fibre + Central | 6.21 2.44 0.2032 5.04 1221 500
Epoxy resin 40 Inner 6.30 1.60 0.0629 2.04 1221 763
Outer 6.22 4.68 0.2046 4.99 1221 260

Fiberglass + Central | 7.14 231 0.1677 4.62 1214 525
Epoxy resin 60 Inner 7.50 1.47 0.0571 2.04 1214 824
Outer 7.19 2.10 0.1293 3.97 1214 578

Carbon fibre + Central | 6.53 2.79 0.1748 4.58 1814 649
Epoxy resin 60 Inner 6.71 2.24 0.0588 2.03 1814 810
Outer 6.55 3.59 0.1383 3.94 1814 504

Fiberglass + Central | 7.67 3.01 0.1482 4.56 1607 533
Epoxy resin 80 Inner 8.17 2.18 0.0516 2.03 1607 738
Outer 7.73 3.03 0.1149 3.93 1607 530

Carbon fibre + Central | 6.85 4.59 0.1544 4.48 2407 524
Epoxy resin 80 Inner 7.12 3.42 0.0530 2.02 2407 704
Outer 6.88 5.22 0.1217 3.87 2407 461

Base Aluminum - - 14.42 1.12 2.15-10° 0.07 240 214

In table 2: m — mast mass, kg; 6.q — equivalent (von Mises) stress, MPa; € — equivalent strain, mm/mm; Ot —
total displacement, mm; oyim — calculated strength limit, MPa; FoS — factor of safety.

Based on the numerical simulation results, the use of polymer composites reduces the mast mass by 50-52%
compared to the base aluminum structure (14.42 kg). The mass of the composite masts ranges from 6.21 to 8.17 kg.
Replacing fiberglass with carbon fiber additionally reduces the mass by ~10% (from 7.28 kg to 6.60 kg on average). This
confirms the higher "stiffness-to-mass" ratio for carbon polymer composites, which is characteristic of such structural
elements [8].

The volume fraction of reinforcement directly affects the mass and deformability of the structure. With an
increase in the fiberglass fraction from 40% to 80%, the mass increases from 6.70 kg to 7.86 kg, and for carbon fiber —
from 6.24 kg to 6.95 kg. At the same time, the maximum displacements of the mast top decrease: from 4.04 mm to 3.51
mm for fiberglass and from 4.02 mm to 3.46 mm for carbon fiber. Thus, an increase in the fiber fraction predictably
improves the mast's stiffness due to a moderate mass increase, which is consistent with the data [7, 34].

The location of the reinforced layer determines the stress-strain state of the structure. The smallest displacements
(2.02-2.04 mm) and equivalent stresses (1.11-3.42 MPa) were obtained for configurations with a reinforced inner layer
(FoS =704-824). Reinforcing the outer layer leads to an increase in stresses (up to 5.22 MPa) and deflections (up to 5.02
mm), reducing the FoS to ~260. Configurations with a central layer demonstrate intermediate values. This sensitivity to
position change confirms the influence of the spatial distribution of reinforcement on the local stiffness of the cross-
section [11, 12].

At the same fiber volume fraction, the materials demonstrate different stress values. For fiberglass, the equivalent
stresses do not exceed 3.03 MPa. For carbon fiber, they reach 5.22 MPa due to a higher modulus of elasticity and the
corresponding load concentration in the composite. However, the strength limits of carbon fiber are significantly higher
(up to 2407 MPa versus 1607 MPa for fiberglass). This provides close average FoS values (~575) for both options. The
transition to carbon fiber further reduces mass but requires consideration of higher local stresses when evaluating failure
mechanisms [14, 35].

The base aluminum mast has the smallest deformations (0.07 mm), but its factor of safety is 214, which is lower
than the values for composite configurations. The deformations of composite masts are higher (2.02—5.07 mm), but they
remain within operational tolerances. Poles reinforced with composite fibers provide a higher factor of safety with a
significant mass reduction, which is consistent with the results of numerical and experimental studies of similar structures
[S, 36].

Conclusions and Future Work

Replacing aluminum alloy with polymer composites in lighting mast structures ensures a 50-52% reduction in
mass and an increase in the factor of safety. Such a weight reduction decreases the load on the foundation and fasteners,
simplifies transportation, allows installation without heavy lifting equipment, and reduces construction and installation
costs.

The use of carbon fiber is justified for structures with strict requirements for mass and dynamic stability (storm
winds, vibrations), despite the higher material cost. For mass street lighting, fiberglass reinforcement (fiber volume
fraction of 60—80%, reinforced inner layer) can be optimal in terms of the "strength/cost" ratio. This configuration
provides a high FoS, operational stiffness, and minimizes maintenance costs due to corrosion resistance and the lack of a
need for regular painting.

Future research will focus on scaling the obtained results for high-rise masts (telecommunication, navigation,
power transmission, and marine poles). For such structures, reducing the mass of the upper part without loss of strength
is critical for ensuring stability, which is fully consistent with the trends in using polymer composites in marine and
military applications [17]. The next stages of work will include optimizing reinforcement schemes for different heights,
studying fatigue and corrosion durability in actual climatic conditions, and evaluating the life cycle cost of composite
poles compared to metal ones.
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