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ABSTRACT 

FINITE ELEMENT ANALYSIS OF FIBER-REINFORCED POLYMER COMPOSITE 

ELECTRIC POLES 

Sara Mohamadi, M.S. 

George Mason University, 2016 

Thesis Director: Dr. Girum Urgessa 

 

This thesis presents finite element analyses of tapered FRP poles in ABAQUS and 

associated parametric studies in order to evaluate the effect of various properties on the 

overall static and dynamic response of the poles. These properties included geometric 

characteristics, fiber orientation, taper ratio, number of layers, lamina thickness and 

location of the transverse load. Three different general-purpose finite elements based on 

thick shell theory were investigated to determine their suitability for modeling FRP poles. 

Trends observed from the parametric studies on the static and dynamic analysis of the 

FRP poles were enumerated. A shock spectra analysis was presented for idealized 

impulsive loadings that may occur due to wind gusts or loss of cable tension supported by 

the FRP poles. 
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

 

 

In the face of frequent natural and man-made disasters, engineers are increasingly 

tasked with analyzing, designing and operating structures that incorporate the philosophy 

of resiliency across a variety of critical infrastructure sectors. Electric distribution and 

transmission systems are one example of the critical infrastructure sectors. A recent 

report on economic benefits of increasing electric grid resilience to weather outages 

estimates that the US economy lost $18 billion to $33 billion annually during 2003-2012, 

and identifies several strategies to increase the nation’s electric grid resiliency (The 

White House, 2013). The majority of existing electrical poles supporting electric 

distribution systems in the United States are made out of wood. It is estimated that up to 

3.6 million existing electric wood poles have to be replaced every year. One of the 

primary strategies identified to mitigate this issue is upgrading wooden electric poles and 

supporting structures with stronger materials that withstand hurricane-force winds (ANSI, 

2015). The upgrading strategy encompasses retrofitting existing wood poles using fiber-

reinforced polymer (FRP) as shown in Figure 1.1 or installing new poles made 

completely from FRP composite poles as shown in Figure 1.2. The later strategy is the 

focus of this study. 
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Figure 1.1. Wood electric pole restoration with composite wrap. 

© http://vince-forte-n74c.squarespace.com/new-page-1/ 

 

 

Figure 1.2.  Fiber-reinforce polymer electric pole 

© http://www.creativepultrusions.com/index.cfm/fiberglass-pultruded-systems/composite-utility-poles/ 

http://vince-forte-n74c.squarespace.com/new-page-1/
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The use of FRP poles is on the increase because they are light weight, have high-

strength to weight ratios, offer corrosion resistance properties, can be tailored to satisfy 

specific strength and deflection requirements, and have low life-cycle cost of construction 

and maintenance. FRP poles can also be used in places where poles made from other 

materials may not be appropriate, such as coastal areas where salinity may be 

detrimental, and areas with high temperature fluctuation. 

The primary downside to FRP poles is that they are relatively expensive to 

manufacture However, as utility companies get further knowledge about the benefits of 

FRP, their use is expected to increase and their cost will decrease consequently (Fouad & 

Mullinax, 2000). Lack of specific guidelines and national standards for FRP poles could 

be one reason that prevents engineers to use such poles instead of conventional materials 

whose classifications, geometrical and mechanical characteristics are well defined. 

Limited experiments have been conducted on FRP poles because setting up such 

experiments is expensive. While some companies manufacture FRP poles, their material 

properties are proprietary and usually not available in open literature. In addition, limited 

theoretical studies have been conducted on the static and dynamic behavior of tapered 

FRP composite electric poles under lateral loads (Masmoudi et al. 2008). Furthermore, 

research that considers the effect of cable tension on dynamic response of the pole is 

scarce. To the best of my knowledge, there is no research conducted on evaluating the 

suitability of element type for modeling FRP poles in finite element software, and no 

attempts have been made to define shock spectrum for such poles in order to relate its 

maximum dynamic deformation to maximum static deformation. Furthermore, current 
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design guidelines oversimplify the anisotropic properties of FRP poles by quasi-isotropic 

bulk material properties (RS Pole Design Guide, 2012). These limitations are the 

motivation for studying the behavior of selected FRP electric poles using finite element 

(FE) analysis.    

1.2 Purpose of the Research 

 

 

In lieu of limited full-scale experimental and theoretical studies, developing FE 

models of FRP poles will lead to a better understanding of the response of these poles. 

This research presents finite element analysis of tapered FRP electric poles 

subjected to both static and dynamic loads.  The research also presents results from 

parametric studies conducted to evaluate the effect of various cross-sectional and material 

properties on the overall structural response of selected FRP poles. These properties 

include , fiber orientation, taper ratio, number of layers, lamina thickness, and location of 

applied lateral load. This knowledge will play a role in familiarizing engineers to FRP 

poles for adoption as reliable replacement for traditional materials. 

1.3  Thesis Organization 

 

 

 Chapter two presents literature review of the development of analytical and 

numerical models of fiber-reinforced composite (FRC) utility poles. The chapter 

encompasses the basics of composite materials, the use of composite materials in electric 

poles, and summaries of static and dynamic analyses that were conducted on such poles. 
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Chapter three presents finite element modeling of tapered FRP poles in ABAQUS 

(2014) for static analysis and validation of the FE model based on comparison with 

published numerical model. Parametric studies are presented in detail in order to evaluate 

the effect of various properties on the overall structural response of FRP poles. These 

properties include fiber orientation, taper ratio, number of layers, lamina thickness and 

location of transverse load. 

Chapter four presents finite element modeling of tapered FRP poles in ABAQUS 

(2014) for dynamic analysis. Complimentary analysis is included using MATLAB (2014) 

for validation purposes. Modal analysis, transient dynamic analysis and parametric 

studies are also presented in detail in order to evaluate the effect of fiber orientation, taper 

ratio, number of layers and lamina thickness on the dynamic properties of tapered poles. 

Furthermore, the effect of different dynamic excitations on the overall response of the 

FRP poles is presented.  

Chapter five presents summary of conclusions from this research, limitations of 

the study and recommendations for future work.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Basics of Composite Materials 

 

 

Composite materials are composed of a mixture of two or more micro-

constituents that are different in form and chemical composition. The two main micro-

constituents are the matrix and the reinforcing element.  

 

 

 

Figure 2.1. Mixture of two main micro-constituents in composites. 

© http://training.pluscomposites.eu/courses/components 
 

 

The matrix or resin holds the reinforcing element in place and provides a bulk 

shape of the part or product made from the composite material. On the other hand, the 
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reinforcement provides strength to the matrix. A new material with different properties is 

produced as a result of this combination, which is more desirable than the matrix and the 

reinforcement itself. When a load is applied, the matrix shares the load with the 

reinforcing element. 

The most noticeable benefit of composite materials is that they are very strong 

and stiff and have very light weight, resulting in relatively high strength-to-weight or 

stiffness-to-stiffness ratios when compared to traditional materials used in structural 

engineering. Fatigue properties and corrosion resistance are other advantages of such 

materials (Jones, 1999). 

 The matrix could be of various types such as polymer, ceramic and metal. The 

reinforcing element could have various shapes (fibers, continuous layers, etc.), chemical 

nature (glass, carbon, aramid, etc.), and numerous orientation of fiber placement 

(unidirectional, bi-directional, etc.). For instance, Glass Fiber-Reinforced Polymer 

(GFRP) composite is made from a polymer matrix and a glass reinforcing element in a 

fiber form.  

Overall properties of composite materials strongly depend on properties of the 

fiber and resin, the fiber volume fraction (the ratio of the fibers to overall volume of 

composite product), and orientation of the fibers. The latter is a very important parameter 

in the strength and stiffness of material and by varying the angle different mechanical 

properties can be obtained from composites. As shown in Figure 2.2, fibers can be placed 

in the resin with any angle from 0 to ±90 degrees. 
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Figure 2.2. Fiber-orientation angle samples 

© http://www.plastics.gl/processing-misc/thermoplastic-composites-with-multiaxial-oriented-continuous-

fiber-layers/ 

 

Composite materials exhibit orthotropic behavior with three planes of symmetry 

unlike isotropic materials with infinite planes of symmetry. The three planes of symmetry 

are in the direction of the fiber, transverse to the fiber direction and an out-of-plane 

direction. When fibers exist in a specific direction and load is applied in the same 

direction, the strength of the composite is high, while the same composite material with 

loads applied on a perpendicular direction to its fiber has low strength (Barbero, 2011). 

 

2.2 The Use of Composites in Electric Poles 

 

 

In recent decades, various types of investigations have been conducted on FRP 

electrical poles to examine their structural response.  

Fouad and Mullinax (2000) presented an overview of the use of fiber-reinforced 

composite poles for electric distribution lines. They discussed how FRP poles are 
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manufactured using methods including filament winding, pultrusion, and centrifugal 

casting. Furthermore, they indicated some considerations for using FRP poles in the field 

include climbability, drillability, and handling. Currently no national standards exist for 

FRP composite utility poles however the authors discussed about the related standards for 

FRC poles used in highways signs and street lighting. They also provided a rationale for 

FRP composite poles being advantageous when compared to wood, steel and concrete. 

The main reasons include easy installation, high strength, smooth texture, high electric 

insulation properties and economical cost in terms of installation. The authors stated that 

contrary to wood poles, FRP composite poles have constant stiffness upon reloading and 

are reliable in terms of ultimate strength and long deflection. In other words, they are 

comparable to wood poles and even provide additional benefit of being lighter. 

Oliphant (2009) discussed the potential confusion that occurs when standards use 

“equivalent wood class” poles when using non-wood structural material such as FRP 

poles. Regarding nominal strength, he cited that load factors according to the National 

Electric Safety Code (NESC) table are not constant for different grades of wood, but they 

are the same for different grades of other structural material. On the other hand, the Rural 

Utilities Service (RUS) also has some additional requirements only when non-wood poles 

are considered.  Oliphant argued that until wood poles are required to meet the same 

criteria, the confusion surrounding the “equivalent wood class” remains the same. 

Related to durability, he stated that confusion arises because NESC allows for 

deterioration of wood up to 67% of its original strength. However, non-wood poles, such 

as FRP poles, must maintain their strength during their service life. Oliphant highlighted 
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that stiffness is a key consideration for FRP pole design. FRP poles have variable 

stiffness and careful consideration should be given to limit the deflection when treating 

FRP poles as an “equivalent class wood” pole. He concluded by giving recommendations 

on how to mitigate the confusion surrounding the use of “equivalent class” wood poles. 

The strategy of upgrading wooden poles includes FRP strengthening of existing 

wood poles or installing new poles made from alternative and relatively new materials, 

such as FRP composite poles. Related to retrofitting of wood poles with composite 

materials, Saafi and Asa (2010) investigated the feasibility of an in-situ FRP 

strengthening system to repair and extend the service life of damaged wooden poles. 

They proposed an in-situ “wet layup FRP” method (the process of impregnating resin 

into fibers by hand using brushes or rollers and the laminate is left to be cured in certain 

temperature) using epoxy impregnated E-glass jacket consisting of four layers. They 

conducted full-scale cantilever bending tests on an as built pole, a damaged pole, and a 

damaged pole with FRP strengthening. They recorded load and deflection using a data 

acquisition system. FRP strengthening was shown to restore up to 85% of the load 

capacity. However, it did not restore ductility of the damaged pole. They proposed an 

installation procedure that includes four steps: determining the thickness of FRP wrap, 

cleaning the wooden pole, restoring the surface area, and attaching the FRP wrap to the 

pole. They also estimated the service life of poles with calculating linear degradation rate 

based on the test results. Using the FRP wraps extends the service life by 25 years. In 

addition, repairing damaged poles with FRP layer was shown to be approximately six 

times more cost-effective than replacing a new pole (Saafi & Asa, 2010). However, since 
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FRC poles offer remarkable mechanical, structural and electrical properties and meet 

specific engineering requirement to be used as utility poles, Usage of this type of poles is 

expected to increase in the future as utility companies get further knowledge of FRC 

benefits, and the cost will decrease consequently (Fouad & Mullinax, 2000). 

Approximate material and shipping cost of class 3, 45-foot utility pole has been reported 

for different materials (WWPI, 2003). FRP pole is reported to be about three times more 

expensive compared to wood poles. 

2.3 Static Analysis of FRP poles 

 

 

The static response of FRP electrical poles that has been studied in recent years 

mainly includes two behaviors: bending and buckling, and ovalization (the distortion of 

FRP pole’s cross section due to its relatively small thickness-to-radius ratio). 

 

Desai and Yuan (2006) presented a numerical model to study the buckling and 

bending behavior of FRP utility poles by dividing the poles into two segments (section T 

and B) along the length of the pole. They studied the effect of section variables, including 

rigidity length ratio (a/l) defined as the length of the bottom portion of the pole section 

(section B) to the overall length of pole, moment of inertia ratio (IT/IB) capturing the 

change in cross section of upper and lower portion of pole, and the overall pole length (l). 

They used finite element analysis to determine the buckling behavior of poles under axial 

compression load on the top edge of the upper portion. Both CFRP (Carbon Fiber-

Reinforced Polymer) and GFRP (Glass Fiber-Reinforced Polymer) poles were 

considered. In the bending analysis, they studied different configurations of CFRP poles 
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subjected to ASCE-7 wind loads normal to the length of pole. They concluded that the 

rigidity length ratio has little effect on the buckling of poles that are taller than 9.14 m 

(typical utility poles in the United States are about 12 m). However, they showed that the 

moment of inertia ratio between the top and the bottom sections of the CFRP poles had a 

significant effect on the buckling behavior. In addition, the buckling load of the CFRP 

poles was 175% higher than the GFRP poles. For the buckling analysis, they found that 

the rigidity length ratio has a major influence on the bending stress of the CFRP poles. 

Masmoudi et al. (2008) investigated the deflection and bending strength of GFRP 

poles using a 3-D non-linear finite element analysis. The GFRP poles were fabricated by 

filament winding and had service openings (holes). Different parameter such as fiber 

orientation, number of layers and thickness of layers were considered. Results of the FE 

analysis were compared to an experimental data conducted based on ASTM (American 

Society of Testing and Material) and ANSI (American National Standards Institute) 

standards. A horizontal pressure load varying from zero to ultimate load capacity was 

used in the analysis. The ratio between experimental failure loads and finite element 

analysis predicted failure loads were found to be 0.95 to 1.02, whereas the deflection 

ratios were between 0.97 and 1.05. Their test specimens were not optimized and some of 

the poles fail after reaching minimum ultimate bending strength with high factor of safety 

and others fail before reaching ultimate bending strength. They proposed new design with 

optimized number and thickness of longitudinal and circumferential layers, fiber 

orientation and stacking sequence of layers. The new design was shown to provide 

excellent results. 
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Saboori and Khalili (2011) presented a linear static analysis of FRP transmission 

poles. They investigated the behavior of the poles using a second-order shell finite 

element model considering the effect of various parameters such as fiber orientation and 

type, volume fraction, and number of layers and geometry. They developed a computer 

code in MATHEMATICA for conducting their analysis and verified their findings with 

ANSYS and a simplified analytical method. Results from their numerical code shows 

good agreement with results obtained from ANSYS and the analytical method. They used 

their numerical code to conduct further parametric studies and concluded that increasing 

fiber orientation angle with respect to axial direction increases the maximum deflection. 

Furthermore, the maximum principal stress at the base of the pole increases until the fiber 

orientation reaches 45 degree and then decreases for fiber orientations greater than 45 

degrees. They also found that both the maximum deflection and stress decrease with 

reduction in tapered angle or increase in fiber volume fraction and wall thickness.  When 

stronger fibers were used in the inner and outer laminas of the cross-section, the 

performance of the poles was improved. 

Metiche and Masmoudi (2013) presented a new design method for glass fiber-

reinforced polymer poles that incorporates a local buckling mode of failure nearby the 

area of service openings. They performed experiments on poles with hollow circular 

cross-section of various wall thicknesses. All test prototypes consisted of three zones 

which were produced in a single unit during filament winding process. The number of 

layers in each zone and the fiber orientation angle of each layer resulted in different 

mechanical properties. All prototypes were tested in flexural bending up to failure. They 
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concluded that their design method predicts ultimate bending moment, maximum top 

pole deflection, ultimate longitudinal tension and compression strain at the service 

opening level with a given ratio of (E I/L ρ) at the base of the pole, in which ρ is the 

linear mass of fiber. They concluded that ultimate bending moment at the base is 

inversely proportional to linear fiber mass, and for a ratio of (E I/L ρ) over specific value 

failure occurs at the base of the pole. 

Ibrahim and Polyzois (1999) investigated the ovalization behavior of tapered FRP 

poles subjected to bending. They developed finite element models in ANSYS to 

investigate the effect of wall thickness and fiber orientation on the critical moment due to 

ovalization. They considered 6 m tapered FRP poles with thicknesses ranging from 2 to 

12 mm and assumed that the FRP poles are fabricated by filament winding. They applied 

a horizontal load 610 mm below the top of the pole to reflect standard practice. They 

found that the ovalization critical load decreases with an increase in the fiber angle (with 

respect to longitudinal axis) and also showed that including circumferential layers with 

angle plies increases the critical ovalization load. Ibrahim and Polyzois accounted for the 

orthotropic properties of FRP poles and proposed a design model for computing the 

critical ovalization load that was based on two factors, the critical moment that can be 

carried by the pole and the position in which maximum ovalization occurs. After 

comparing results from their design models to FE analysis, they concluded that both 

methods correlate very well and the proposed model can be used efficiently to calculate 

the FRP critical ovalization load. 
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2.4 Dynamic Analysis of FRP poles 

 

 

Dynamic analysis of FRP poles includes modal analysis in order to calculate 

fundamental frequency and natural period, and transient dynamic analysis in order to 

study the dynamic behavior of FRP poles under time dependent loads such as pulses. 

Dynamic analysis of FRP poles has been conducted recently and the effect of different 

parameters such as fiber orientation, taper ratio, and concentrated mass at the top of the 

pole on the dynamic characteristic of such poles has been investigated. Polyzois et al. 

(1998) presented a finite element formulation in order to conduct modal analysis of a 

tapered composite pole. The pole in this study had a circular hollow cross section with 

constant thickness along the length and was produced by filament winding technique. 

They studied the effect of fiber orientation angle (±ϴ), taper ratio, which is the ratio of 

top diameter to base diameter (d2/d1) and  ratio of mass at the top of the pole to the 

overall mass(M/Mc) on the fundamental frequency and period of the pole. The authors 

validated their model by convergence study and comparison with prismatic beam 

element. The results showed a rapid convergence for tapered beam element while 

convergence for prismatic beam element was slower.  The fundamental frequency of their 

model compared very well with results obtained from a pole modeled with shell elements 

in ANSYS. Through parametric study, they found that the lower the taper ratio (d2/d1), 

the higher the natural frequency. Furthermore, for different taper ratios, increasing the 

fiber orientation with respect to the longitudinal direction will reduces the natural 

frequency due to lower effective stiffness. They also concluded that the higher the M/Mc 
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ratio, the smaller fundamental frequency. The effect of effective stiffness for various 

laminate orientation was found to be less noticeable.  

Khalili and Saboori (2010) used a combination of beam finite element 

formulation and time integration method to investigate the transient dynamic analysis of 

tapered fiber reinforced polymer transmission poles. They studied thin walled circular 

cross-sections that are subjected to dynamic cable tension and vehicle impact. 

Transmission poles under step, triangular and sine pulses were evaluated considering the 

effect of fiber type, fiber orientation, pole geometry and concentrated mass at the pole tip. 

They assumed the pole tip and a height of 80 cm from the pole base as critical locations 

where the dynamic loads are applied. The pole tip is critical for cable tension due to 

dynamic loads such as wind load and the 80 cm distance from the base is critical for 

impact of a passing vehicle. Their analysis was conducted in MATLAB by combining 

tapered beam element formulation and precise time integration method. They validated 

their analysis with ANSYS. They concluded that the maximum deflection at the pole tip 

is greater for the step pulse when compared to the sine and triangular pulses. 

Furthermore, increasing the fiber orientation with respect to the pole axis and decreasing 

the top diameter with respect to the base diameter, increases the amplitude of the 

deflection history of pole tip. Also increasing the wall layers decreases the pole tip 

deflection, though above 10 layers no change was observed in amplitude. When the 

amplitude of the deflection history at the tip of the pole under impulse loads was 

compared at the two assumed critical locations, the pole tip was found to have a greater 

value. When the load is applied at 80 cm from the base, the pole was shown to vibrate 
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predominantly with the second mode shape. They also concluded that using tougher 

fibers at the inner and the outer laminas of the pole cross-section decreases the tip 

deflection significantly. 

From the literature review, it can be concluded that there is a need to study the 

effect of cable tension on the dynamic response of the FRP pole and developing shock 

spectrum that relates the maximum dynamic and static response of these poles. It is 

becoming more important to study the dynamic performance of new generation of FRP 

poles as their use continues to grow. This study includes finite element analysis of FRP 

pole in FE software ABAQUS (2014) under static and dynamic transverse loads. 

Conclusions drawn from investigating the finite element type for modeling FRP poles, 

studying the effect of lamina thickness and location of transverse load on structural 

response of FRP poles, and developing the shock spectrum for the FRP pole subjected to 

various impulsive loads are the contribution of this thesis to the state-of-the art. 
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CHAPTER 3: STATIC ANALYSIS OF FRP ELECTRIC POLES 

Chapter 3 presents finite element modeling of tapered FRP poles in ABAQUS 

(2014) for static analysis and validation of the FE model based on comparison with 

published numerical model. Parametric studies are presented in detail in order to evaluate 

the effect of various properties on the overall structural response of FRP poles. These 

properties include fiber orientation, taper ratio, number of layers, lamina thickness and 

location of transverse load. 

3.1. Finite element analysis of tapered poles using ABAQUS  

 Figure 3.1 shows the general geometry of the selected FRP pole with its cross-

section variables. ABAQUS (2014) was used for finite element analysis. Geometry and 

material properties were selected so that ABAQUS results can be compared with results 

from Saboori and Khalili (2011) who developed a fast-running numerical algorithm in 

MATHEMATICA. The main reason for selecting Saboori and Khalili for validation was 

their use of well-documented material properties from on an earlier extensive research 

project carried out at the University of Manitoba to develop lightweight poles for use in 

transmission lines.  
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                                    Figure 3.1. Geometry of a tapered pole. 

 

3.1.1. Analysis of a steel tapered pole for preliminary validation 

In order to perform validation of results from ABAQUS at the most basic level, 

analysis of a tube-steel tapered pole was studied first. For brevity, this pole is referred to 

as steel pole. Table 3.1 shows the geometric and material properties of the steel pole. 

Furthermore, the maximum deflection of the steel pole incorporating both normal and 

shear deformation can be determined analytically using energy methods and can be 

compared with ABAQUS results.  
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Table 3.1. Properties of the steel tapered pole. 

Geometry Material Transverse Load 

Length (mm) 8000 Elastic modulus 

(GPa) 

200 Magnitude 

(N) 

5000 

Diameter 

(mm) 

Top = 76 

Base =210 

Poisson’s ratio 0.3 Location Tip of the 

pole 

Thickness 

(mm) 

5 Shear modulus 

(GPa) 

77   

  

Conventional shell elements were used in which the geometry is specified at the 

reference surface with the corresponding thicknesses defined by section property 

(Urgessa & Horton, 2005). Three different shell elements were investigated: S4, S4R and 

S8R. All three elements are based on thick shell theory (Sadowski & Rotter, 2013). 

While there is no consensus on the exact transition point between thick and thin shell 

assumptions, structures with radius-to-thickness (R/t) ratios of less than 15 are typically 

modeled as thick shells. The steel pole selected in this study has (R/t) ratio of 21 at the 

base and 7.6 at the tip. Therefore, the use of thick shell theory is warranted. The first two 

shell elements, S4 and S4R are four-noded linear elements with six degrees of freedom at 

each node. While element S4 implements a standard rule with four integration points, 

S4R uses a modified rule with one integration point making it computationally attractive 

at the expense of accuracy. Both S4 and S4R are able to account for finite membrane 

strains and large rotations. S8R is an eight-noded quadratic element with six degrees of 

freedom at each node and uses a reduced integration rule that is capable of handling 

arbitrary large rotations. S8R is based on a small-strain theory. The impetus for including 
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S8R in the study was to compare and comment on the effect of small versus finite strain 

assumptions in the structural response results. Table 3.2 shows results from this research 

in comparison with results from Saboori and Khalili (2011). 

 

Table 3.2. Comparison of results for the steel tapered pole. 

 

Response 

Saboori and Khalili [11] Result from our study in ABAQUS 

with element type 

Numerical ANSYS S4 S4R S8R 

Max. deflection (mm) 472.7 488.6 488.9 516.7 430 

Max. stress (MPa) 243.1 266.9 274.2 284.6 257 

 

The results from this research using the shell element S4 in ABAQUS match very 

well with Saboori and Khalili’s (2011) results which were obtained using a four-noded 

shell element in ANSYS for validation of their numerical model. The error is 0.05% for 

maximum deflection and 2.74% for maximum stress. The small difference can be 

attributed to meshing and the total number of finite elements in the respective models. 

Our ABAQUS model contained only 640 elements versus the ANSYS model mentioned 

above which was three times finer with 1920 elements.  

 The conclusion here is that shell element S4 is the better choice from the three 

elements studied. Shell element S4R overestimated the maximum deflection because 

using fewer (reduced) integration points in the finite element analysis is expected to 

produce a less stiff element. The S4R analysis used less CPU time, but was not 
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appreciably noticeable when compared to the S4 analysis. Shell element S8R 

underestimated the maximum deflection at the tip because the element is only capable of 

handling small-strains, which in retrospect is not a good assumption for the analysis of 

thin-walled tall structures such as FRP poles.  

3.1.2. Analysis of a tapered FRP composite pole for validation 

 Before conducting parametric studies, a finite-element analysis was conducted on 

anti-symmetric FRP pole with a selected layup of [-10/10]4. In this layup there are four 

laminate and the ply orientation is antisymmetric about the centerline of the laminate; 

that is [-10/10]4 extend as:  -10/10/-10/10/-10/10/-10/10. (Mallick, 2007) 

 Table 3.3 shows the geometric and material properties of the FRP pole. Note that the 

selected pole wasonly subjected to a transverse load and buckling was not considered in 

this study. For design purposes, the analysis must include local buckling incorporating 

axial load applied at the pole top. This specific pole has a taper ratio of 0.5 and is referred 

to as “baseline” FRP pole in this section. Similar to discussions in 3.1.1, conventional 

thick shell elements were used in which the geometry is specified at the reference surface 

with the corresponding thicknesses defined by section property. Only two shell elements, 

S4 and S8R, were used this time. While the recommendation is to use a finite-strain 

method for the analysis of the FRP pole based on section 3.1.1, documenting results 

using the S8R shell element may be beneficial to inform designers about selecting 

appropriate factors of safety in situations where a small-strain strain method is knowingly 

or unknowingly used for analysis. 
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Table 3.3. Properties of the glass-fiber reinforced polymer composite tapered pole 

(65% fibers)  

Geometry Material Transverse Load 

Length (mm) 4000 Longitudinal elastic 

modulus (GPa) 

48 Magnitude 

(N) 

2000 

Diameter (mm) Top = 72 

Base 

=144 

Transverse elastic 

modulus (GPa) 

13.3 Location Tip of 

the pole 

Total 

Thickness 

(mm) 

4  Poisson’s ratio 0.235   

No. of lamina 8 Shear modulus 

(GPa) 

 

5.17   

 

  

Table 3.4 shows results from this research in comparison with results from 

Saboori and Khalili (2011). Our results using shell element S4 in ABAQUS match well 

with their results. The error is 3.4% for maximum deflection and 6.17% for maximum 

stress. It is worth mentioning that Saboori and Khalili (2011) used an 8-noded element 

with full-integration for their FE validation and the small difference between our result 

and theirs can be attributed to that reason. Shell element S8R as expected produced lower 

results. 
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Table 3.4. Comparison of results for the “baseline” glass-fiber reinforced polymer 

tapered pole. 

 

Response 

Saboori and Khalili [11] Result from our study in 

ABAQUS with element type 

Numerical ANSYS S4 S8R 

Max. deflection (mm) 327.3 328.7 339.9 302 

Max. stress (MPa) 128.1 142.6 133.8 128.1 

Number of elements 8 2000 216 160 

 

3.2. Parametric studies using the static analysis of tapered FRP composite poles  

 Once the finite element analysis results in ABAQUS were validated, parametric 

studies were conducted in order to evaluate the effect of various properties on the overall 

structural response of FRP poles. These properties include geometric characteristics, fiber 

orientation, taper ratio, number of layers, lamina thickness and location of transverse 

load. Whenever possible results were compared with numerical results obtained from 

other models. 

3.2.1. Effect of fiber-orientation 

 The effect of fiber-orientation was studied by modeling multiple tapered FRP 

poles with anti-symmetric [-/]4 lay-up and determining the resulting maximum 

deflection and maximum stress in the poles. The angle  was varied in increments of 5 
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from 0 to 60 for this study. All other material, geometric and load properties were kept 

the same as before. Figure 3.2 and Figure 3.3 show the maximum deflection and 

maximum stress results respectively. The results have been compared with Saboori and 

Khalili model as well, also results from using S8R shell element are included in this 

section to observe a general comparison between behavior of these two elements and to 

select appropriate factors of safety in case of using small-strain formulation.  

The conclusion is that the maximum stress in the pole increases as the fiber-orientation 

increases up to 45 with respect to the axial direction, and then decreases as the fiber-

orientation increases up to 60. It is also apparent that increasing the fiber-orientation 

increases the maximum deflection of the pole because of the reduced stiffness of the FRP 

pole. Overall, it can be concluded that increasing the fiber orientation with respect to 

axial direction reduces the strength of the FRP pole subjected to transverse load only. 

Comparison between S4 and S8R elements shows that up to 30 degree the two 

elements produced results comparable to each other while after 30 degree, there is a 

noticeable variation on the response. 

 

  



26 

 

 

Figure 3.2. Effect of fiber-orientation on the maximum deflection of the FRP pole. 

  

 
 

Figure 3.3. Effect of fiber-orientation on the maximum stress of the FRP pole. 
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3.2.2. Effect of the number of layers and lamina thickness  

 

 In the analysis presented so far, the glass fiber-reinforced composites poles were 

made from 8 layers of composite regardless of fiber-orientations. A finite element 

analysis was conducted by varying the number of composite layers from 4 to 12 in 

increments of 2 layers for a specified anti-symmetric fiber-orientation, [-10/10]# of layers. 

Figure 3.4 and Figure 3.5 show the maximum deflection and maximum stress results 

respectively. Increasing the number of layers decreases both the maximum deflection and 

maximum stress in the pole. The percentage reductions in the maximum deflection and 

maximum stress were 70% and 60% respectively between using 4 versus 12 layers. 

However, the rate of reduction is not constant for all variations of number of layers. The 

rate decreases as the number of layers increases. The research results also compared very 

well with Saboori’s numerical model. 
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Figure 3.4. Effect of number of layers on the maximum deflection of the FRP pole. 

 

 

Figure 3.5. Effect of number of layers on the maximum stress of the FRP pole. 
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 Furthermore, a parametric study was conducted to study the effect of varying 

lamina thickness without changing the overall laminate thickness of the “baseline” FRP 

pole described in section 3.2. Table 3.5 shows the results. There was no significant 

difference in maximum deflection and maximum stress for FRP poles of the same overall 

thickness with 4 or 6 layers in comparison to the “baseline” FRP pole with 8 layers of 0.5 

mm lamina thickness per layer. The maximum difference is within 0.5%.  

 

 

Table 3.5. Effect of lamina thickness keeping total thickness constant at 4 mm 

Number of Layers 2 4 6 

Max. deflection (mm) 341.7 340.6 338.7 

Max. stress (MPa) 134.3 134.0 133.2 

 

3.2.3. Effect of taper ratio  

 A parametric study was conduct by varying the taper ratio of the “baseline” FRP 

pole from 0.4 to 1 while changing the top diameter (d1) and keeping the base diameter 

(d2) constant. Figure 3.6 and Figure 3.7 show the maximum deflection and maximum 

stress results respectively. The results showed that the maximum deflection of the FRP 



30 

 

pole decreased by 50% as the taper ratio increases from 0.4 to 1. However, the taper ratio 

had little effect on the maximum stress because the base diameter was left unchanged.  

 

 

Figure 3.6. Effect of taper ratio on the maximum deflection of the FRP pole. 
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Figure 3.7. Effect of taper ratio on the maximum stress of the FRP pole. 

 

3.2.4. Effect of the location of the transverse load 

 In the analysis presented so far, the transverse load was applied at the tip of the 

FRP pole (refer to Table 3.3) which can be considered conservative from a design 

perspective. For that reason, the location of the transverse load used in the “baseline” 

FRP pole was varied from 0 mm to 900 mm (1ft - 3 ft) from the tip of the pole while 

varying the fiber-orientation from 0 to 60. The impetus for this study is the fact that 

existing design criteria for utility pole lines are directly related to forces resulting from 

transverse wind loads imposed during severe storm conditions, and historically the 

strength of electric poles is characterized by their lateral load carrying capacity when 
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subjected to a horizontal force applied at 600 mm (2 ft.) from the tip (ANSI, 2008) 

(ASTM, 2012). Transverse load applications points of 300 mm (1 ft.) and 600 mm (2 ft.) 

were also used in determining the strength of FRP poles in experimental set-ups 

(Polyzois et.al (1999), Metiche & Masmoudi (2007)). Hence, investigating trends that 

incorporate the location of the transverse load is found to be useful. 

  

 

 

Figure 3.8. Effect of transverse load location on the maximum deflection of the FRP 

pole. 
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Figure 3.9. Effect of transverse load location on the maximum stress of the FRP pole. 

 

Figure 3.8 and Figure 3.9 show the maximum deflection and maximum stress results 

respectively. As expected, the maximum deflection values decrease as the location of the 

transverse load from the tip increases. However, it is worth mentioning that the 

percentage reductions from the “baseline” pole results remain relatively constant (within 

1.5%) regardless of the fiber-orientation. In addition, the magnitudes of the maximum 

stress values become higher for the fiber-orientation in respective order of 0, 10, 20, 

30, 60, 50 and 40. This trend was seen earlier in Figure 3.3-ABAQUS/S4 results 

when the “baseline” pole was subjected to a transverse load at the tip for various fiber-

orientations. 
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CHAPTER 4: DYNAMIC ANALYSIS OF FRP ELECTRIC POLES 

Chapter 4 presents finite element modeling of tapered FRP poles in ABAQUS 

(2014) for dynamic analysis. Complimentary analysis is included using MATLAB (2014) 

for validation purposes. Modal analysis, transient dynamic analysis and parametric 

studies are also presented in detail in order to evaluate the effect of fiber orientation, taper 

ratio, number of layers and lamina thickness on the dynamic properties of tapered poles. 

Furthermore, the effect of different dynamic excitations on the overall response of the 

FRP poles is presented.  

4.1. Modal analysis of tapered poles using ABAQUS 

Figure 4.1 shows the general geometry of the selected FRP pole with its cross-

section variables. ABAQUS (2014) was used for finite element analysis. The same 

geometry and material properties discussed in section 3.1 were used. 
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Figure 4.1. Geometry of a tapered pole. 

 

 S4 shell elements were used in the dynamic analysis. ABAQUS executes modal 

analysis using eigensystems needed for computing mode shapes and the corresponding 

natural frequencies. It solves the eigenfrequency problem only for symmetric mass and 

stiffness matrices (ABAQUS, 2014). ABAQUS generally considers symmetric mode 

shapes as separate modes even if there is no difference in the values of the corresponding 

natural frequency. For example, modes one and two have the same natural frequencies 

with opposite mode shapes. For this study, 10 eigenvalues were selected representing five 

mode shapes. The same layup of [-10/10]4 selected in section 3.1.2 was used here. Figure 

4.2 to Figure 4.6 show the first five modes of vibration. Table 4.1 summarizes the values 

of the natural frequencies for the five modes. 
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Figure 4.2. First mode shape. 

 

 

Figure 4.3. Second mode shape. 
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Figure 4.4. Third mode shape. 

 

 

Figure 4.5. Fourth mode shape. 
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Figure 4.6. Fifth mode shape. 

 

Table 4.1. Natural frequency of the FRP pole with [-10/10]4 layup. 

Fiber 

orientation 

1st mode 2nd mode 3rd mode 4th mode 5th mode 

Natural frequency (Hz) 

[-10/10]4  0.267 1.01 1.27 2.75 3.27 

 

4.2. Complimentary analysis of a tapered FRP composite pole using MATLAB 

A complimentary frequency analysis was conducted using MATLAB to 

determine if the results from ABAQUS were within expected range. Since the natural 

frequencies obtained from presented analysis were different from what Khalili and 

Saboori (2011) presented on dynamic analysis of their model, complimentary analysis 

was conducted to make sure that the natural frequency calculated by ABAQUS is reliable 

andwithin expected range. Khalili and Saboori used lumped mass assumption to calculate 
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fundamental frequencies while the ABAQUS approach presented here is based on 

eigenfrequency analysis. Appendix A and B contain the supplemental MATLAB codes. 

The codes were based on a simplified assumption that multi degree of freedom systems 

can be reasonably represented by equivalent single degree of freedom (SDOF) systems 

through generalized coordinate transformations. Both discrete and distributed systems 

were studied for characterizing the equivalent single degree of freedom FRP pole. 

 

4.2.1 Discrete equivalent SDOF system 

In reality, the FRP pole has infinite number of degrees of freedom. However, a 

generalized coordinate transformation analysis can be conducted if the pole is assumed to 

vibrate in a predetermined shape (shape function) with the amplitude of the vibration 

varying with time. The shape function can be any mathematical function as long as it 

satisfies geometric boundary conditions. The shape functions shown in Equations 4.1-4.3 

were explored in this study. 

sin
2

x

L

 
   

 
                                                                                                  Equation (4-1) 

x

L

 
   

 
         Equation (4-2) 

1 cos
2

x

L

 
    

 
        Equation (4-3) 

Where Ф is the shape function, L is overall length of the pole and x is any vertical 

distance from the base.  
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Figure 4.7 shows the three assumed shape functions in relation to the normalized 

deflected shape of the pole obtained from ABAQUS. While the cosine function was 

determined to be the best representative of the pole studied here, the triangular and sine 

functions may be relevant in cases where FRP poles are deemed to have smaller aspect 

ratios. Using the MATLAB code in Appendix A with the cosine shape function, the 

fundamental frequency is determined to be 0.261 Hz. The error was 2.2% when 

compared to the fundamental frequency result in ABAQUS. For the sake of completion, 

the errors were 132% and 196% if the triangular and sine functions were used 

respectively. 

 

 

 

Figure 4.7. Comparison of ABAQUS shape function with assumed shape functions. 
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4.2.2 Distributed equivalent SDOF system 

Closed form solutions exist for systems that can be characterized by prismatic 

sections with constant material properties. Equation 4.4 shows the fundamental frequency 

of a prismatic pole with a constant material property  (Chopra, 2007). 

2

3.66

2

EI
f

L m
                     Equation (4-4) 

    

Where L is length of the pole, E is modulus of elasticity, I is moment of inertia of the 

cross section and m is linear mass of the pole. 

The selected FRP pole in this study is tapered with varying moment of inertia 

along the length of the pole. However, the natural frequency limits of the tapered pole 

can be determined by using two counterpart prismatic poles with diameters equal to the 

bottom and upper sections of the tapered pole. In addition, the material property can be 

approximated by an effective modulus of elasticity of the laminate. Appendix B contains 

the MATLAB code that was used to determine the limits of the frequency. The lower and 

upper limits were determined to be 0.120 Hz and 0.340 Hz. The ABAQUS result was 

within this range. 

4.3. Parametric studies using modal analysis of tapered FRP composite poles  

 Once the modal analysis results in ABAQUS were validated, parametric studies 

were conducted in order to evaluate the effect of various properties on the natural 



42 

 

frequency of FRP poles. These properties include fiber orientation, taper ratio, number of 

layers and lamina thickness.  

4.3.1. Effect of fiber-orientation 

 The effect of fiber-orientation was studied by modeling multiple tapered FRP 

poles with anti-symmetric [-/]4 lay-up and determining the natural frequencies of the 

poles. The angle  was varied in increments of 10 from 0 to 60 for this study. All other 

material, geometric and load properties were the same as the baseline FRP pole. Table 

4.2 shows natural frequencies of first five modes for varying fiber orientation. Figure 4.8 

shows the natural frequencies of first five modes for the different fiber orientation and 

Figure 4.9 shows the effect of fiber orientation on the fundamental frequency 

corresponding to the first mode of the pole for varying orientation. The fundamental 

cyclic frequency of the pole decreases as the fiber-orientation increases with respect to 

the axial direction. While the mass of the pole does not change for this study, increasing 

the fiber orientation angle reduces the stiffness of the FRP pole. As a result, the natural 

frequency decreases.  

 

Table 4.2. Natural frequency of the FRP pole with different fiber orientations. 

Fiber 

orientation (Ɵ) 

1st mode 2nd mode 3rd mode 4th mode 5th mode 

Natural frequency (Hz) 

0 0.274 1.02 1.30 2.79 3.32 

10 0.267 1.01 1.27 2.75 3.27 

20 0.245 0.946 1.17 2.59 3.05 

30 0.211 0.833 1.01 2.28 2.65 
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40 0.176 0.710 0.848 1.95 2.22 

50 0.154 0.627 0.741 1.72 1.94 

60 0.146 0.595 0.703 1.63 1.84 

 

 

 

Figure 4.8. Natural cyclic frequency of the FRP pole for the first five modes. 
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Figure 4.9. Effect of fiber orientation on the natural cyclic frequency of the FRP pole. 

 

4.3.2. Effect of the number of layers and lamina thickness  

The glass fiber-reinforced composites poles studies so far were made from 8 

layers of composite regardless of fiber-orientations. A parametric study was conducted by 

varying the number of composite layers from 2 to 12 in increments of 2 layers for a 

specified anti-symmetric fiber-orientation, [-10/10]# of layers. Figure 4.10 shows the natural 

frequency result. The result showed that increasing the number of layers increases the 

fundamental frequency. However, the percentage increase was very small, approximately 

2% when poles made from 2 layers were compared to poles made from 12 layers. The 
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rate of reduction was not constant for all variations of the number of layers. The rate 

decreases as the number of layers increases.  

 

 

 

Figure 4.10. Effect of number of layers on the fundamental frequency of the FRP pole. 

 

Furthermore, a parametric study was conducted to study the effect of varying 

lamina thickness without changing the overall laminate thickness of the selected FRP 

pole. Figure 4.11 shows the result. There was no significant difference in natural 



46 

 

frequency of FRP poles of the same overall thickness with various number of layers in 

comparison to the “baseline” FRP pole with 8 layers of 0.5 mm lamina thickness per 

layer. The maximum difference is within 0.7%.  

 

 

Figure 4.11. Effect of the number of layers on the natural frequency of the FRP pole 

keeping the total thickness constant. 

 

4.3.3. Effect of taper ratio  
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that the natural frequency of the FRP pole decreases by 10.3% as the taper ratio increases 

from 0.4 to 1. While increasing the taper ratio is expected to increase both the mass and 

stiffness of the pole, the overall vibrational effect is to decrease the natural frequency. 

 

Figure 4.12. Effect of taper ratio on the fundamental frequency of the FRP pole. 
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linearly decaying triangular pulse, bilinear triangular pulse and sine pulse. These loads 

have a forced and free vibration phase. 

 

Rectangular pulse:
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Bilinear triangular pulse: 
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Sine Pulse: 

sin , 0

( )

0 ,

o n

n

n

t
p t T

T

p t

t T

  
   

 


 






                                        Equation (4-8) 



49 

 

 Where po is the amplitude of the step load and Tn is the fundamental period of each pole 

in seconds. Note that impulsive loads are applied at the pole tip and the amplitude of the 

impulse loads was matched with the load applied in a static manner in chapter 3. Figure 

4.13 summarizes the loads. 

 

 

Figure 4.13. Various applied impulsive loads on the FRP pole tip. 
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Damping effects were neglected since the maximum response will be reached in a 

very short time without ample time to dissipate energy for the dynamic loads considered 

in this study. To accurately study the response of the pole to long-duration dynamic 

loads, such as those generated by wind, damping effects should be included. 

The baseline FRP pole with [-10/10]4 layup was subjected to the four impulsive 

loads consecutively. Figure 4.14 shows the displacement-time histories at the tip of the 

pole for a run time twice as the natural period. 

 

 

Figure 4.14. Tip dynamic displacements of the baseline FRP pole. 
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The rectangular pulse produced the maximum displacement at the pole tip during 

the forced vibration phase of the load. In addition, despite the other loads it produced a 

negligible displacement response during the free vibration phase.  

 

4.5. Shock spectrum 

A more practical approach to evaluate the transient dynamic response of the FRP 

pole is to relate its dynamic response with its maximum static deformation resulting in a 

plot called the shock spectrum. The shock spectrum is the time history plot that shows the 

deformation response factor ( dR  ) of the structure as a function of t/ nT . The deformation 

response factor is the ratio of the maximum dynamic deformation  ou  to the maximum 

static deformation ( )st ou  due to the amplitude po of the force (Chopra, 2007) as shown in 

Equation 4.9. 

( )

o
d

st o

u
R

u
                                                                                             Equation (4-9) 

The maximum static deformation was already determined in the previous chapter 

with results reported in Table 3.4. Combining the static and dynamic analyses, Figure 

4.15 shows the response spectrum of the baseline FRP pole with [-10/10]4 layup 

subjected to the impulsive loads. The rectangular pulse resulted in a maximum dR  value 

equal to 1.2 during the forced vibration phase. However, the dynamic response is not 

prevalent for the other impulsive loadings. The ratio of the duration of the impulsive 

loads to the natural period of the poles, td / nT , plays a significant role for this behavior.  
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In this research, the duration of the impulsive loads was set to be equal to the 

fundamental period of the baseline FRP pole, i.e. td / nT  is equal to 1. 

 

 

Figure 4.15. Shock spectrum of FRP poles with [-10/10]4 layup subjected to various 

impulsive loads. 

 

4.6 Parametric studies using transient dynamic analysis of tapered FRP composite 

poles 

Parametric studies were conducted in order to evaluate the effect of the fiber 

orientation and number of layers on the transient dynamic response of the FRP pole 

subjected to the rectangular impulsive load. Rectangular impulsive load was chosen for 
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parametric study because it produced the maximum dynamic displacement among all the 

loads considered. 

 

4.6.1 Effect of fiber-orientation 

The effect of fiber-orientation was studied by modeling multiple tapered FRP 

poles with anti-symmetric [-/]4 lay-up and determining the maximum deflection of the 

poles. The angle  was varied in increments of 10 from 10 to 60 for this study. All 

other material, geometric and load properties were kept the same as the baseline FRP 

pole. Figure 4.16 shows the result. FRP poles with higher fiber orientation angle had the 

larger maximum tip deflection during the forced vibration phase.  

 

 

Figure 4.16. Effect of fiber-orientation on the dynamic response of FRP poles with [-

/]4 layup subjected to rectangular pulse. 
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Also the effect of fiber orientation on shock spectrum for the FRP pole subjected to 

rectangular pulse (with td/Tn=1) was studied. Figure 4.17 shows the shock spectrum of 

the pole with anti-symmetric [-/]4 lay-up. The results showed that varying fiber 

orientation angle from 0 to 60 degrees had a small effect on maximum response 

deformation factor and Rd of selected pole remained around 1.2. 

 

 

Figure 4.17. Shock spectrum of FRP poles with [-/]4 layup subjected to rectangular 

impulsive load. 
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4.6.2 Effect of the number of layers 

Finite element analyses were conducted by varying the number of composite 

layers from 2 to 8 in increments of 2 layers for a specified anti-symmetric fiber-

orientation, [-10/10]# of layers  while the thickness of each layer was kept equal to 0.5 mm. 

Figure 4.18 shows the dynamic response of the baseline pole subjected to the rectangular 

pulse. The results showed that increasing the number of layers from 2 to 8 in has a 

negligible effect on the dynamic response of the FRP pole subjected to the rectangular 

pulse.  

 

 
Figure 4.18. Effect of number of layers on the maximum tip displacement of the baseline 

FRP pole subjected to rectangular pulse. 
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CHAPTER 5: CONCLUSIONS 

5.1 Conclusions 

The finite element analysis of tapered FRP pole subjected to static transverse 

wind load with a specific configuration has been conducted in the static analysis section 

and the main findings are summarized below (Urgessa & Mohamadi, 2016): 

 The study of suitability and accuracy of the element type for modeling the FRP pole 

behavior has been carefully studied. After running a preliminary study on steel pole, 

two types of thick shell elements have been evaluated. The conventional general 

purpose shell element S4 in ABAQUS was found to be suitable and relatively 

accurate for modeling the behavior of FRP composite poles. Finite element results for 

the “baseline” FRP pole compared very well with results obtained from existing 

numerical models. 

Parametric studies have been carried out to evaluate the effect of various parameters 

on static response of the pole and it was observed that: 

 The maximum principal stress in the FRP composite pole increased as the fiber-

orientation increased up to 45 with respect to the axial direction, and then decreased 

as the fiber-orientation increased up to 60. It was also apparent that increasing the 
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fiber-orientation from 0 to 60, reduces the stiffness of the pole and as a result, it 

increases the maximum deflection of the pole. It is the most effective parameter on 

performance of electric poles. 

 The maximum deflection and maximum stress in the FRP composite pole decreased 

as the number of layers increased (thicker in cross-section). However, the rate of 

reduction decreased as the number of layers increased. Obviously, increasing the 

overall thickness will stiffen the FRP pole. 

 There was no significant difference in the maximum deflection and maximum stress 

between FRP poles of same overall thickness with 4 or 6 layers in comparison to the 

“baseline” FRP pole with 8 layers of 0.5 mm lamina thickness per layer. So this 

parameter does not play a role on performance of the pole and it may be neglected. 

 The maximum deflection of the FRP pole decreased by 50% as the taper ratio (d1/d2) 

increases from 0.4 to 1. However, the taper ratio had little effect on the maximum 

stress because the base diameter was left unchanged. Selecting a taper ratio could be 

an important factor for optimization of the pole performance in design process.  

 The conclusions stated above hold true regardless of the location of the transverse 

load from the tip of the FRP poles. Although applied load at 2 ft. from top is indicated 

in design criteria to calculate strength of electric poles, the pole tip could be 

considered as the load location for being conservative assumption and resulting in 

more reliable design. 
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The presented model in static section was used for modal analysis. The “baseline” 

pole has been used for calculating natural frequency and the main findings from the 

dynamic analysis of the FRP poles are summarized below: 

 The fundamental frequency of the FRP poles decreased as the fiber-orientation 

increased up to 60. This result matches with static section, where it was observed 

that increasing the fiber orientation angle will reduce the stiffness of FRP poles. 

 The fundamental frequency of the FRP poles increased as the number of layers 

increased (thicker in cross-section). However, as the number of layers increased, the 

rate of reduction decreased.  

 There was no significant difference in natural frequency of FRP poles of the same 

overall thickness with various number of layers in comparison to the “baseline” FRP 

pole with 8 layers of 0.5 mm lamina thickness per layer. The maximum difference 

was within 0.7%.  

 The fundamental frequency of the FRP pole decreased by 10.3% as the taper ratio 

increased from 0.4 to 1. 

To further study the structural response of FRP poles, transient dynamic analysis has 

been conducted to evaluate effect of various legacy impulsive loads on dynamic behavior 

of the pole. These impulsive loads include rectangular pulse, linearly decaying triangular 

load, bilinear triangular load and sine load. The purpose of this study is investigating the 
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potentiality of this new generation pole to perform to the required strength under dynamic 

loads. 

 The rectangular pulse produced the maximum displacement at the pole tip during the 

forced vibration phase of the load for td/Tn ratio of 1. And it could be a conservative 

assumption if rectangular pulse will be considered representing all impulsive loads 

that the pole may experience.  

 Shock spectrum analysis of the baseline FRP pole was developed to relate maximum 

static deflection and dynamic deflection at the pole tip and showed that the 

assumption used to characterize the impulse load needs careful attention. While the 

rectangular pulse resulted in a maximum dR =1.2, the dynamic response was not 

prevalent for the other impulsive loadings at td/Tn ratio of 1. 

Developing a shock spectrum could be useful in situation where dynamic analysis of the 

FRP pole would not be available due to complexity of the analysis or model. This can be 

accomplished by conducting the static analysis and using the response deformation 

factors from shock spectrum to predict the maximum dynamic deflection at the pole tip. 

It is worth mentioning that by conducting an experiment, it is possible to develop an 

accurate shock spectrum. 

5.2 Limitations and recommendations for future work 

The analysis presented in this research is limited to a specific configuration of FRP 

pole subjected to transverse loads. Further analysis can be conducted by varying the 
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length and diameter of the pole. The cross-sectional or material properties were also not 

optimized for a given service loading.  Effect of local buckling and delamination are not 

considered in this study, these two are vital to investigate overall structural response of 

FRP poles. Experimental data was not available for validation although numerical 

verifications were provided for the static analysis using other models and for dynamic 

analysis using lumped mass assumptions. From the engineering practice point of view, a 

range of td / nT  values should be considered in the shock spectrum analysis. In this study, 

the shock spectrum analysis was only conducted for a fixed td / nT  value of 1. The effects 

of additional mass near the tip of the pole, such as due to cross arms that are installed to 

hold electric wires or transformer equipment, was not studied. The additional mass can be 

treated as lumped mass to study its effect on the fundamental frequency of the poles. 

With the full version of ABAQUS, frontal crash simulations of a vehicle against FRP 

poles can be examined to understand the contact-impact non-linear dynamic response. 

Future studies can also look at failure criteria to predict the ultimate capacity of the FRP 

poles through detailed ply stress calculations.  
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PPENDIX A: EQUIVALENT SDOF USING GENERALIZED COORDINATE 

SYSTAEM 

%-------------------------------------------------------------------------- 

% Estimation of the fundamental period of a FRP utility pole, 

% Transforming MDOF system to the equivalent SDOF system using  

% generalized coordinate transformation 

%-------------------------------------------------------------------------- 

% CLEAR PREVIOUS VARIABLES, FIGURES AND COMMAND WINDOW 

  

clear all 

close all 

clc 

  

% INPUT 

% Number of levels or sections 

S=5 

% Assign section number 

section = [1:1:S]; 

%Overall Height of the Pole in mm 

Length=4000; 

% Array for height of each story in mm 

L = (Length/S).*ones(1,S); 

% Array of distance of each section from top 

for i=1:S 

h(i)=Length-i*L(1); 

end 

% Modulus of elasticity in Mpa 

E = 48000; 

%Density of typical pole in kg/mm^3 

rho=1.9040e-06; 

% Base diameter of pole in mm 

D0= 144; 

%Top Diameter of pole in mm 

Di=72; 

% Note that diameters are diameters in mid surface. 

%Thickness of the pole in mm 

t=4; 
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% CALCULATION STEPS 

% Array of top diameter of each section 

x=(((D0-Di)/2)/Length).*h 

D= Di+2.*x 

D=[144,D] 

%Array for moment of inertia of base cross section of each section 

%in mm^4 

for i=1:S 

    I(i) =(pi/64).*((D(i)+(t))^(4)-(D(i)-(t))^(4)); 

end 

%Array of areas of each section in mm^2 

for i=1:S 

    A(i)=((D(i)+D(i+1))*pi/2).*L(i) 

end  

%Array of Volume of each section of the pole in mm^3 

V= A.*t 

% Array of mass in kg 

m = rho.*V 

% Total height of each section from the base in mm 

for i=1:S 

H(i) = i*L(1) 

end 

% Array of stiffness of each section in N/mm (Cantiliver)   

k = (3*E*I)./(H.^3) 

  

% Spatial shape function 

  

phi = 1-cos (pi*H/(2*Length))     

  

% Array of generalized mass for each story in kg 

n = size (L); 

for i = 1 

mG(i) = m(i)*(phi(i))^2; 

kG(i) = k(i)*(phi(i))^2; 

end 

for i = 2:n(2); 

mG(i) = m(i)*(phi(i))^2; 

kG(i) = k(i)*(phi(i)-phi(i-1))^2; 

end 

  

% Generalized mass in kg 

mG = sum (mG) 

% Genralized stiffness in N/mm 

kG = sum (kG) 
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% Natural circular frequency in rad/sec 

wn = sqrt (kG/mG) 

% Natural period in sec 

Tn = 2*pi/wn  

%First natural frequency of typical pole 

f=1/Tn 
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APPENDIX B: RANGE OF NATURAL FREQUENCY USING CONTINUES 

MDOF SYSTEM 

% Estimation of the fundamental period of a FRP utility pole, 

% MDOF system using the generalized coordinate transformation 

  

% CLEAR PREVIOUS VARIABLES, FIGURES AND COMMAND WINDOW 

  

clear all 

close all 

clc 

  

% INPUT 

  

%Overall height of pole in mm 

Length=4000; 

% Modulus of elasticity in Mpa 

E = 48000; 

%Density of typical pole in kg/mm^3 

rho=1.9040e-06; 

% Base diameter of pole in mm 

D0= 144; 

%Top diameter of pole in mm 

Di=72; 

% Note that diameters are diameters in mid surface. 

%Thickness of the pole in mm 

t=4; 

  

% CALCULATION STEPS 

  

%Moment of inertia of the base cross section  

I_1=(pi/64).*((D0+(t))^(4)-((D0-(t))^(4))); 

I_2=(pi/64).*((Di+(t))^(4)-(Di-(t))^(4)); 

I_m= 0.5*(I_1+I_2) 

a=((D0+Di)*pi/2)*Length 

%Volume of the pole in mm^3 

v= a*t 

% Mass of the pole in kg 
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M=rho*v 

% Array of mass in kg 

m = M/Length 

f_1=(1/(2*pi))*(3.66/(4000^2))*sqrt(E*I_1/m) 

f_2=(1/(2*pi))*(3.66/(4000^2))*sqrt(E*I_2/m) 
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