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(ABSTRACT) 

The durability of a square section steel light pole subject to severe wind 
induced oscillations is examined theoretically. Oscillations are due to a fluid- 
structure interaction phenomenon known as galloping. Theoretical pole 
response is determined and satisfactory agreement is found with observed 
pole behavior. Beam deflection theory enables the pole's displacement and 
loading to be determined from its oscillatory response and forms the link 
between the wind induced oscillations and a fatigue analysis. Pole 
oscillations result in fatigue cracks initiating from corners of a rectangular 
electrical access hole at the base of the pole. A combined finite element - 
fatigue analysis of the access hole provides life estimates for an assumed cyclic 
loading history. The link between wind induced oscillations and fatigue 
enables wind speeds causing the oscillations to be associated with a certain 
fatigue life, therefore a pole’s susceptibility to fatigue cracks based upon its 
exposure to winds at different geographical locations are determined. Also 
studied are design improvements of the access hole that can extend the 
fatigue life.
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INTRODUCTION 

Electrical light poles are installed along all primary and secondary roads as 

well as in most parking lots across the country. The poles are designed to 

have long service lives regardless of the wide variety of environmental 

conditions to which they are exposed such as wind gust, road vibrations, and 

prolonged exposure to high wind speeds. Poles located in areas noted for 

sustained high winds may suffer severe oscillations and, as a result, many 

have had to be removed from service early due to the presence of fatigue 

cracks. 

The light pole industry is seeking remedies for the vibration phenomena 

and the resulting fatigue cracks due to the high number of pole failures. Field 

observations have determined that a pole configuration that is most 

susceptible to wind induced oscillations is one of 40 foot length with a square 

cross section (Hirt 1995). This pole has been observed experiencing 

oscillations at winds speeds as low as 20 miles per hour and maximum 

amplitudes as large as two times the cross sectional width. Fatigue cracks 

have initiated from stress concentrations around the electrical access hole 

located at the base of the pole. 

This report will discuss the overall durability of the commercial pole 

described above. The wind induced oscillation phenomenon is a result of 

either vortex induced oscillations or galloping and both are investigated. A 

method of prediction of the pole’s response from known wind speeds is 

demonstrated. Structural analysis is developed involving pole deflection 

and corresponding stresses along the length of the pole due to wind induced 
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oscillations. Using finite element analysis the stresses around the electrical 

access hole are calculated from the general bending stresses taken from the 

structural analysis. A fatigue analysis, considering both crack initiation and 

fatigue crack growth, is performed on the access hole to understand the cause 

of the fatigue cracks and estimate an overall life of the area. The fatigue and 

vibration studies are connected using the structural analysis, thereby, 

allowing pole response to wind oscillations to be associated with a fatigue life. 

Also, design improvements involving manufacturing and geometry 

variations are undertaken to improve the fatigue life of the pole.



VIBRATION ANALYSIS 

Theory 

Flow induced transverse vibrations of elastic mounted cylinders of bluff 

sections are a well known phenomenon. When in a flow field, a bluff 

structure or body is one that exhibits flow separation from a large section of 

the structure's surface (Blevins 1976, 2). Classic examples are the oscillations 

of tall stacks and ice coated power lines when exposed to high wind speeds. 

While the oscillations of each of these examples are similar, the causes are 

not. The stack is the result of vortex shedding and the power line results 

from what is known as galloping. Both of these types of flow induced 

vibrations have resulted in failure of structures such as stacks, bridges, and 

tow cables, to name a few. The pole under consideration is considered to be 

an elastic mounted flexible structure and it has a square cross sectional shape 

which classifies as a bluff section. Therefore, the pole has the possibility of 

experiencing either of these types of flow induced vibrations. 

As shown in Fig. 1, a structure with a bluff trailing edge sheds vortices in 

an alternately symmetric pattern, called a vortex street, that produces 

oscillating pressure fields on the structure which can cause the structure to 

vibrate. A proportionality constant, the Strouhal number, S, relates the 

vortex shedding frequency, f,, the free stream velocity, U, and the maximum 

structure width, D, normal to the free stream is as follows 

SU f= D (1) 

(Blevins 1977, 15).



  
Figure 1. Vortex street behind square section (Source: Obasaju 1990, 177) 

When the shedding frequency coincides with the natural frequency of a 

structure, a so called lock-in, or synchronization, effect can occur which has a 

strong organizing effect on the wake. The lock-in band is the flow regime(s) 

where the vortex shedding frequency synchronizes with the natural 

frequency of the structure (Blevins 1977, 19-21). From Eq. 1, the flow regime(s) 

or wind speed(s) where a vo1.ex induced vibration can be expected is 

determined. The value is expressed as a reduced velocity, U, 

ga (2) 
fD 

which is a dimensionless quantity and is the inverse of the Strouhal number 

(Blevins 1977, 6). By substituting f, for f,, the wind speed where vortex 

induced resonant vibration is possible can be found for a specific structure.



The amplitude of a structure's oscillations due to vortex shedding is found 

to be self limiting (Blevins 1977, 20). The limit is due to the break up of the 

symmetric pattern of alternately spaced vortices caused by the interaction of 

the structure's amplitude vibration with the wake. The oscillation amplitude 

at which the breakup begins to occur is approximately one-half the diameter 

(D), and full antisymmety occurs at approximately 1D. Therefore, vortex 

induced resonant oscillation amplitudes of structures are limited to the order 

of one diameter. 

Galloping, a response based on the aerodynamic lift forces, which act in 

the direction of the motion, of bluff bodies is induced by a small transverse 

motion of the body, thereby resulting in negative damping forces 

(Mukhopadhyay 1976, 329). Bluff bodies that possess these aerodynamic 

properties are aerodynamically unstable. Analyses of structures exhibiting 

galloping have been developed by Parkinson (1964) and Blevins (1986, 55-87) 

and can be broken into two stages. First, a stability analysis is performed in 

which a first order approximation of the aerodynamic force on the structure is 

used, and second, an analysis is made of the finite amplitude vibrations of the 

primary or first mode of the structure. The analysis assumes a quasi-steady 

fluid force; i.e., the fluid force on the structure is determined solely by the 

instantaneous relative velocity and the angle of attack of the flow to the 

structure (Blevins 1986, 56). 

A stability analysis for a one degree of freedom (DOF) model with 

transverse displacements exposed to a constant steady flow has been 

developed by Blevins (1986, 57-60). It is based upon solving a structure's 

equation of motion, considering only the linear terms, such that the 
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displacement, Y(z,t), which is a function of position and time, is zero. The 

result is a general equation that determines the minimum reduced velocity, 

U,,, that is required for the onset of unstable large amplitude vibrations. The 
U,,, 

equation is 
  g,-U.- pS? [Gero (3) 

prD 

where f, is the natural recency of the structure, m is mass per unit length 

of the structure including the entrained mass of fluid, ¢ is the structural 

damping factor, p, is the density of the fluid, U is the free steam velocity, D 

is the cross sectional width, and (0C:/da+Cop) is the slope of the vertical force 

coefficient for a particular cross section where @ is the angle of attack of the 

flow with respect to the structure. If the flow over the length of the structure 

is not uniformly distributed, Eq. 3 must incorporate an equivalent flow 

velocity, U,,. The equivalent flow velocity is a function of the mode shape of 

the structure: 
L 

Ju@ y? (z)dz 

Ueq = 2 (4) 
J y’ (z)dz 
0 

where y is the equation of mode shape under consideration. 

If the reduced velocity exceeds the value of U,, from Eq. 3, then unstable 

galloping oscillations occur as a result of the energy added to the structure by 

the flow exceeding the energy that can be dissipated internally by the 

structure, i.e., negative damping occurs. The amplitude of vibration 

continues to grow until a balance is reached between the energy input and the 

energy output. Mathematically, the vibration amplitude would grow without 

bounds as the energy input into the structure continues to increase, however, 
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for real structures the amplitude is limited by the nonlinearities in the 

structure and in the fluid force imparted on the structure. 

Blevins (1986, 66-71) has developed a method to predict the vibration 

amplitudes for 1 DOF structures with transverse displacements. In this 

procedure the fluid force is considered a nonlinear aerodynamic function that 

interacts with a structure that behaves linearly and produces the following 

equation of motion 

m+ 2mLaoy + ky =~ pU?DCy. (5) 

This has the form of a non homogenous, nonlinear, self excited oscillator. A 

steady-state solution for Eq. 5 can be found using the method of slowly 

varying parameters. The result is a quadratic equation, 

A=[-—Uaiki —1)4U asks), (6) 

in terms of two non-dimensionalized variables, amplitude 
2 

Aah Pe? 
~ D 4mo’ 

  (7) 

and wind speed, 

_U_p,D” 

that allows the prediction of amplitude displacements, A, from known wind 

speeds. The terms k; and a; are mode shape factors and vertical force 

coefficients, respectively for a particular structure. 

The vortex induced and galloping analyses described are directly applicable 

to the pole. Theoretical critical wind velocities at which the pole may begin to 

oscillate can be determined and compared to observed data offering insight 

into the type of oscillations the pole is experiencing. Also, theoretical pole 

displacement amplitudes can be predicted and compared to observed data 
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further supporting or refuting the conclusion. To apply either analyses, 

geometrical, material, and vibrational properties of the pole are required and 

are the subjects of the next two sections. 

Pole Configuration 

The focus of this report is an untapered square cross section pole, 40 feet 

long with a six inch frontal width, fitted with a single top mounted light 

fixture. It is shown schematically in Fig. 2. The pole material is ASTM-A500, 

Grade B low strength structural steel, manufactured in a seamless state with a 

wall thickness of 0.188 inches. Geometric and material properties are 

displayed in Table 1. A 4 x 6 inch rectangular electrical access hole is located 

12 inches from the base of the pole. The access hole is reinforced by the 

addition of a stiffener also made from ASTM-A500, Grade B, steel tubing, that 

is welded to the pole using a 1/4 inch full circumference fillet weld from the 

outside. Fatigue cracks are found emanating from the upper corners the 

access hole.
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Figure 2. Pole geometry



Table 1. Geometric and material properties [ASTM-A500] of square straight 
steel pole 

  

  

  

  

  

  

  

  

  

  

  

    

Property Value 
(U.S.) (S.L.) 

L 474 in 12.0396 m 

Acrs 4.3706 in2 0.002819 m2 

D 6.0 in 0.1524 m 

I, (Ix=ly) 24.6319 in4 1.0253 x 10° m4 

J 41.63 in4 1.7328 x 10° m4 

0, 46 kpsi 317 MPa 

O, 58 kpsi 400 MPa 

p 0.284 Ib/in3 7859 kg/m? 

E 29 x 108 psi 200 x 103 MPa 
G 11.6 x 108 psi 80 x 103 MPa 

Oth 6.5x106in/in/OF |1.17x 10° m/m/°C 

WW 0.26 0.26         
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Natural Frequencies And Mode Shapes 

In windy conditions the pole is found to oscillate in transverse or bending 

displacement in the primary mode. Torsional oscillations are significantly 

smaller in amplitude than the transverse oscillations and are considered 

negligible. On the basis of these findings, the natural frequencies of the light 

pole are determined by modeling the pole as a simple cantilever beam with a 

concentrated force at the free end. The model allows an exact solution using 

the methods outlined in Meirovitch (1986, 220-232) for continuous beams 

under transverse displacement. 

The solution of the natural frequencies and mode shapes of a cantilever 

beam are well documented and only the key points are presented. The 

concentrated force at the free end is assumed to be at its maximum value of 

105 lbs. The boundary conditions used are shown in Table 2 and are based 

upon a transverse displacement, y(x,t). At the free end, the bending moment 

is equal to zero since the concentrated mass is assumed to have a zero mass 

moment of inertia. The concentrated mass does, however, produce a non- 

zero shearing force at the free end. The solution of the bending vibration 

problem leads to the natural frequencies and mode shapes shown in Table 3. 

With the vibrational characteristics and geometric properties of the pole 

determined, the vortex and galloping analyses can be applied to determine 

the cause of the oscillations. 
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Table 2. Boundary conditions 

  

  

  

Location Condition Equation Represents 

pole base, clamped y(x = 0,1) =0 displacement 
x=0 end y’(x = 0,1) =0 slope 

free end, concentrated y"(x=L,t)=0 moment 
x=L mass Ely’(x = L,t) = my shear             
Table 3. Natural frequencies and mode shapes of light pole 

  

  

Bending Oscillation Mode 

  

    
  

  

        

1st 2nd 

Oscillation Mode 

/ \ 

| 
/ 

S777? S777 

Natural frequency, 0.90 6.14 

fn (Hz) 

Period, T (sec) 1.12 0.16 

Mode Shape Eq y(z) =—Dsinh(Bz) + E cosh(Bz) y(z) = —F sinh(Bz) + Gcosh(8z) 

+D sin(Bz)— Ecos(Bz) +F sin(Bz) — G cos(Bz) 

D = 0.566 F = 0.496 

E=0.424 G = 0.504 

B =1.637 B = 4.289 
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Vortex Induced Vibrations 

The Strouhal number for a square section has been estimated to be 0.135 

(Parkinson 1964, 228). By comparison, in the AASHTO standard specifications 

for structural supports for highway signs, luminaries and traffic signals (1985, 

44) § is 0.15 as referenced to all multisided sections. Due to higher level of 

accuracy based on its reference to only one specific section, a square, S = 0.135 

will be used in this report. With S=0.135, Eq. 2 predicts resonance of the pole 

at a reduced velocity of 7.4. Letting f = f: and D=0.5 ft in Eq. 2, the calculated 

critical wind speed where resonance can occur is shown in Table 4. 

Table 4. Critical wind speeds for onset of vortex induced oscillations 

Wind Speed Mode 1 | Mode 2 

  

  

  

U 3.314 ft/s 22.76 ft/s 

2.26 mph 15.51 mph 

1.01 m/s 6.94 m/s         
Significant pole oscillations have been recorded at steady wind speeds of 

20 - 25 mph and higher. The oscillations are in the first mode for a cantilever 

beam and tip amplitude displacements range from 0.1D up to the order of 

2.0D (Hirt 1995). Based upon a comparison of recorded wind speeds and the 

calculated wind speed for a vortex induced oscillation of the first mode, see 

Table 4, one must conclude that the flow induced oscillation that the pole is 

experiencing is not due to vortex shedding. Another supporting fact for this 

conclusion is the observed tip amplitude displacements of the order 2.0D. As 

previously stated, vortex shedding oscillations are limited to amplitude 
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displacements of the order of one diameter and therefore could not produce 

the observed tip displacements. 

From the above conclusions, the remaining phenomenon possibly causing 

the flow induced vibration of the pole is galloping; and its relevance is 

discussed below. 

Galloping Vibrations 

The galloping analysis for the pole is based on a 1 DOF model that is 

subject to steady flow that is distributed parabolically across the span of the 

structure. The 1 DOF allowed is transverse displacements with respect to the 

oncoming wind velocity and is in agreement with observed displacements. 

The varying flow speed across the structure is based upon a typical wind 

profile and is represented mathematically by a power law expression 

u@)=U,( =] C) 

where L is the height above the ground, U is the wind speed at height z 

where z is between zero and L, a is a shape factor for typical wind profiles, 

and a typical value is approximately 0.15, and U,_, is the wind speed at height 

z=L. 

Turbulence of the flow across a structure can have a profound effect on the 

galloping instability, either increasing or decreasing it. To incorporate the 

effect into the analysis, vertical force coefficients for the structure must be 

determined in wind tunnel tests for each desired turbulence level (Blevins 

1986, 78). These tests are unavailable as are actual history logs of turbulence 

levels experienced by poles in the field. Though the wind experienced by the 

14



poles is actually a turbulent flow, the galloping analysis assumes a steady flow 

due to lack of testing and history. 

To apply the stability analysis to the pole, the following equations and 

constants are required: a value of 1.23kg/m’(2.3769~ slugs/ft*) is assumed for 

p,, the density of air at sea level (Shevell 1989, 424); (0C:/da+ Cop) is equal to 

-2.7 as defined for a square cross section in a steady flow (Blevins, 1986, 60); 

the value of € for the pole is assumed equal to 0.01, note that this value is an 

estimate and further discussion of ¢ and its overall effect on the analysis will 

be addressed later; the mass per unit length for the pole must contain the 

mass of the entrained fluid which is approximately equal to the mass of fluid 

displaced by the structure, therefore, 

m = (mass, .aure + MASS,.4) / L 

where (10) 

MASS cructure = pA,,L 

mass,,.4 = PrA,,L 

and is equal to 22.2kg/m; the equivalent flow velocity is found by performing 

the integration of Eq. 4 with the equation of the primary mode shape taken 

from Table 3 and U from Eq. 9, resulting in 

Ueq= kU 21 (11) 

where k, =0.902. Substituting the values above and Eq. 9 and 11 into 3, the 

minimum wind speed at z=ZL for the onset of galloping is 

U =10.93 MY = 24.46 mph. (12) 

Therefore, the pole is expected to be unstable for wind speeds above 24.46 

mph. 

The pole's general equation of motion is 

[EIY”] +2mCoY + mY = = PU*DCy, (13) 
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The vertical force coefficient, C,, for a square section is represented by a cubic 

polynomial expansion, 
; .\3 

omar ealt) (14) 

where 

a, =2.7, 

a, =—31 

(Blevins 1986, 69). 

Equation 13 is reduced to an ordinary differential equation using one mode 

expansion, 

. 1 1. 1. 
my + 2mloy + ky = 5P/U*D| ka yt k,Q, as (15) 

where 

  i=1,3. (16) 

Note that the k,'s incorporate the effect of the varying velocity distribution as 

well as the mode shape of the structure. Solving Eq. 15 and incorporating the 

fundamental mode shape and equivalent flow velocity, 

A=[-(Uaiks-1)4U asks}, (17) 
is found where 

k, = 0.902, 

k, =2.442, 

and U = non-dimensional wind speed at z =L. Equation 17 is graphically 

displayed in Fig. 3 and shows the relationship between tip amplitude and 

wind speed for the pole and demonstrates the non- limiting effect of 

galloping oscillations in the primary mode. Actual values for wind speeds 
16



and amplitude displacements can be determined by using Fig. 3 and Eqs. 7 and 

8. 
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Figure 3. Response of subject light pole to galloping oscillations in the 
fundamental mode 

The structural damping factor, €, used throughout the analysis is an 

assumed value. Inspection of Eq. 3, 

U Ama Amat) / 30 C1 U, =—-=- +Co), (3) D (~— +Co) 

reveals that a linear relationship exists between U and € and an inspection of 

  

Eqs. 7, 8, and 17 shows that a nonlinear relationship exists between the values 

of Cy, A,and U. The relation between U and ¢ allows the minimum wind 
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speed for onset of galloping oscillations to be as low as 15 mph for € = 0.006. 

The dependence of A and U on € is shown graphically in Fig. 4. Figure 4 was 

generated by expressing A and U as functions of ¢ and assuming a typical 

wind speed of U = 33.5 mph (similar graphs are developed as the value of U 

is allowed to vary). This shows that the galloping analysis by Blevins is 

highly sensitive to the value of € and ,therefore the true value of € should be 

used when performing the analysis. To determine € a logarithmic decrement 

test on the pole should be performed using the original configuration in calm 

environmental conditions to produce an accurate value. For this report, 

however, the logarithmic decrement test is unavailable and an estimated 

value of € is used. 

  

lp
 

‘ — ee 
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G 

Figure 4. Sensitivity graph of A and U vs. € for U = 33.6 mph 

      
The fundamental assumption behind the galloping analysis is that the 

fluid force must be quasi-steady, which is valid only if the frequency of the 

periodic components of the near wake associated with vortex shedding is well 
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above the natural frequency of the structure (fs >> fp) (Blevins 1986, 56). This 

condition is usually met if 

U/(fD) > 10, (18) 

where /f is the natural frequency of the mode shape of the structure under 

consideration. If U for the onset of galloping, f, and D are substituted into 

Eq. 18, the result is equal to approximately 80 and the quasi-steady assumption 

is valid for conditions that can cause galloping of the pole. 

Satisfaction of the quasi-steady assumption and acceptance of the 

estimated value of € allows actual wind speeds and tip amplitude 

displacements to be determined, see Table 5. Actual pole tip displacements in 

high wind conditions reported by industry range from 0.2 D to 2.0 D (Hirt 

1995) The minimum wind speed for which oscillations occur is reported as 20 

- 25 mph. Comparison of the predicted values with the reported data 

demonstrates satisfactory agreement and supports the estimated value of € as 

being adequate. Thus, the conclusion is that the flow induced vibration 

experienced by the pole is a result of galloping. 

Table 5. Wind speeds and associated amplitudes 

  

  

        

A (inches) U (mph) 

0 24.46 

(onset of galloping) 

7.5 29.1 

11.3 33.6 
  

The galloping analysis provides a method to predict the pole amplitude 

displacements for a range of wind speeds. These displacements or deflections 

19



result in significant stresses at the base of the pole and are directly related to 

the fatigue cracks. A relation between amplitude displacement and resulting 

stresses can provide a direct link between the vibration and fatigue analysis 

and is the subject of the next section. 
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BEAM DEFLECTION AND LOADING 

The pole is modeled as a cantilever beam, as shown in Fig. 5, witha 

parabolically varying distributed load, 

  

    

  

  

  

0.3 

w=w(=—*) , (19) 
L 

which is associated with loading that would be produced by a natural wind 

profile. 

4 : " 
x —-—_—___—_—_—_—_—_ 

wi 

—_] 

W = W(x) 

Figure 5. Beam deflection model 

From the above model, static equilibrium equations are determined which 

lead to the applied moment equation, 

M = - TL = x)" jor t-77Lw, k + - 03(L—x)(10L+ 13x) 95 +-33L'w, | (20) 

Successive integration of Eq. 20 and the incorporation of the appropriate 

boundary conditions for a cantilever lead to the general deflection equation, 
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} .054(L— x)** -0.102(— 2)*L+.1230°L] 5 + 

vv
 y=—4[-(L~ x)*L-0.030(L— x) L] gs +1650? wx” -}, (21) 

EI 
.715L’w,x+.427L'w,   

from general elastic beam deflection theory (Muvdi 1984, 265-332). 

The maximum deflection occurs at the right end of the cantilever, x =0, and 

is 

— 30991" 
Vi=0 El Wi. (22)   

Based on the observed fatigue cracks, the critical area of the subject pole is 

the 4 x 6 inch electrical access hole located approximately 12 inches from the 

base of the pole as shown in Fig. 2 (Hirt 1995). A magnified schematic of the 

area is shown in Fig. 6 and the associated geometric properties are listed in 

Table 6. The stiffener compensates for the decrease in the moment of inertia 

of the cross section after the 4 x 6 inch cutout is removed. 

To determine stresses at the critical area, assumptions of loading and 

geometry are made. Loading is due only to transverse displacement of the 

beam; any torsional displacement or twisting is negligible as in the vibration 

analysis. The access hole is located such that it is in pure tension when the 

pole is displaced as in Fig. 5. Moments and applied stresses at the critical area 

are evaluated at x = 462 in (38.5 ft), which is the centerline of the access hole. 

All other stresses across the critical area are calculated from these centerline 

values. 

The tensile stresses across the critical area are based on the previously 

mentioned simplifications and loading history. The order of progression for 

determining the stresses are as follows: 
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Figure 6. 4 x 6 inch access hole (magnified view) 
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Table 6. Geometric properties of 4 x 6 inch access hole 

  

  

  

  

      

Property Value 

(U.S.) (S.L.) 

IXA-A 28.0 in4 1.17 x 10°5 m4 

Iya-A 30.0 in4 1.25 x 10-5 m4 

y 3.4 in 0.09 m 

x 3.0 in 0.08 m       

(1) Finite value of pole tip displacement is assumed in a direction which 

places the critical area in tension. 

(2) Calculate corresponding distributed load, wi, from Eq. 22. 

(3) Calculate applied bending moment, M, at the critical area from Eq. 20 

with x = 462 inches and wi from step (2). 

(4) Determine tensile stress, o, at the centerline of the critical area from 

o=M= (23) 

with M from step (4), c = 2.63 inches and I = Ix a-a. 

(5) Calculate tensile stress at the constant cross section. see Fig. 7, from 

static equilibrium conditions. 

Tensile stresses are determined from tip amplitude displacements ranging 

from 1 inch to 14 inches as presented in Table 7 using the method above. 

Tip amplitude displacements are taken from values predicted by the 

previous galloping analysis and that are reported by industry. The next 

logical step is to relate the wind speeds that produce the galloping oscillations 

of the pole to the resulting stresses at the critical area. This is done by 

incorporating the tip amplitude displacement equations, Eq. 7 and 8, with the 
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method described above to predict the tensile stresses. The result can be 

expressed graphically and directly relates wind speed to the centerline stresses 

of the critical area as shown in Fig. 8. 

  

aa 
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centerline constant cross 

X = 462 in. section 

x=456 

Figure 7. Magnified view of 1/4 critical area 

Once the critical area stresses are known, it is next desired to predict the 

stresses occurring at the location where the fatigue cracks are initiating. In 

order to predict these stresses, stress concentration factors for the critical area 

must be calculated. Due to the uncommon nature of the geometry of the 

critical area, the most effective method to determine these factors is by a finite 

element analysis of the critical area. 
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Table 7. Tip amplitude displacements and resulting critical section stress 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Tip Amplitude | Stress at Stress at Constant 
Displacement Centerline Cross Section 

in (m) psi (MPa) psi (MPa)| 

1 (.0254) 1065 (7.343) 2125 (14.65) 

2 (.0508) 2130 (14.69) 4251 (29.31) 

3 (.0762) 3195 (22.03) 6376 (43.96) 

4 (.1016) 4260 (29.37) 8501 (58.61) 

5 (.1271) 5325 (36.72) 10626 (73.27) 

6 (.1524) 6390 (44.06) 12752 (87.92) 

7 (.1778) 7455 (51.40) 14877 (102.6) 

8 (.2032) 8520 (58.74) 17002 (117.2) 

9 (.2286) 9585 (66.09) 19128 (131.9) 

10 (.2540) 10650 (73.43) 21253 (146.5) 

11 (.2794) 11715 (80.77) 23378 (161.2) 

12 (.3048) 12780 (88.12) 25504 (175.8) 

13 (3302) 13845 (95.46) 27629 (190.5) 

14 (.3556) 14910 (102.9) 29754 (205.2)           
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FINITE ELEMENT ANALYSIS 

The finite element modeling and analysis program ALGOR is used to 

perform a linear elastic solution of the critical area. A three dimensional 

model using 8 node brick elements is developed and an undeformed view of 

the completed model is shown in Fig. 9. Note that it was only necessary to 

model 1/4 of the critical area due to the symmetry of the area. Boundary 

conditions (BC) applied to the model are depicted in Fig. 10 and represent 

restrictions in translational motion. For example, a node with the BC Tz is 

restricted from motion in the z direction while the BC Txz restricts motion in 

both the x and z directions. Rotational motion is restricted for all nodes by 

definition of the brick element and is not shown on Fig. 10. Loading of the 

model corresponds with stresses at the constant cross section and the applied 

direction is shown in Fig 10. From Table 7, three load cases (LC) are analyzed: 

LC (1) represents a tip amplitude displacement of 5 inches , LC (2) - 7 inches, 

and LC (3) - 10 inches. Some results of the analysis are shown in Figures 11 

-13. Figure 11 depicts the model in the deformed state for LC 3. The outer 

edges remain stationary due too increased bending stiffness resulting from 

the pole’s square cross section while the center of the area deforms 

dramatically due to the reduced bending stiffness. The von Mises stresses 

(Boresi 1993, 133-134) corresponding to LC3 are shown in Fig. 12 where it is 

seen that the maximum value occurs at the corner of the access hole, 

therefore supporting the observed crack initiation site. Figure 13 also displays 

the von Mises stresses for LC3 with portions of the model cut away in order to 

more easily reveal the critical area. 
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With the FEA of the critical area completed, it is possible to directly relate 

the pole displacements resulting from galloping to stresses at the corner of the 

access hole. The calculated stresses are used in developing a fatigue analysis 

of the area as is discussed in the next section. 
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Figure 9. Undeformed view of original configuration 
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Figure 10. Boundary and loading conditions 
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Isometric view 
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Top View slightly rotated 

Figure 12. Original configuration von mises stresses LC3 
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Figure 13. Original configuration — cutaway view von mises stresses, LC3 
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FATIGUE ANALYSIS 

Crack Growth 

A general fatigue analysis of any structural component consists of a fatigue 

crack initiation period and a fatigue crack growth period (Dowling 1993). 

The initiation period involves determining the life to start an engineering 

size crack (typically 1-5 mm) in a component. The growth period involves 

determining the life for the engineering size crack to grow to a specific critical 

length. The total life of the component consists of the addition of the 

initiation life and the crack growth life. This approach is applied to the 

fatigue analysis of the pole, however, it is discovered, as described below, that 

fatigue crack growth dominates. 

If a structure exposed to cyclic loading is manufactured in a way that 

allows or produces gaps or voids on the order of 1-5 mm between its surfaces 

at highly stressed areas, fatigue crack growth and overall structural failure 

may quickly occur. The gaps in the structure behave as engineering size 

cracks leading directly into fatigue crack growth, therefore eliminating the 

crack initiation period and its associated life. This situation is discovered to 

exist at the poles access hole. The cutout for the access hole is made using a 

torch cutting method which does not produce tight geometric tolerances for 

the final cutout dimensions. As a result significant gaps of engineering size 

cracks can exist between the stiffener outside diameter and cutout internal 

diameter. When the stiffener is fillet welded in place, the gaps appear to be 

filled with a combination of welding filler material and base metal. However, 

a fillet weld is not considered to be a full penetration weld and the gaps may 
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still exist below the poles outer surface, as shown in Fig. 14. These gaps 

behave as engineering size cracks located in a highly stressed area exposed to 

cyclic loading resulting in fatigue crack growth. 
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Figure 14. Location of pre-existing gaps 
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Figure 15. Model of applied forces for crack growth 

The fatigue analysis is divided into two separate periods of growth. The 

first period is the life required for the pre-existing cracks to intersect the weld 

surface and become visible from the outside of the pole. The second period 
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consists of the life required for the visible crack to propagate across the pole's 

flat surface to a predetermined length. A middle period of crack growth does 

exist between the first and second. It consists of the time required for the 

crack to propagate through the HAZ and change direction from the first to 

second period. The crack growth is quite complex due to this direction change 

and loading is difficult predict. Therefore, this period of growth is assumed to 

be negligible in determining the life of the pole. For the first period, the 

critical area is modeled as a crack growing from a stress raiser, a fillet, in a flat 

plate subjected to cyclic loading, Fig. 15. Due to the presence of the stress 

raiser two independent modes of crack growth are possible. If the crack is 

short compared to the change in plate width due to the fillet, the stresses at 

the crack tip feel the full effect of the stress raiser. Thus, the crack growth 

solution is the same as for a surface crack in an infinite body, except that the 

stress is k,S, being amplified by the stress concentration factor. Once the crack 

has grown far from the stress raiser, it no longer influences the stresses at the 

crack tip and the solution is the same as for a single-edge cracked tension plate 

(Dowling 1993, 297-300). By comparing the two different stress intensity 

factors, K, for each case, see Fig. 16, it is possible to determine the proper 

solution to use for a specific crack length. In this case, an initial crack length, 

!, of 1/3 the pole's wall thickness, 0.063 inches, is assumed, to establish a 

worst case condition, resulting in //c=0.124 where c=0.5 inches, the width 

of the stiffener extending beyond the poles outer surface, and k, = 4.152, 

determined from the maximum von Mises stress for LC 3, as shown in Fig. 

12. Figure 16 shows that for //c=0.124 the current configuration is already 

beyond the initial solution and behaves as a single edged cracked plate. 
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Life estimate for a single-edge cracked plate under tension is outlined in 

Dowling (1993, 456-524) and is the basis for this analysis. Associated geometry 

definitions and charts for determining K are shown in Fig. 17. For crack 

growth analysis, a loading history must be known; and for the pole no such 

information exists. Intuition states that the pole vibrations will start as small 

oscillations for a certain wind speed and continue to grow while the 
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Figure 16. Stress intensities for a crack growing from stress raiser in a flat 
plate 
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Figure 17. Stress intensity factor for a single-edge cracked plate in tension 
(Source: Dowling 1993, 292) 
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wind speed increases. Actual limits of oscillations for each occurrence are, 

however, unknown and will vary for each vibration experience. The 

oscillations are considered to approach fully reversed cyclic loading due to the 

pole's response when oscillating. Therefore, the pole will be assumed to be 

subjected to a constant amplitude fully reversed cycling loading and that crack 

growth only occurs during tension loading. Different tip amplitudes are 

studied to provide insight into the overall behavior of the pole at various 

wind speeds and corresponding life. Tension loading is found from 

determining the stresses, using FEA, that lie along the line of action A-A, Fig. 

15, which is perpendicular to that of crack growth. An example of the stresses 

along line A-A is illustrated in Fig. 18. Due to welding, a heat affected zone 

(HAZ) encircles the initial crack, Fig. 15. Inside the HAZ the base material 

properties are altered, see Table 8, and are used for the crack growth analysis. 

The final crack length at failure, a,, is the smaller of two different failure 

modes. The first is failure by fully plastic yielding of the cracked plate and its 

crack length, a,, is determined by 

a, = b| P’+1-J2P'(P’+1)| 
(24) 

r_ Oy_ 
P = 

(Dowling, 1993, 324). The second is failure by brittle fracture and its crack 

length, a,, is approximated based upon numerative iterations dependent 

upon K,, and S,,,,. The length of a, is calculated using the fatigue analysis 

program LifEst by the Somat Corporation (Somat). LifEst is capable of solving 

varied geometry and loading arrangements for the number of cycles to 

failure, N,, and corresponding crack lengths based on the numerical solution 

of 
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Ny = iG (25) 

where 

a = C(AK)" =C(FASV za)”, (26) 

F is a geometry factor, AS is the applied stress range, and a is the crack 

length, C is the fatigue crack growth constant, and m is the fatigue crack 

growth exponent (Dowling 1993, 491-494). Upon determining a,, N, is found 

for each load case using LifEst, see Table 9. The stresses developed under LC 1 

and 2 are not large enough to exceed the crack growth stress intensity factor 

threshold and therefore crack growth does not occur if a, is 0.063 inches or 

smaller. LC 3 does produce a stress that will lead to crack growth and its final 

length is controlled by a, due to the limitations of linear elastic fracture 

mechanics. 

Table 8. Base metal (BM) and HAZ material properties for low strength 
structural steel 
  

  

  

  

  

          

BM HAZ 

Kc 370 ksivin __| 190 ksivin * 
AK 8.0 ksi-vin 8.0 ksivin + 
C 3.6 x 10°10 3.6 x 10°10 

m 3.0 3.0 

Oo 46000 psi 69000 psi* 
  

Source: Barsom (1987, 118) 

* Source: Lawrence (1990) 
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Table 9. Results of single edge cracked plate model 

  

  

  

                

Load Case Smax ao ac af Ne | 

1 5335 psi 0.126 in no growth | no growth | oo 

2 7799 psi 0.116 in no growth |no growth | 65 

3 11155 psi | 0.103 in 0.156 in 0.103 6.2 x 104 
  

The second section of the fatigue analysis concerns the propagation of the 

crack across the pole's flat surface once the crack penetrates the weld and 

becomes visible from the outside of the pole, see Fig. 6. The model used to 

analyze the crack growth is a crack near a junction of two sheets under 

uniaxial tensile stress (Rooke 1976, 196-197). Associated geometry definitions 

and charts for determining K are shown in Fig. 19. Sheet 1 is defined as the 

main pole material and sheet 2 is defined as the stiffener, thus tj = 0.188 

inches and t2 = 2.5 inches. Crack tip A is 0.25 inches from the edge of the 

stiffener, outside the HAZ, and is considered to be stationary, that is only 

crack tip B will propagate across the flat surface. The initial crack length, 2aj, 

is assumed to have a length that can be seen with the naked eye and is 0.125 

inches. The final crack size, 2a¢, is chosen to be representative of sizes 

experienced in service and is equal to 0.625 inches. Applied loading is found 

from FEA analysis by determining the tensile stresses in the axial direction at 

the crack position. This direction of loading is chosen as it represents a 

perpendicular direction to that of crack growth. An example of the tensile 

stress for LC 3 is illustrated in Fig. 20. 

To apply linear elastic fracture mechanics (LEFM) to fatigue crack growth 

the plastic zone size ahead of the crack tip must be small compared to the 

distance from the crack tip to any boundary of the area and either plane stress 
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or plane strain conditions must exist at the crack tip (Dowling 1993, 317-319). 

For this model, satisfaction of 
2 

ap-anz4{ E) ) (27) 
H\ oO 

for both a, and a, shows that the plastic zone size and plane stress condition 

are met, however, the plane strain condition is not. Crack growth rates are 

not dependent upon plane stress or plane strain conditions and thus life 

estimates based upon the stress intensity curves are accurate (Dowling 1977, 

143). The geometry factor from the stress intensity curve, Fig. 19, is 

determined to be 

_ Ki 
2 

F=—= 0.104( - 0.0385 + 1.001 
Ke (28) 

fors= PB 13.29 ~ 00 
fh 

from a polynomial curve fit. The number of cycles to failure is found for each 

LC, using Eqs. 25, 26, 28 and are shown in Table 10. 

Table 10. Life estimate of crack near two sheets 

  

  

  

          

Load Case AS N¢ _| 

15156 psi 5.16 x 105 

21212 psi 1.88 x 10° 

3 30311 psi 6.50 x 104 
  

The total life of the pole, N, for each LC is found by the addition the two 

periods of fatigue crack growth as shown in Table 11. Note that N, for LC 1 

and 2, approaches infinity. This results from the first period crack growth to 

be non-existent for an initial crack length of 0.063 inches. This factor does not 
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diminish the validity of the life predicted for the second period of crack 

growth. If a condition exceeding that of the worst case exists, 1.e., a larger 

initial gap, crack growth during the first period occurs under LC's 1 and 2 

leading to the second period of growth. Therefore, in pursuing design 

improvements, it is desired to extend each stage of the fatigue life. 

Table 11. Total life estimates for the pole 

  

  

  

          

Load Case N¢ ist period | N¢ 2nd period Nee 

1 co 5.16 x 10° co 

2 0° 1.88 x 105 co 

3 6.2 x 104 6.50 x 104 1.27 x 105 
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Design Improvements 

The most obvious way to improve the fatigue life of the pole is to reduce 

the magnitude of the stresses at the critical area with a redesigned access hole. 

Geometry variations, manufacturing techniques, and materials are areas 

where improvements can be made. Examples of better manufacturing 

techniques are: tighter tolerance requirements, machining processes, and 

welding techniques that would eliminate the possible gaps between the 

cutout for the access hole and the stiffener. Material variations for the pole 

and/or the stiffener may offer the ability to reduce the magnitude of the 

stresses or even enhance the structure's capability to withstand the current 

stresses. Unfortunately, these types of changes result in an increase in the 

overall price of the pole which is an undesirable event. The final option is 

geometry variation of the access hole. These changes are easily incorporated 

into the manufacturing process, will have negligible effect on the overall cost 

of the pole, and thus are considered to the best choice for life improvement. 

The rounded corners of the rectangular shape access hole, that behave as 

stress concentrations, are significant factors contributing to the magnitude of 

the stresses. It is desirable to minimize the stress concentrations by variations 

in the access hole's geometry, specifically the corner radii. By modeling the 

critical area as an infinite plate with a hole subjected to uniaxial tension 

loading, it is found that the minimum concentration factor is associated with 

either an ovaloid or ellipse shaped hole, see Fig. 21 (Peterson, 131-133). 

Though the critical area can not be considered as an infinite plate, the 

information found in Fig. 21 
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Figure 21. Comparison of kt for various shaped holes in infinite plates 
(Source: Peterson1974, 210) 
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provides insight into possible new shapes of the access hole. 

Two dimensional models of the critical area are built using an elliptical 

and an ovaloid design for FEA. The models are constructed from membrane 

elements that provide a solution assuming plane stress conditions exist. In 

reality, plane stress conditions do not exist, however, for comparison 

purposes only the models are considered to suffice. The overall size of the 

access hole, 4 x 6 inches, remains the same, the stiffener dimensions are kept 

intact, the same boundary conditions, as well as the three load cases described 

for 3-D model are used. Comparison of the solution for each model result in 

the elliptic design producing a maximum von Mises stress that is 

approximately one percent lower than the ovaloid design, see Fig. 22. 

Manufacturing considerations of the two configurations are compared due to 

the restriction on cost increase. The stiffener has the same cross section of the 

access hole cutout and is provided in tubing form. Common cross sections of 

tubing available in industry are circular, rectangular, or ovaloid. Elliptical 

shaped cross sections or cutouts involve more complex designs than that of 

basic geometrical shapes as rectangles, circles, or their combination. Any 

complex designs will directly effect the cost of manufacturing the pole. 

Hence, the configuration of access hole to be analyzed is the ovaloid. 

The ovaloid configuration is analyzed using the same procedure as 

outlined for the current configuration. Figure 23 shows a magnified view of 

the critical area with the ovaloid design, while Fig. 24 depicts the model in its 

deformed state under LC 3 where it is seen that it deforms in the same 
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Elliptical design LC3 

Ovaloid design LC3 
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Figure 22. LC3 2-D membrane von mises comparison of ellipse and ovaloid 
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Figure 23. Access hole - ovaloid design 

manner as the original configuration. The von Mises stresses corresponding 

to LC3 are depicted in Fig. 25 where it is shown that the maximum value 

occurs at approximately 45 degrees from the center line of the access hole. 

Figure 26 shows the stress along the line of action A-A for LC3 that are used 

in the first period crack growth analysis and Fig. 27 displays the stresses in the 

axial direction for LC3 used in the second period of crack growth analysis. 

Tables 12, 13 and 14 show the results of each section of the fatigue crack 

growth analysis and the total predicted fatigue life. 
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Table 12. Result of single edge cracked plate model for ovaloid design 

  

  

  

            

Load Case Smax Ap ac af N¢ 

1 2834 psi no growth |no growth | no growth | oo 

2 3968 psi no growth |no growth |no growth | oo 

3 5668 psi no growth |no growth |no growth | oo     
  

Table 13. Life estimates of crack near two sheets for ovaloid design 

  

  

  

        

Load Case AS Ne¢ 

1 13702 psi 6.98 x 10° 

2 19177 psi 2.55 x 10° 

3 27404 psi 8.73 x 104   
  

Table 12 shows that S_,, is reduced below the value required to produce 

stresses that are large enough to cause crack growth based upon a;. Table 13 

shows that if a full penetration crack does exists the number of cycles to 

failure is extended compared to those of Table 9 by approximately 35 percent. 

Table 14. Total life estimates for the pole with ovaloid design 

  

  

  

          

Load Case N¢ 1st period _ N¢ 2nd period Neg _| 

1 oo 6.98 x 109 6° 
2 oo 2.55 x 10° oo 

3 co 8.73 x 104 oo 
  

Table 14 lists that total life estimate for all LC’s approach infinity due to non- 

existent crack growth for the first period. 
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DISCUSSION 

The objective of this report is to perform a durability analysis of a 

commercial light pole that is subject to sustained wind induced oscillations. 

To satisfy the objective, a problem solving approach integrating analytical 

methods from different areas of engineering, such as vibrations, structural 

mechanics, and fatigue, is utilized. The approach demonstrates that solving 

problems in industry requires a designer or engineer to be knowledgeable of 

widely diversified areas of engineering and their methods. A designer is able 

to draw upon these methods to anticipate and avoid problems early in the 

design phase of a project, therefore eliminating costly mistakes that could be 

encountered once the final project is in-service. The methods available are 

sometimes complex, thus designers must possess the ability to use them 

efficiently and effectively to produce accurate results. If the integrated 

approach is used in developing a project or solving a problem, an optimal 

design or solution can be found. 

With the integrated approach, light poles of this configuration are studied 

for their sensitivity to wind induced oscillations and resulting fatigue cracks. 

Poles located in geographical areas where sustained winds above minimum 

critical velocity for wind induced oscillations are common are analyzed for 

their response. Based on the pole's response to the wind, stresses at the 

electrical access hole are calculated. Stresses are compared to required stresses 

for fatigue crack growth at the access hole and a conclusion of the 

susceptibility of the pole to fatigue failure is made. If fatigue failure is 

possible, poles that are less susceptible to fatigue failure are used at these 
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geographical locations, therefore, extending the life of the pole and reducing 

the risk of product reliability. 

The general approach of the durability analysis and its application to this 

particular commercial light pole is extendible to other commercial pole 

configurations. The engineering tools used in the vibration, structural 

mechanics, finite elements, and fatigue studies are all readily available and 

easily adaptable. The main consideration is that the tools be used judiciously 

for each application for without this unnecessary and complex analyses as 

well as erroneous conclusions may result. With all the tools in place, future 

light poles can be developed that have extended fatigue lives over current 

pole designs. 
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(1) 

(2) 

(3) 

(4) 

CONCLUSIONS 

Based on the results of this report the following conclusions are drawn: 

The pole is experiencing a flow induced vibration called galloping. The 

minimum wind speed at which the pole becomes unstable and 

oscillations begin to occur is approximately 25 mph. The galloping 

oscillations cause large vibration amplitudes in the first mode with tip 

amplitude displacements on the order of 2.0D. 

The critical area of the pole is the 4 x 6 inch rectangular electrical access 

hole located 12 inches from the base of the pole. Fatigue cracks emanate 

from the upper corners of the access hole as a result of cyclic loading 

caused by pole vibration. Cracks are initiated from pre-existing gaps as 

the result of manufacturing techniques used in the making of the access 

hole. 

Combination of FEA and LEFM crack growth analysis allows fatigue life 

estimates. For the pole geometry, crack growth is divided into two 

different periods: first is the time required for the pre-existing crack to 

propagate through the weld and become visible from the outside of the 

pole; second is the time required for the visible crack to propagate across 

the pole's flat surface until final failure. 

Beam deflection theory and FEA allow stresses required for crack growth 

and stresses due to vibrations to be directly related. Wind speeds below 

that of 28 - 29 mph produce centerline stresses that do not cause first 

period crack growth for an initial crack length of 0.063 inches. However, 
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(5) 

(6) 

all wind speeds above the critical value produce centerline stresses that 

cause second period crack growth. 

An ovaloid shaped handhole configuration provides significant life 

improvement over the current configuration. Wind speeds below 31 - 

32 mph produce centerline stresses that do not cause first period crack 

growth for an initial crack length of 0.063 inches. Second period crack 

growth does occur for all wind speeds above the critical value, however, 

the fatigue life is improved by approximately 35 percent. 

The integrated application of engineering analytical technologies from 

vibrations, structural mechanics, finite elements, and fatigue, is 

demonstrated to provide an effective and powerful approach to "real 

world" problem solving. 
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RECOMMENDATIONS 

Further research can expand on the conclusions of this report. Wind 

tunnel testing of scaled models of the pole under smooth and various 

turbulence levels of flow would provide verification of the theoretical results 

listed in this report. The structural damping factor from a logarithmic 

decrement test for the pole is needed to also validate the results. Fatigue life 

of the pole can be extended by the reduction of the pole's oscillations in windy 

conditions using vibration absorbers. The absorbers need to be contained 

within the pole for aesthetic requirements on their appearance. Possible types 

are impact dampers and a cantilever absorber. The development of these 

absorbers is complex and requires experimental validation. All the above 

research topics require further in-depth studies. 
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