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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. 
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ВПЛИВ ПАРАМЕТРІВ АРМУВАННЯ НА НАПРУЖЕНО-ДЕФОРМОВАНИЙ  

СТАН ПОЛІМЕРНО-КОМПОЗИТНИХ ЩОГЛ 

 
Метою дослідження є оптимізація структури полімерного композиту з неперервним поздовжнім армуванням для освітлювальних 

щогл шляхом числового моделювання їхнього напружено-деформованого стану за дії екстремальних вітрових навантажень. 

Досліджено тришарову композитну щоглу (епоксидна матриця, армована скловолокном або вуглецевим волокном) із зовнішнім 
діаметром 90 мм, товщиною стінки 5 мм та висотою 4 м. Порівняння з базовою алюмінієвою конструкцією (сплав 6060-T6) виконано 

методом скінченно-елементного аналізу (FEA) у комплексі Ansys. Враховано комбіновану дію штормового вітру (25 м/с), маси світильників 

(5 кг) та аеродинамічного тиску. Варіювали об'ємну частку волокон (40, 60, 80%) і просторове розташування армованого шару (внутрішній, 
середній, зовнішній) у поперечному перерізі. 

Використання полімерних композитів знижує масу щогли на 50–52% порівняно з алюмінієвим аналогом (14,42 кг). Заміна 
скловолокна на вуглецеве додатково зменшує масу на ~10%. Збільшення об'ємної частки скловолокна з 40 до 80% збільшує масу з 6,70 до 7,86 

кг, знижуючи максимальні переміщення вершини щогли з 4,04 до 3,51 мм. Конфігурація з армованим внутрішнім шаром забезпечує найвищу 

жорсткість: прогини становлять 2,02–2,04 мм, еквівалентні напруження – 1,11–3,42 МПа, а коефіцієнт запасу міцності досягає максимуму 
704–824. Армування зовнішнього шару підвищує еквівалентні напруження до 5,22 МПа та знижує запас міцності до ~260. Вуглецеві волокна 

генерують вищі напруження (до 5,22 МПа проти 3,03 МПа для скловолокна) через вищий модуль пружності та локальну концентрацію 

навантажень. Їхні вищі ліміти міцності (до 2407 МПа) забезпечують близький до скловолокна середній запас міцності (~575). Базова 
алюмінієва щогла має найменші прогини (0,07 мм), але суттєво нижчий коефіцієнт запасу міцності (214). Раціональною для вуличного 

освітлення визначено структуру зі скловолокном у внутрішньому шарі при об’ємній частці 60–80%. 

Встановлено закономірності перерозподілу локальної жорсткості трубчастих композитних елементів залежно від конфігурації 
поздовжніх неперервних волокон. Доведено можливість цілеспрямованого керування міцністю опор без зміни їхньої геометрії, що 

реалізується у серійному виробництві за допомогою розробленої технології прямотечійної екструзії. 

Ключові слова: щогла, полімерні композити, армування, напружено-деформований стан, числове моделювання, метод скінченних 
елементів. 
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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 

https://creativecommons.org/licenses/by/4.0/
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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 lighting 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 t = 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 ν G, MPa ρ, kg/m³ σт, MPa σв, MPa 

Aluminum 

6060-T6 
x,y,z 70 000 0.33 26 300 2700 210 240 

Epoxy resin x,y,z 2500 0.33 940 1100 40 70 

Fiberglass 

x 20 000 νxy = 0.25 Gxy = 0.25 

2540 

– – 

y 20 000 νxz = 0.22 Gxz = 0.22 – – 

z 72 000 νyz = 0.22 Gyz = 0.22 2000 2000 

Carbon fiber 

(high-strength) 

x 15 000 νxy = 0.40 Gxy = 0.40 

1900 

– – 

y 15 000 νxz = 0.27 Gxz = 0.27 – – 

z 240 000 νyz = 0.27 Gyz = 0.27 3000 3000 

 

In table 1: E – tensile modulus of elasticity, MPa; ν – Poisson's ratio; G – shear modulus, MPa; ρ – density, 

kg/m³; σт – tensile yield strength, MPa; σв – 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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Fig.2. Simulation model with loads and boundary conditions 

 

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 mlamps = 5 kg was assumed. The corresponding vertical 

force 

lamps lamps 
5  9.81 49.05 Н.F m g= =   (1) 

Cross-sectional area of the wall 

( )( ) ( )22 2 2 3 2

cyl
  2   0.09 – 0.08 1.335 10 м .

4 4
S D D t

− 
= − − =    (2) 

Equivalent pressure from the luminaires' weight 

lamps

lamps 3
cyl

49.05
36 800 Па.

1.335 10

F
p

S −
=  



 
(3) 

Load from wind on the mast 

Storm conditions with a wind speed V = 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] 
2 2

w w0.5 0.5 1.25 25 390.6 Па,q V=  =   =  (4) 

where ρw = 1.25 kg/m3 is the air density.  

For a cylindrical mast with an aerodynamic coefficient Ccyl = 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 

w cyl w 0.9 390.6 351.5 Па.p C q= =    (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 Slamp ≈ 0.10 m²) [23, 34]. Taking into account the aerodynamic drag coefficient 

for a flat body Ccorps ≈ 1.2 [31], the equivalent pressure on the luminaire is 

corps corps w 1.2 390.6 468.7 Па.p C q=     (6) 

The total load from two luminaires 

total corps lamp 2  2 468.7 0.10 100 Н.F p S=      (7) 

In the calculation model, this force was applied at the mounting point of the luminaires (h = 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 σeq, MPa ε, mm/mm δtot, mm σlim, MPa FoS 

Fiberglass + 

Epoxy resin 
40 

Central 6.62 2.44 0.1909 5.07 821 336 

Inner 6.83 1.11 0.0596 2.04 821 737 
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Outer 6.65 2.24 0.1937 5.02 821 366 

Carbon fibre + 

Epoxy resin 
40 

Central 6.21 2.44 0.2032 5.04 1221 500 

Inner 6.30 1.60 0.0629 2.04 1221 763 

Outer 6.22 4.68 0.2046 4.99 1221 260 

Fiberglass + 

Epoxy resin 
60 

Central 7.14 2.31 0.1677 4.62 1214 525 

Inner 7.50 1.47 0.0571 2.04 1214 824 

Outer 7.19 2.10 0.1293 3.97 1214 578 

Carbon fibre + 

Epoxy resin 
60 

Central 6.53 2.79 0.1748 4.58 1814 649 

Inner 6.71 2.24 0.0588 2.03 1814 810 

Outer 6.55 3.59 0.1383 3.94 1814 504 

Fiberglass + 

Epoxy resin 
80 

Central 7.67 3.01 0.1482 4.56 1607 533 

Inner 8.17 2.18 0.0516 2.03 1607 738 

Outer 7.73 3.03 0.1149 3.93 1607 530 

Carbon fibre + 

Epoxy resin 
80 

Central 6.85 4.59 0.1544 4.48 2407 524 

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⋅10-5 0.07 240 214 

In table 2: m – mast mass, kg; σeq – equivalent (von Mises) stress, MPa; ε – equivalent strain, mm/mm; δtot – 

total displacement, mm; σlim – 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 

[5, 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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