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Introduction
Poles of various materials are used as support structures in 

power transmission and distribution lines. Typical heights of 
these utility poles are 7.6m to 18.6m (25ft. to 61ft.) above ground, 
depending on the embedment into ground. Conventionally, 
materials such as wood, tubular steel, concrete and laminated 
wood are used in these poles. But in recent times, tubular 
(hollow) composite or fiber-reinforced polymer (FRP) structural 
poles are also successfully used in both transmission (voltages 
above 46kV) and distribution lines [1-4]. One recent conceptual 
pole configuration that is tested involved fiberglass (FG) “rebars” 
embedded in a HDPE (High Density Polyethylene) matrix to 
develop a system analogous to reinforced concrete [5]. 

In recent years, a significant amount of research and 
development has been devoted to composite poles. Past studies 
involved tapered hollow tubular composite poles [6-8], glass 
FRP poles [3,9], various shapes of composite rebars in concrete 
[10] and testing under lateral loads [11]. Manufacturers now 
offer poles and frame designs of various configurations [12-15] 
conforming to established codes and standards [16-18].  However, 
almost all previous research is on hollow, tapered poles while 
poles of constant cross section and those with fiberglass polymer 
reinforcement are rarely considered.  To the extent the author 
knows, there is little or no information available on the theoretical  

 
modeling of fiberglass-reinforced HDPE poles. This study is a 
small step to fill the gap in that direction. 

The aim of this paper is to: 

1.	 Derive section properties of circular HDPE poles of various FG 
rebar patterns, including contribution of rebars to moment of 
inertia

2.	 Present a finite element cantilever model with 4 beam 
elements for elastic load-vs-deflection relationships under 
lateral load 

3.	 Analyze two (2) poles of rebar patterns and heights simulating 
the configurations used in full-scale tests

4.	 Compare analytical results with test results and the effects of 
including the rebars in section properties  

5.	 Determine a lateral load rating corresponding to specified 
deflection limits

Pole Testing    

Figure 1 shows the HDPE utility pole as considered in this 
study and the definition of pole class: a pole of length Lp embedded 
to a depth De and a specified lateral load P applied 60cm (2 feet) 
below the pole top. Poles are generally classified in terms of the 
maximum lateral load P applied in each class per ANSI [19]. All 
pole testing procedures adopt this loading definition.
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Figure 1: Typical Test Pole and Load Class Definition.

Pole cross sections  

Figure 2: Test Pole Cross Sections Modeled.

Figure 2 shows pole cross sections associated with different 
test configurations of rebars. Two (2) cross sections with 12 and 

16 rebars were considered. All rebars are arranged in a symmetric 
circular fashion with a specified cover ‘c’.

Table 1:  Mechanical Data of HDPE Test Poles with Rebars2.

Test Pole Total Pole Length Lp (m) Modulus of Rupture1fR ( MPa) Flexural Modulus1 E (GPa) Unit Weight w (kg/m)

1 12.2 88.47 6.1 83

2 12.2 67.94 3.78 117

1based on Ref. 22.
2for the full composite section including rebars.

The mechanical [20,21], geometrical and section data of the 
two test poles are given in Tables 1, 2a & 2b, respectively. Both 
test poles are 12.2m (40ft.) in total length. Note that the values of 
‘E’ shown in Table 1 are test-determined and for the full section 
including rebars. Individual ‘E’ values for the HDPE matrix material 
and the fiberglass rebars are not known.  

Test Setup and Testing  

Figure 1a shows the pole test setup and instrumentation.  
The setup basically consists of a frame to hold/clamp the test 
specimens, an electric winch and a hydraulic loading facility, 
digital sensors for recording load and deflection coupled with a 
computerized data recording system. All pole bending tests were 
performed per guidelines of ASTM D1036 [23]. 
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Figure 1a: Test Setup and Instrumentation.

The poles were tested as a cantilever with a single lateral load; 
deflection measurements were made at each load step [5]. The 
loading is applied at a constant rate and deflection was measured 
primarily at the pole tip from which deflection at load point was 
deduced. Both poles were tested until complete failure which is 

defined by shearing open of the pole just below the ground line 
and displacement of the rebar on the tension side. The test poles 
exhibited large elastic tip deflections before rupture. The ratio of 
tip deflection to the pole height above ground (LAG) is observed to 
be 0.399 and 0.281, respectively, for the two test poles.

Finite element model  

Figure 3: Finite Element Model of System.

As shown in Figure 3, the pole system is modeled with four 
(4) planar beam elements each with 6-d.o.f. (degrees of freedom), 
with a top element L2 of 60cm (2 feet) length consistent with the 
definition of pole class. The bottom three elements are of equal 
length L1. 

The lateral load is applied at d.o.f. 11 per definition of a 
standard class pole. Tip deflection of interest corresponds to d.o.f. 
14.   

A previous study on buckling of elastic 2-D beam-columns [24] 
indicated that for a reasonably accurate solution 3 linear elements 
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are adequate. Therefore, usage of 4 beam elements and manual 
matrix assembly is adopted for this study. No specific convergence 
checks are hence deemed necessary for the purpose of this study.   

Boundary conditions 

The system considered is a pure cantilever beam/column 
and therefore the boundary conditions are consistent with that 
structure idealization. That is, the d.o.f. at the support are fully 
restrained and all other d.o.f.s are free.  

The elastic [ke] stiffness matrix of the beam element can be 
found in any standard text book on matrix structural analysis [25]. 
The basic FE equations are as follows:  

[KT] {U} = {F}… (1)

from which the solution for deflections {U} for applied forces 
{F} is:

{U} = [Keff] -1 {F} … (2)

The total structure stiffness matrix [KT] is 15 x 15; but after 
accounting for the 3 support conditions at pole bottom (removing 
d.o.f. 1,2 and 3) reduces to [Keff], 12 x 12 (see Appendix 1).  

Matrix Assembly and Solution

Equations (2) are assembled and solved on the matrix solutions 
module of MAPLE-16 computer program [26]. MAPLE is a general 
purpose software suite, similar to MATLAB, with powerful 
problem-solving algorithms in mathematics and engineering. Its 
numerical analysis module contains matrix operations capable of 
solving sets of equilibrium equations like those associated with 
the FEM.   

The individual stiffness matrices [ke]i i = 1 to 4, of the 4 beam 
elements are computed using numerical values of parameters 
given in Tables 1, 2a & 2b. These element matrices are combined 
manually to obtain the total structure matrix [KT] and from which 
the effective stiffness [Keff] is extracted for input into MAPLE.    

Table 2a: Geometrical Data of Test Poles.

Test Pole Total Pole Length 
Lp (m) Pole Diameter do (mm) Embedment De (m) Height above ground 

LAG (m)
Lever Arm for GL Bending 

Moment (LAG -0.60) (m)

1 12.2 330 1.83 10.36 9.76

2 12.2 406 1.83 10.36 9.76

Table 2b: Section Properties of Test Poles.

Test Pole Pole Diame-
ter do (mm)

Number of 
Rebars n1

Rebar Diam-
eter dr (mm)

Approx. clear 
cover to re-
bar c(mm)

Rebar Circle 
Diameter drc  

(mm)

Cross Section 
Area  Acs 
(mm2)

Moment of Inertia Ioc (mm4)

Without 
Rebars With Rebars

1 330.2 12 38.1 25.4 241.3 85,634 583.56 E+6 651.28 E+6

2 406.4 16 31.8 28.6 311.2 129,717 1339.02 E+6 1465.62 E+6

Applications 

The above model is applied to two (2) composite poles each of 
total length 40ft. (12.2m), corresponding to the poles tested in the 
laboratory. Cross sectional properties are custom derived for each 
rebar configuration and the derivations are shown in Appendices 
2a and 2b. Two specific cases are considered: 

Case 1 – include rebars while calculating section Moment of 
Inertia 

Case 2 – exclude rebars in Moment of Inertia. 

(Note: The Moment of Inertia values of Case 1 implicitly 
assume that the modular ratio is 1.0. This is because, as mentioned 
earlier in the “Pole Testing” section, the individual moduli of HDPE 
and the fiberglass rebars are not known).

The last two columns of Table 2b shows the values of Moment 
of Inertia computed.  

It is observed that for the poles studied the Moment of Inertia 
including rebars is 11% and 7.2%, more respectively, than that of 
the case without rebars. 

No attempt is made to model the bond between the rebars 
and the pole material and complete adhesion is assumed. Only 
linear elastic behavior is considered. Second order effects (P-Δ), 
even though beneficial in a finite deflections environment, are 
not considered since they require use of a more powerful general 
purpose FE program.  

Results 

Table 3 shows the deflections from FE analysis of each of the 
poles and comparison with test data. Figure 4 & 5 show the load 
vs tip deflection plots of the two poles – both the test values as 
well as those from FE analyses. The poles were observed to behave 
elastically until the maximum test load. The almost straight-line 
pattern of the P-Δ plots indicates that the response of the system 
is linear.    
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Table 3: Comparison of Test and FE Results – Deflections.

Test Pole Maximum Test 
Tip Load P(kN)

Test Tip Deflection due 
to Load P Δt (mm)

FEA Tip Deflection for P Δfe (mm) Ratio of Δt / Δfe

Case 1 Case 2 Case 1 Case 2

1 45.14 4140.2 3871 4272.3 1.07 0.969

2 46.26 2743.2 2890.5 3058.2 0.949 0.897

Average 1.01 0.933

Case 1: Rebars included in Moment of Inertia calculations.

Case 2: Rebars excluded in Moment of Inertia calculations.

Discussion of Deflections

The most important aspect of HDPE pole behavior is the 
resilience in sustaining of large elastic deflections without rupture. 
As discussed earlier, both test poles exhibited large deflections 
near failure load. This behavior is also noticed in the results of 
the FE analysis. Also, the test deflections are seen to be closer to 
FE values for Case 1 where rebars are included in the moment of 
inertia computations. For this case, the ratios of FE tip deflection to 
the pole length above ground are observed to be 0.397 and 0.296, 
respectively, for the two poles. This indicates good agreement with 
test results. 

Serviceability Considerations

A cursory look at the deflections sustained by the two 
poles prior to collapse show that such lateral deformations are 
impractical in real-world operating or in-service conditions. While 
resiliency is advantageous in most other structural situations, 
deflections must be controlled for utility poles. Excessive 

deflections in transmission or distribution poles disturb the 
mandated clearances between conductor phases and lead to wire 
contact and short circuit outages. There is no industry consensus 
as to how much these pole deflections can be limited; but some 
current guidelines suggest limiting the pole top deflection to 
about 10% of pole height above ground (LAG) under conditions of 
short term lateral loading [1]. Some manufacturers also impose 
deflection limits while categorizing their pole classes [14]. We 
will adopt this criterion and evaluate pole structural performance 
for a deflection limit of 10% of LAG. This approach introduces a 
serviceability basis to design. 

Table 4 shows the revised deflections Δser and flexural stresses 
fbser corresponding to serviceability load Pser. The bending stresses 
are now about ⅓ of those at failure. Figure 4 & 5 show the suggested 
pole load rating Pser based on serviceability considerations. Note 
that this rating refers to the 10% deflection limit; engineers can 
obtain other ratings depending on their project-specific deflection 
constraints. 

Table 4: Serviceability Parameters.

Test Pole Lateral Load 
Pser (kN)

GL Bending Mo-
ment Mser (kN-m)

Deflection Δser 
(mm)

Section Modu-
lus* S (mm3)

Bending Stress * 
at GL‘fbser’(MPa) MOR fR (MPa) Stress Ratio 

fbser/fR

1 12.09 116.11 1036.3 3.944 E+6 29.88 88.47 0.338

2 16.58 159.26 1036.3 7.064 E+6 22.88 67.94 0.337

GL = Ground Line  

*S = Ioc/(0.5do) (including rebars in Moment of Inertia)

   Bending Stress fb = Moment/Section Modulus = M/S  

Figure 4: Load – Deflection Relationship
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Figure 5: Load – Deflection Relationship.

Conclusion

A finite element (FE) model is developed to analyze the 
behavior of HDPE utility poles integrally reinforced with fiber 
glass rebars. The model is analyzed to determine elastic lateral 
deflections under specified tip loads. Pole cross section properties 
were explicitly derived for sections with 12 and 16 rebars. The 
model is validated by comparing deflections with those from full-
scale tests and it is observed that the FE values agreed very well 
with tests. Inclusion of rebars in moment of inertia calculations 
appears to bring analytical values closer to test values. 

The poles sustained large elastic deflections prior to failure, 
which, although attesting to the resiliency of the material, are 
impractical in real-world applications. Therefore, to introduce 
serviceability concerns into design, the maximum lateral load the 
poles can sustain for a deflection limit of 10% are evaluated. This 
helped establish a serviceability pole class rating.    

The advantages of HDPE/FRP poles are many: higher 
strength-to-weight ratio than wood, steel or concrete, higher 
moment of inertia (relative stiffness EI) and substantially lesser 
weight, not to mention easier handling and environmentally-
friendly material. They hold great potential as an alternative to 
wood, steel and concrete poles. The technology can also have 
applications in the aerospace industry: fiber-reinforced flat plates, 
shells and other forms. This study is limited to just 2 poles and in 
order to generalize the inferences made here, further studies are 
warranted. It is also worth extending the investigations to truly 
geometric nonlinear behavior (i.e.) large deformation regimes as 
well as other potential aerospace applications.   
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Appendix 1   

Effective Structure Stiffness Matrix

Appendix 2   Derivations of Pole Cross Section 
Properties

(a)	 12 rebars

(b)	 16 rebars

Nomenclature 

θ	 = inclination of rebar to horizontal (See Appendices) 

Δ	 = lateral deflection 

Δt	 = test deflection 

Δfe	 = finite element deflection 

Δser	 = tip deflection based on serviceability limits

Acs	 = cross section area

A1, A2, A3, A4 	 = parameters of total stiffness matrix 

B1, B2, B3, B4 	 = parameters of total stiffness matrix 

C1, C2, C3, C4 	 = parameters of total stiffness matrix 

D1, D2, D3, D4	 = parameters of total stiffness matrix 

c	 = effective cover to rebar

do	 = pole outside diameter

dr	 = rebar diameter

drc	 = rebar circle diameter

d1, d2, d3, d4 = terms of derivation (see Appendices) 

De	 = embedment 

E	 = flexural modulus of elasticity 

fb	 = bending stress

fbser	 = bending stress corresponding to serviceability limits

fR	 = modulus of rupture
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{F}	 = load vector 

I	 = moment of inertia 

Ioc	 = moment of inertia of the full section including rebars

Ic	 = moment of inertia of the gross section 

Ir	 = moment of inertia contribution from rebars

[ke]  	 = elastic stiffness matrix of beam element 

[Keff]  	 = effective elastic stiffness matrix of structure 

[KT]  	= total elastic stiffness matrix of structure  

L1, L2	= element lengths  

LAG	 = pole height above ground 

Lp	 = total pole length 

n1 	 = total numbers of rebars in section 

n2 	 = rebars off-axis on each side 

P	 = lateral load at pole top

Pser	 = lateral load P corresponding to serviceability limits

{U}	 = displacement vector 

X1, X2, X3, X4	 = parameters of total stiffness matrix .
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