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ABSTRACT 

A usa fnendly, interactive computer program was created to provide a better 

understanding of Street Light structures used by Manitoba Hydro. The need for such 

a program arose after several failures of such structures. In order to understand these 

failures, an understanding of two wind conditions which possibly caused the failures 

was required. The two wind conditions of interest are low speed laminar winds, 

causing vortex shedding, and gust winds causing vibrations paralld to the direction 

of the wind. Forcing fimctions were developed, based on comrnon Biud dynamic 

theories, which are used to model the forces exerted on the pole due to these wind 

conditions. A mathematical model was built in order to determine the response of a 

pole a ib  jected to these types of wind conditions. The model is analyzed using the 

finite element method and common mathematical routines. The computer program 

allows the user to vary parameters relating to both the pole structure and the wind 

conditions. By varying the parameters and observations of the graphical display of the 

expected pole vibrations, an in depth understanding of the pole's structural behavior 

c m  be achieved. This study can be applied to the future design of pole stnictures as 

well as to continuecl maintenance and monitoring programs. 
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Chapter 1 

Introduction 

1.1 Purpose 

The purpose of this stiidy is to create a user Eendly, interactive cornputer program 

for Manitoba Hydro. This program wiU provide a better understanding of the dects  

wind has on street light stnictures currently in use by Manitoba Hydto. The specific 

wind conditions under investigation are low speed laminar winds, that cause vortex 

shedding, and gist winch. Investigation of these wind conditions and the residting 

response of the structure, provides insight into the potential failure mechanism. A 

better understanding of the behavior of these street light structures due to these 

wind conditions may aid in better future design practices and an awareness of areas 

of potential concem for monitoring the structures. 

The program d o w s  the user to vary any number of variables pertaining to the 

stnictiue and wind conditions includuig the structure's geometry, material properties 

as  well as the wind direction, lamina wind speed and gust wind data. 



1.2 Scope 

The inspiration for thik study amse when several pole structures failed due to fatigue 

believed to be caused by vibrations induced by wind loading. See Figures 1.1 and 

1.2. In order to better understand any phenornaion involving the interaction of two 

systems, in this case the pole structures and wind forces, it is beneficial to have a 

graphical representation of the problem. An interactive cornputer program in which 

the user could observe the predicted wind induced vibrations of the structure while 

altering the variables was deemed to be the best solution. 

Figure 1.1: Photograph of failed street light pole. 

The scope of this report includes a description of the theory used to develop the 

Ioading due to the two wind conditions. This is foiIowed by an explanation of the 

method iised to determine the response due to these loads and a numericai example 

iised t O demons trate these theories, 



Figure 1.2: Phot ograph of failed luminaire assembly. 

1.3 Overview of the Present Study 

The first part of this report describes the theory of wind engineering, including a 

description of commonly used constants used in fluid mechania for bluff bodies. 

This section is included to develop the forcing huictions which are used to mode1 the 

forces exerted on the light pole due to the two wind conditions. 

Much research focusing on wind induced vibrations of pole- and towers has been 

done over the past two decades, [Il-[6]. Mmt notably is the work done by Mehta 

[l], in which full scale field tests and tow tank tests were done to gain a better 

iuiderstanding of the interaction between wind and pole stnictures. Many books 

have also been written on the topic of wind engineering and fluid dynamics, [7]-(101, 

which explain the theories 1 x 4  by this study. 

Following the review of the fundamentais of wind engineering is a description 

of the process, theory and rationde used to build the mathematical mode1 of the 



structure. The finite element method, which was used to buiid the mathematical 

model, is expIained, including a description of the elements useci. Many books have 

been written on the topic of the f i t e  element method, [II]-[13], which explain the 

theories used by this study. 

The next section describes the method by which the response of the mathematical 

model due to the forcing functions is determineci. This is done by determining the free 

response of the structure resulting in n a t d  fiequencies and associated mode shapes. 

Forcing fimctions are t h e .  applied to the model and the response is detennined by 

employing co~ll~~lody used mathematical routines. Many books have been written on 

the topic of structural dynamics, [14]-[17], which explain the theories iised by this 

study- 

Findy, a description of a numerical example of a typical street light pole, [18], is 

presented. This section presents the mathematical model, the Srpical wind loadhg 

and the response due to that loading. A h ,  this section provides a demomtration of 

the capabilities of the program which was written- 

Included at the end of the report are a number of appendices. These appendices 

include a man~ial for the cornputer program, examples used to verify the program, a 

listing of the FORTRAN code and a list of the nomenclature used in the report. 



Chapter 2 

Wind Loading on Structures 

In the past four decades there have been many interesthg advances in the application 

of aerodynamics in the field of civil engineering. These applications are ümited mainly 

to relatively low-speed, incompressible flow phenornena, such as aeolian vibration and 

gadoping. Winds acting on a cylindrically shaped structure, for example, may induce 

forces in several ditferent directions. Wmd forces naturally cause a deflection in the 

direction pardel to the wind direction. Vibrations perpendicular to the wind direc- 

tion can also be induced in certain instances. Perpendicular vibration is induced by 

the phenornenon known as aeoIïan vibration, more commonly called vortex shedding. 

Vortex shedding occurs in lamina winds at relatively low wind speeds, when the air 

stream separates on each side of a structure and vortices or eddies are formed alter- 

nately at each separation edge. The formation and detachment of each eddy induces 

a siiction force at the separation points. The suction force altemates back and forth 

between the points of formation of the eddies. 

Another cornmon phenornenon disc~med in wind engineering is known as gailop 

hg. Gailoping causes vibrations of very large amplitudes at low fi:equencies. Gal- 

loping is an instability of slender structures with certain asymmetrical cross sections 
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n1ch as rectangular or D sections. The fiequemies of the perpendicular oscillations 

caused by gdoping are much lower than those caused by vortex shedding. 

This report foc- on gwt winds causing oscillations paralle1 to a wind and lami- 

nar winds causing d a t i o n s  perpendicuiar to the wind. The galloping phenornenon 

is not discussed Mher. This cbapter examines the fundamental theory aasociated 

with gust winds and laminar winds causing vortex shedding and the forces which they 

exert on a structure. 

2.1 Reynolds Number 

Air flow around a structure is dependent on many variables such as flow velocity, 

cross sectional area, nuface roughess and wind direction. The Reynolds number 

is a non-dimensional index that helps to predict expected flow characteristics. The 

Reynolds nimber, Re, is defhed as, 

where V is the free stream wind speed, d is the projected width of the structure 

perpendiciilar to the wind flow commonly refmed to as the bluff diameter and v is 

the bernatic viscosity of air. 

2.2 Wake and Vortex Formations 

Air flow aroimd a stnictiue is dependent on many variables; one of which is the cross 

section of the stmctiue. Pole structures are assumed here to have a circular cylinder 

shape. Therefore, a brief discussion of the air flow characteristics aromd a circidar 

cyünder is needed. 



40<Re< 150 
Laminar Vortex Street 

300 < R e < 3  x 10' 
Subcritical Range 

3 x los < 3.5 x 1oQ 
Translational Range 

Re > 3.5 x 106 
Supercritical Range 

Figue 2.1: Flow past a circular cylinder, [7]. 



(2HAPmR 2. WIND LOADING ON STRUCTURES 

The major Reynolds number ranges for a srnooth cirdar cylinder are given in 

Figure 2.1. At very low ReynoIds numbers, Re < 5, the Buid £low follows the cyIinder 

contours. In the range 5 < Re < 40, the flow separates from the back of the cylinder 

and a symmetricai pair of vortices is formed in the wake. The length of the vortices 

increases linearly with Reynolds number, reaching a length of three cyIinder diameters 

at a Reynolds nimber of 40. As the Reynolds number is increased hirther, the wake 

bemmes unstable and one of the vortices breaks away. A laminar periodic wake of 

staggered vortices is formed downstream of the cylinder which is called the vortex 

street. Between the range Re = 150 and 300, the vortices breaking away fiom the 

cylinder become tiirbident . 

The Reynolds nimber range 300 < Re < 3 x 105 is called subcritical. In this 

range, the vortex shedding is strong and periodic. In the transitional range, 3 x 10j c 

Re < 3.5 x 106, the wake is narrow and disorganized. In the supercritical Reynolds 

nimber range, Re > 3.5 x 106, regrdar vortex shedding is re-established. However, 

the wake is now ttubident. 

This stiidy deals with vortex shedding in the subcritical range. For pole diameters 

between 100 and 500 mm, this relates to wind speeds below 10 m/s. 

Strouhal Number 

The Stroiihal nimber is a nondimemional nurnber which d a e s  the regula.rity of the 

vortex wake effects described previousIy. The Strouhd number, S, is defineci asi 

where f, is the vortex sheciding fkequency in cycles/s (Hz). 

The Stroilhal nimber of a stationary circular cylinder is a function of Reynolds 

nimber and siuface roiighness, as shown in Figure 2.2. The Strouhal number follows 
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the Reynoids number flow ranges of Figure 2.1. In the Reynolds number range of 

3 x IO5 < Re < 3.5 x IO6, very smooth surfme cylinders have a chaotic, disorganized, 

high fkequency wake and Strouhal numbers are as high as 0.5. Rough cylinders have 

organized periodic wakes with Strouhd numbers of approxhately 0.25. For Reynolds 

numbers below this range, vortex induced vibration of cyhders generally occurs at 

Strouhd numbers of approximately 0.2. 

As stated previously, this study focuses on the subcntical Reynolds number range 

which corresponds to a Strouhal number of about 0.2. 

/' 
I 

I 
SMOOTH SURFACE I 

r 
/' I 

/ I 
/ 

/ 
C 

'4 C 

# 

ROUGH SURFACE 

8 I I I  1 I l l  I 1  I I  1  I I I  1  n I I  

Figure 2.2: Stroiihal niimber and Reynolds number relationship for circular cyhders, 

2.4 Wind Forces 

As stated previoiisly, this report focuses on dong wind forces, due to gust winds and 

across wind forces, due to vortex shedding. These forces can be defineci by the use of 



the same general forcing function, 

where F is the wind force, pair is the mass densiQ of air and A is the area upon which 

the wind force acts. 

To modd the oscülating, perpendicular forces created by vortex shedding, Egua- 

tion 2.3 can be modifieci by multiplying by a sine tenn to &tain, 

where w, = 27r f, is the circular vortex shedding &equency (rads/s) and t is time (s). 

The along wind forces due to gust loads is calculateci as foUows, 

It should be noted that the wind speed term in Equation 2.4 is not a function 

of time and therefore, Equation 2.4 will only produce forces if the wind speed is 

held constant. This is in agreement with past studies [8] which have shown that 

vortex oscillations are m d y  excited only when the whd speed is unidirectional and 

constant . 

This study fociises on the aerodynamic forces due to wind flowing around the pole 

stntcture ody. Additional aerodynamic forces r d t i n g  from wind flowing around 

elements other than the pole, such as luminaires, are neglected. 

Figure 2.3 shows a bluff body and the resdting along wind force, FD, and across 

wind force, FL. 

2.5 Inclined Structures 

Up to this point of the discussion it has been mmed that the flow direction is at 

nght angles to the stmctilre. Inclined cylinders &ect both Equations 2.4 and 2.5. 



Figrire 2.3: Lift and drag forces, F' and FD respective15 acting on a bluff body. 

When determining, A, the area upon which the wind force acts, the pro jected 

area of the cylinder perpendicular to the wind flow must be used. This is illustratecl 

in Figure 2.4. If L is the length of the element and B is the angle of inclination to the 

wind flow, the resdting pro jected area is, 

A stntctiue's inclination to the wind fiow also has an effect on the shedding fre- 

quency, f, in Equation 2.2. The shedding kequency is determined by using the 

perpendicdar wind speed component, VsinO, as shown in Figure 2.4. The resulting 

shedding frequency is, 
SV sin 0 

f. = d 

2.6 Tapered Structures 

In Eqiiations 2.2 and 2.7 the d term refers to the bluff diameter of the cross section. 

Most pole structims are tapered, having a larger diameter at the base than at the 



Figure 2.4: Structure inclinai to wind. 

tip. This varying diameter results in the shedding frequency, f,, varying over the 

length of the pole. This is undesirable in the analysis procedure, because the lift 

force, Equation 2.4, wiU aIso vary dong the Iength of the pole. There has been some 

question as to what value of d should be used . It has been recommended [2] that 

the diameter at the tip of tapered poles should be used. This, in effect, lowers the 

shedding fkequency. 



Chapter 3 

Structural Mode1 

The formation of a mathematical model of the structure is an important stage of 

any engineering analysis. The model d o m  the displacement of the stnictiue to be 

describeci in te- of the stifhess and m a s  of the structure and the forces applied to 

the structure. For the present study, the pole structure is modeled mathematicdy 

by iising the finite element method (FEM). The hi te  element method, is a cornputer 

aided mat hematicai t echniqiie used to obtain an approxhate numericd soliition t O 

eqiiations that predict the response of a physical system under extemal idluences. 

The k t  step in creating a finite element model is to discretize the structure by 

siibdividing the body into an quivalent system of s m d  bodies d e d  finite elements. 

This procediire is illustrateci in Figure 3.1. The points at which the primary un- 

knowns are reqiUred to be evaluated, are called nodes or nodal points. The number 

of iinkn0w-m at a node is the nodal degrees-of-fieedom (DOF). 

The selection of the element type and number of elements to be used has a sig- 

nificant impact on the accuracy of the solution as well as the computational &ort. 

In this stiidy, the three dimensional pole structure is modeled by two separate two 

dimensional models. This is made pwsible by assiuning that the pole exïsts in a single 



plane, defineci by two domains, X and Y, s e  Figure 3.1. The in-plane displacement 

is modeled by a prismatic plane hune element, which has thme DOF at each node. 

The nodal DOF for the plane hame dement are, translation in the X and Y direction 

and rotation about the Z direction (normal to the X - Y plane). The oubo f-plane 

displacement is modeled by a prismatic grid element, which also has three DOF at 

each node. The nodal DOF for the grid element are translation in the Z direction 

and rotation about the X and Y direction. 

This chapter hirther explains the two dements used to build the finite elernent 

model, 

Typical Pole Structure Finite Element Mode1 

Figure 3.1: Discretized finite element model of a Srpical lighting pole. 

3.1 The Plane Rame Element 

A plane hame element is a series of slender elements comected rigidly to each other; 

that is, the original angles between elements at their joints remain unchangeci after 
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deformation. Furthemore, moments are transmitted from one element to another 

at the joints. Hence, moment continuit3f exïsts at the rigid joints. In addition, the 

element centroids, as  well as the appiied loads, Iie in a common plane. 

Figure 32 shows an arbitrady oriented plane 6rame element. The x and y axes 

are the local coordinate system, having the ongin located at node 1 and the x axes 

located along the length of the element (node 1 -r 2). The global axes X and Y 

are chosen with respect to the whole structure. The local nodal DOF, u, v and &, 

correspond, respectively to the axial, shear and flexural deformations. 

Figure 3.2: Arbitrarily oriented plane hame element. 

The elemental s t e e s s  matrix in local coordinates, [ke], for a plane kame element 

where Cl = y, A is the cross sectional area of the element, E is the modidiis of 



elasticity of the material, L is the length of the dement, Cz = and 1 is the moment 

of inertia of the element. 

The local displacements are related the global displacements, d x ,  dy and by 

a trdormation matrix, [T], given by, 

where C = cos 0 and S = sin0- 

C 5 0  0  O 0  
- S C 0  O O 0  

O O 1  O O 0  
O O O C  s o  
O 0 0 - S C 0  
O O 0  O O 1  

The elernental stiffiiess matrix in global coordinates, [K.], can be determined by 

mibstittiting Equations 3.1 and 3.2 into the following Quation, 

The elemental m a s  matrix in local coordinates, [me], for a plane h e  element 

where p is the mass density of the material. 

Sirnilarly, the elemental mass matrix in global coordinates, [M.], is determined by 

stibstituting Equation 3.4 and 3.2 into the following Equation, 



3.2 The Grid Element 

A grid is a structure on which loads are appiïeù perpendidar to the plane of the 

structure, as opposed to a plane frame where the loads are applied in the plane of 

the structure. The elements of a grid are assumeci to be connecteci rigidly so that the 

original angles between elements connectecl together at a node remain unchangeci. 

Both torsionai and bending moment continuity then exkt at the node point of a grid. 

Figure 3.3 shows an arbitrarily orienteci grid element. The local and global CO- 

ordinate systems, (x - y and X - Y), are the same as for the plane frame element. 

However, an additional domain miist be d&ed for the out-of-plane direction, which 

is noted as z in the local CO-ordinate system and Z in the global systern. The local 

nodal DOF, w, & and &, co~espond, respectively, to shear, torsional and flexurd 

deformations- 

Figure 3.3: Arbitrarily oriented grid element. 
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The elemental stifFIiess matrix in local coordinates, [kJ, for a grid element is, [12], 

where G is the shear modulus and J is the polar moment of inertia of the element. 

The elemental m a s  matrix in local coordinates, [me]? for a grid element is, [12], 

The global stifbess and mass matrices are determineci by siibstituting Equa- 

tions 3.6 and 3.7 into Equations 3.3 and 3.5, respectively. However, the transfor- 

mation matrix, [Tl, for a grid element is, 

3.3 Additional Masses 

The previoiisly mentioned mass matrices account for the mass of the structural (load 

bearing) components only. However, it may also be desireci to mode1 the mass of non- 

stnictiiral components as weil, nich as luminaries or trafic signs. This is accomplished 
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by adding a lurnped (point) mass st the appropriate node. If a point mass is added 

to the plane kame elernent shown in Figure 3.2, the rgulting demental mass matrix 

where &IL is the total mass of the non-structural component. Notice that an ad- 

ditional mass is added only to the translational DOF for node 2, the e t  on the 

rotational DOF is assumeci to be negligible. Similady, for the grid element additional 

masses are added to the translational DOF only. 



Chapter 4 

Dynamic Analysis 

This chapter disctisses the procedure by which the dynamic response of the Fuiite 

element mode1 is detennined- 

4.1 Fkee Vibration Analysis 

When a system is displaced from its static equilibriurn position and then released. 

it vibrates keely about its equilibrium position with a behavior that depends upon 

the mass and stirsiess of the system. The purpose of a kee vibration analysis is to 

determine this behavior in terms of the fkequencies, known as the natural hequencies, 

w,, and the associatecl deformed shapes, known as mode shapes, 4. 

4.1.1 Procedure 

As discussed previoiisly, a stnicture c m  be divided into discrete elements and the 

eqiiations of motion can be written for each DOF. These equations c m  be written in 



rnatrix form as, [16], 

where [M] , [Cl, [K ]  are the global rnass, damping and stiffness matrices, respectively, 

{x)  , {X ) , {X ) are the acceleration, velocity and displacernent vectors, respec tively, 

and (F( t )  ) is the forcing vector. 

For undamped fkee vibrations, the forcing vector is set to the null vector and the 

darnping mat- is neglected. Equation 4.1 reduces to, 

If a simple harmonie motion is assumecl for each DOF and substituted into Equa- 

tion 4.2, the resulting equation cm be manipulated to the following form, 

[Ml-' [K] { X )  = w2 (X) . (4-3) 

Equation 4.3 is now in the form of a mal, general eigenvalue problem. The solution 

yields the eigendiies which are equal to the naturd hequencies squareci, w2, and the 

eigenvectors which are equal to the mode shapes, 4. 

4.2 Forced Vibration Analysis 

Forced vibration occws when a system is subjected to an srtemal excitation that 

adds energy to the system, mich as a wind exerting excitation forces on a cylinder. 

(See Chapter 2). Zn general, the amplitude of such a vibration depends upon the 

natiiral frequencies of the system and the damping inherent in the system, as well 

as iipon the kequency components present in the exciting force. The amplitude of a 

forced vibration can becorne very large when a frequency component of the excitation 

approaches one of the natwal frequencies of the system. Such a condition is referred 



to as resonance, and the r d t i n g  stresses and strains have the potentid of caiising 

failines, 

4.2.1 Modal Analysis 

Modal analysis involves the decoupling of the differential equations of motion as a 

means of reducing a multiple DOF system to a number of independent, single DOF 

systems. The single DOF systems that result hom the decouphg process are eu- 

pressed in terrns of principal coordinates. The principal coordinates are independent 

of the original system. The response of each single DOF system can be determined 

and then aiperimposed to h d  the response of the original system. 

The general form of the matrix equation for an n DOF system can be found from 

Eqiiation 4.1. The fint step in decoupling this rnatrix equation is to transform the 

displacement, velocity and acceleration vect ors to the principal coordinat es. This is 

done by iwing the following equations; 

{x} = [a] {8} , 

where [a] is the modal matrix, in which each column represents a mode shape, 9, and 

{b  ) , ( 6 )  and (6') are the displacement, velocity and acceleration vectors, respec tively, 

in terms of the principal coordinates. Substitiiting EQuations 4.4, 4.5 and 4.6 into 

Eqiiation 4.1 residts in, 



bhdtiplying this equation by the transpose of the modal matrix, [alT produces, 

where [Ml = [alT [Ml [a], N = [a]* [K]  [el, are the diagonal modal m a s  and 

stiffness matrices, respectively, [Cl = [alT [q [a] is the general modal damping matrix 

and {F(t) ) = [alT {F( t )  ) is the modal force vector. This equation can be simpHed 

further by writing the modal damping matrix in terms of the modal mass matrix and 

assuming Rayleigh Damping (161. For the T" mode the damping constant c m  be 

written as, 

Cr = 2CwrM-7 (4.9) 

where Cr and il.[, are the diagonal component of the modal damping and mass matrix, 

respectively, G is the modal damping factor and w, is the natural hequency for the 

rth mode. Also, the modal stihess mahix c m  be written in terms of the modal mass 

mat* by, 

Kr = w : M ~ .  (4.10) 

The restdting equation of motion for the rth mode can be written as, 

where Fr ( t )  is the modal forcing function and Er (t) is the excitation function of the 

rth mode. 

4.2.2 Response of a System Subjected to a General External 

Force 

Determining the response of a system subjected to a general, time dependent force 

involves finding the solution to Equation 4.11. The niunerical rnethod used in this 



study for integrating the difFerentiai equations is the widely used fourth-order Rzmge- 

Kirtta rnethod. 

The finit step for niunericdy integrating Equation 4.11, is to rewrite the equation 

in te- of its highest-order derivative as 8 = f (t, 6,6), which results in, 

8 = -2@ - w2b + E (t) . (4.12) 

Notice that the subscript r has been dropped in the notation, in order to simplify the 

notation. The RungeKutta recmence formulae for solving Equation 4.12 in terms 

of the step size At are, 

and 

where 

The numerical solution begins with the substitution of the initial values of 6 and 

6 into Eqiiation 4.12 to obtain s value of the function f (t, 46) for use in determinhg 

k l .  The valites for k2, k3 and k4 axe then determineci successively for use in the 

reciirrence formulae of Eqtiations 4.13 and 4- 14 to obtain values of bi+1 and The 

latter are then used in Equations 4.12 and 4.15 to obtain new ki, k2, k3 and 4 valiles 

for substitution into Equations 4.13 and 4.14 to obtain 6i+2 and &+2, and so on. 

The soliition fiom the niunerical integration determines the time response of the 

displacement, velocity and acceleration in terms of the principal coordinates. Substi- 

tiiting these solutions into Equations 4.4,4.5 and 4.6 yields the displacement, velocity 

and acceleration of the originai system, respectively. 



4.2.3 Response of a System Subjected to a Harmonic Exter- 

na1 Force 

When a system is disturbed by a temporaily periodic extemal force, the resultuig 

response of the system can be considered to be the sum of two distinct components, the 

forced response and the &ee rgponse. The forced response resembles the exciting force 

in its mathematical form. The fiee response does not depend on the characteristics 

of the exciting fiinetion but only upon the physicd parameters of the system itself. 

In any system disturbed by a sinusoidal excitation, or any tempordy periodic 

excitation, the kee response that is initiateci when the excitation is first applied dies 

out with t h e  because of the inherent damping in the system. Eventually only the 

forced response remallis. Because the free response of the system dies out with tirne, 

it is often referred to as a transient response- The forced response is known as the 

steady-state response. This is shown clearly in Figure 4.1 which presents part of a 

plot of the response of a system due to a sinusoidai excitation. 

and \ / 

Figure 4.1: Response of a system due to sinusoidal eucitation. 

Consider a system which is excited by a sinusoida1 excitation such as, 

F ( t )  = B sin (nt) , 



where B is the amplitude of the excitation and Q is the frequency of the excitation. 

Using modal analysis, the resulting equation of motion for the r" mode is, 

The solution of Equation 4.17 results in the following displacement, 

6, ( t )  = K r  sin (Ot - a) + e - w t  (Al COS w& + sin wdt) (4.18) 
J(1 - el2 + (2crrT)2 

where r, = 2 
wr 

is cded the fiequency ratio, a = phase lag (the angle that the dis- 

placement of the system lags the applied force), w d  = w, Ji-Cf, is the damped 

natiual fiequency and Al and A2 are constants that depend on the initial conditions. 

The 6rst term on the right side of the last equation corresponds to the steady-state 

displacement and the second term corresponds to the transient displacement. S u b  

stituting the solutions for all the principal DOF into Equation 4.4 1eads to the total 

response over tirne, incl~~ding the transient and steady-state displacements, of the 

original system. 

This procediire yields the displacements for only one forcing fiequency. It is more 

convenient and mefiil to determine the steady-state amplitude of the displacements 

for a large range of forcing fieqtiencies. This is done by hding the modilhis of the 

fkequency response fimction, 

which gives the magnitude of the steady-state motion as a 

ratio r. 

(4.19) 

funetion of the keqiiency 



Chapter 5 

Numerical Result s 

This chapter demonstrates the capabilities of the cornputer program DROPS ( b e c  

Response of Pole &-uctiues), through a numerical example. Unfortunately, there is - 
no field data a d a b l e  to ver@ the free vibration or the forced vibration analyses. 

Due to the size of the problem and cornpl&@ of the analysis, hand calculations have 

not been performed to v e  results. However, the three programs written to per- 

form the analysis, see Apendk A, were verified individudy with srnaller numerical 

examples, refer to Appendix B for a summary of these examples. 

5.1 Description of the Structure 

The stnictiue chosen to demonstrate DROPS is a single davit lighting pole. The 

momting height of the pole is 19.8 m (65') and the davit radius is 1.8 m (67 ,  see 

Figure 5. L for addit ional dimensions. The pole consists of two separate sections, a top 

section made of 7 ga. (3.04 mm) steel and a bottom section made of 1 1 ga (4.55 mm) 

steel. A cross section of the pole, which is shown in Figure 5.1, is a dodecagonal 

(12 sided polygon). The dimension b indicates the nominal length of one side of the 



dodecagonal. The Iiiminaire, which is not shown in Figure 5.1, is attached to the 

tip of the pole. The liiminaire has a mass of 39 kg and it is added to node 4 in the 

m m e r  described in Chapter 3. 

5.2 Finite Element Mode1 

This section summarizes the procedure and data required by the DROPS program to 

btdd the model of the structure. Refer to AppendUc A for a description of how to 

b d d  a mode1 using the DROPS program. 

The stnicture is dehed by the four Defining Nudes and three Defaring Elements 

shown on the left of Figure 5.1. The required material properties for the steel pole 

are reasonably assiuned to be: modulus of elasticity E = 200 GPa, shear modulus 

G = 80 GPa and m a s  density p = 7850 kg/m3. The rernaining data reqiiired to biiild 

the model is siimmarized in Tables 5.1 and 5.2- 

1 Node 1 X (mm) 1 Y (mm) 1 

Table 5.1: Siunmary of node locations for example structure. 

After the auto generate procedure was performed by DROPS the finite element 

model, shown on the right of Figure 5.1, was dehed by 29 nodes, one of which was a 

aipport (fixed) node, and 28 elements. This results in a finite element system which 

has 84 DOF which are not restrained. 



z X 

Figure 5.1: Single davit iighting pole. 



1 Curvature (mm) 1 Straight ( Straight ( 1828.8 1 

1 End Node t (mm) 1 4.55 1 3.04 1 3.04 1 

Start Node t (mm) 
StartNodeb(mm) 

End Node 

1 End Node b (mm) 1 437  1 25.5 1 18.1 1 

Table 5.2: S ~ l m m a r y  of element dimensions for example structure. 

4.55 
72.1 

2 

5.3 Free Vibration Analysis 

Rom the fiee vibration analysis, performed by the DROPS program, 84 natiual 

fiequencies, one for each ~Lnrestrained DOF, and 84 associated mode shapes were 

determinecl. Figure 5.2 shows the six lowest natural frequencies and associated mode 

shapes. 

3.04 
43-7 

3 

5.4 Forced Vibration Analysis 

3.04 
25-5 

4 

As mentioned previously, this study focuses on two types of wind loads, gust wuids 

and lamïnar winds. This section diScusses the simulateci winds and the resulting 

response of the example structure. 

5.4.1 Gust W n d  

The g-iist wind data which was used in this example is shown in Figure 5.3. The wind 

data is based on the haif cycle of a sine curve, with an amplitude of 5 m/s and a 

frequency of 0.5 Hz or 3.14 rad/s. This wind speed data was chosen to simiilate a 



w , = 54.07 rack O, = 95.75 rad/s O, = 154.78 rad/s 

Figure 5.2: Mode shapes for the six lowest natiiral fiequencies. 



short pulse of wind. The poeitive wind direction is in the positive X direction. The 

wind data is constant over the height of the pole. The k t  three modes were used in 

the modal analysis with a modal damping factor of 0.001. 

T h e  (s) 

Figure 5.3: Plot of wind speed versus time. 

Figure 5.4 shows a temporal plot of the horizontal displacement of the tip of 

the stnicture (node 4). The response is as  expected. As the wind gust is applied 

the tip of the structure is displaced in the direction of the wind to a maximum of 

approximately 15 mm. As the gust diminishes to zero so does the tip displacement. 

The dispIacement then continues in the negative direction to a maximum less than 

15 mm. This alternatkg displacernent continues well after the gust has diminished. 

However, the amplitude of the displacement continues to diminish to due to the 

damping of the stnicture. If the plot were to continue this amplitude would diminish 

asymptotically to zero. 



Time (s) 

Figure 5.4: Plot of horizontal tip displacement versus t h e .  

It has been disciissed previously that laminar wind speeds up to 10 m/s are said 

to catise vortex shedding. Therefore, the laminar wind speed range over which the 

structure was tested was between 0.1 and 10 m/s. The laminar Mnd speed is constant 

over the height of the pole. The first six modes were used in the modal andysis with 

a modal damping factor of 0.001. 

Figure 5.5 shows a plot of the maximum steady-state horizontal tip displacement 

of the structure versus the laminar wind speed. As can be seen from the plot, the 

maximum displacement is s m d  over the selected range of wind speeàs. However, for 

certain wind speed the m h u m  displacement is much larger, indicated by a spzke 

in the plot. This wind speed is cded a critical wind speed. At this wind speed the 

associated vortex shedding fkequency is at or near one of the natural frequencies of the 

strtictiue residting in a situation known as resonance. There are a total of six critical 

wind speeds in this range of wind speeds, corresponding to the six lowest natiiral 



frequencies discussed previo~dy. The critical wind speeds and associated maximum 

displacements are stimarized in Table 5.3. 

Table 5.3: Summary of critical wind speeds and associateci maximum displacements. 

Critical W d  
Speed (m/s) 

0.25 

Maximum 
Displacement (mm) 

9.0 



x-disp. l 

Wmd Spced ( d s )  

Figure 5.5: Plot of horizontal tip displacement versus Iaminar wind speed. 



Chapter 6 

Conclusion 

6.1 Concluding Remarks 

The purpose of this report was to create a user friendly, interactive computer program, 

which provides a better understanding of the behavior of street light stmctures due to 

wind induced vibrations. The wind conditions and resulting responses investigated 

corresponds to, low speed laminar winch causing vortex shedding, and gust winds 

causing vibrations in the direction of the wind. The resdts determinecl by the program 

correspond well with pubhhed and hand calculateci rgults. 

Cntical léuninar wind speeds dong with the steady-state response due to gust 

winds are shown graphically in the interactive computer program. The residts of 

individual and specific cases can be studied as the model allows for variation of many 

parameters incliiding structure geometry, material properties and variation of wind 

flow characteristics such as velocity, direction and gust wind data. Through the use of 

the interactive computer program, an in depth understanding of the street light poles 

ciirrently in tue by Manitoba Hydro can be obtained. This may aid in the future 

design, maintenance and monitoring of these structures, ultimately making their use 
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more efficient and extendhg their Me expectancy. 

Future Work 

1. The finite elements chosen to model the pole structure were two noded straight 

prismatic elements. Using th% type of elernent to model a tapered pole results 

in a stepped structure for which each successive element has cross sectional 

properties which are incrernentally larger or smaller than the previous dement. 

Another short coming of this type of element is seen in modeling a c w e d  por- 

tion of a pole, where the cwed portion is modeled by small straight elements. 

The mathematical model could be improved by creating an element which ad- 

dresses both of these concerns. An dement such as a three noded non-prismatic 

ctmed element codd be implemented into the mathematical model. This ele- 

ment could be incorporateci into the Fortran program, Static, see Appendùr A, 

in the form of an additional element subroutine. 

2. An investigation into other forms of wind induced vibrations may also be done 

and integrated into DROPS. It has been mentioned that galloping may cause 

perpendicular vibration of pole structures. 

3. RiIl scale field tests which could gain field data for an actual pole structure 

could be done to further verify and calibrate the computer program. 

4. Tow tank and wind tunnel testing could be performed to gain a better imder- 

standing of the forces exerted on the struchire. 
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Appendix A 

Cornputer Program (DROPS) 

A. 1 Program Description 

The computer program called DROPS (Dynamic Response of Pole Structures), is an 
interactive Microsoft Widows 95 based program which determines the response of 
a pole structure due to gust wind and vortex shedding excitations. The program 
consists of a main interactive program and three separate analysis programs. 

The main program was created using Microsoft Via1 Basic 4.0, which is a com- 
mercial software package useà to create Widows based programs. The main program 
controls the graphical display and user interaction as weil as controllhg the three anal- 
pis prograns, Static, Fkee and Forced. The adpis programs were created by iising 
biicrosoft Fortran Power Station, which is a commercial software package used to cre- 
ate Fortran 90 programS. The Static program assembles the finite element model of 
the structure, the fiee program determines the naturd kequencies and mode shapes 
of the model and the Forced program determines the response of the mode1 due to 
the excitation force- 

A.2 Installing DROPS 

A. 2.1 Installation Requirement s 

In order to run DROPS, your computer system needs to have the following minimum 
configurations: 
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0 An IBbf or compatible computer capable of runnhg Windows 95 or NT. 

Windows 95 or NT operating system instded on you. computer. 

At least 1.2 Ml3 adable hard disk space. 

Any Wmdows-supportecl monitor and gcaphics card. 

A.2.2 Installation 

1. Start Wiidows. 

2. Insert the DROPS DLgk 1 into the disk drive you are using to install the program. 

3. Select Run from the Start button. 

4. If you are using Drive a, enter a:setup and  click OK. If you are using a Merent 
drive, use that drive letter instead. The installation program will prompt you 
on screen for the remaiader of the installation. The program and required files 
should be contained in directory c:\ PmgntmFiile\ h p s .  

A.3 Starting DROPS 

1, Start Whdows. 

2. Make sure that DROPS bas been installed. 

3. Select Pmgrams hem the Start button. A list of programs should appear on 
the screen. From this List select the DROPS program. If you wish to make a 
shortcut to the program or relocate the program on the program list consult 
Windows 95 Help. 

A.4 Building a Mode1 

The procedure for building a finite element model is time consuming and requires an 
understanding of the finite element method. Refer to Chapter 3 for more informa- 
tion. The DROPS program attempts to simpiify this procedure in order to make the 
program easier to use. 

The usual procedure for building a finite element model requires the user to dis- 
cretize the model into a series of nodes and elements. The nodal coordinates and 
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element connectivity must then be determined for each node and element, respec- 
tively. The elernent properties and material properties for each elexnent must then be 
determiDeci* For a simple tapered pole this requires numerous hand calculations and 
a good understanding of the finite dement method. The DROPS program reduces 
this procedure by performhg most of these calcdations internally by incorporating 
an auto generate procedure. 

The auto genemte proceàure requires the user to define nodes only at points 
of interaction or interest. For example, if a t a p d  cirdar pole has a tapered 
oval luminaire arm attached to it, the user wodd need only to define the nodes 
at the ends of each section and the point at which the two are connected. If the 
connecting point is at the tip of the circulaz pole and the base of the oval ltiminaire 
arm, only three nodes and two elements wodd need to be defineci. These nodes 
and elements are refmed to as Defining Nodes and Dejining Elements, respectively. 
Once the nodal coordinates, elernent properties and material properties are d&ed 
for the three nodes and two elements, the finite dement model can then be auto 
genemted This procedure subdivides each dement into a number of elements of equal 
length and extrapolates the required information for each node and element that is 
generated. The number of equal length elements can either be specified by the user or 
automaticdy determined by the program. The computer program uses a maximum 
dement length of 500 mm for straight sections and 125 mm for curved sections, to 
determine the number of equd length elements used for the auto generation procedure. 

The steps required to build a model using the DROPS program will now be de- 
scribed. 

1. Start DROPS program, as described prwiously. The initial form which is shown 
should resemble that shown in Figure A. 1. 

2. F'rom the File menu, select Nevl ModeL You should see the form shown in 
Figure A.2. Enter the required data and then select the Ok button. If you 
have not entered all the data or the data you have entered is invalid, an error 
mgsage wiii appear informùig you of the nature of the error. If no error message 
appears, the form should disappear and a check mark should appear next to 
Contml Information.. . under the Prepmcessor menu, indicating that this form 
is complete. 

3. Repeat the previous step for Node Pmperti es..., Connectivity ..., Element Pmp- 
erties.. ., Cross-Sectional Pmperties.. . and Material Pmperties.. . under the 
Prepmcessor menu until all have a check mark next to them. 

4. Once al l  the Preprocessor items are complete, you can now generate the finite 
element model, by decting Auto Genemte under the Pmpmcessor menu. This 
process may take a f av  seconds to complete depending on your computer. 

5. Once the finite element model has been generated fiom the input data, the 
finite element model is stored in memory and further analysis of this model 
may commence. 
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Figure A.1: Main DROPS form. 

Figure A.2: DROPS Control Idormation form. 
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At any point during this proceap the user c m  view a graphicd image of the model 
by selectïng Model. .. under the Vàm menu. The fom shown in Figure A.3 should 
be display&. By clicking the desireci settings on the left of the form the model wiU 
be displayed in the area on the Rght side of the form. 

Figure A.3: DROPS Draw Model form. 

A.5 Free Vibration Analysis 

Start DROPS program and build the model as described previously. 

Rom the Analysis menu select m e  Vibmtion This process may take a few 
seconds depending on your cornputer. 

Once this process has been completed, you can view the natural fiequencies 
and associated mode shapes for the In-Plane (Rame) and Out-OGPlane (Grid) 
elements. Refer to Chapter 4 for more information. Fkom the Postpmcessor 
menu select i h e  Vibration, a Iist should appear showing In-Plane ( h m e )  ... 
and Out-Of-Plane (Grid). . . . By selecting In-Plane (&me). . . the fom shown 
in Figure A.4 should appear. A list of the naturd frequencies can be found in 
the drop down menu on the Mt. 
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Figure A.4: DROPS In-Plaue (Rame) form. 



4. By selecting a naturd frquency from the kt, the associateci mode shape will 
be drawn in the area on the right of the form. 

5. To get a better idea of the type of motion associateci with the mode shape select 
the Start button on the lefk side of the form, to begin the animation of the mode 
shape. To stop the animation simply select the Stop button on the left side of 
the form. 

6. Once the Fkee Vibration Analysis is complete the analpis of the Forced Vibra- 
tion Analysis can be performed. 

A.6 Forced Vibration Analysis 

The forced vibration analysis is split into Gust Wilad and Laminar Wind cases, which 
correspond to the dong wind response and the response due to vortex shedding. See 
Chapter 2. We wiIl look separately at how to perform the analysis for each of these 
wind loading situations. 

A.6.1 Gust Wind 

1. Start DROPS program, build the modd and perform the free vibration anaJysis 
as described previously. 

2. Rom the Analyse menu select Forced Vibmtion. A list should appear showing 
G w t  Wind.. . and Laminar Whd. ... Select Gwt Wind. .. from the list and 
the form, shown in Figure A.5, should appear. Notice that the menu bar has 
changed fiom the Main form shown in Figure A.1. 

3. The fist step in this analysis is to create the wind speed data which will be used 
in the analysis. Rom the File menu select New Wind Speed Data ..., the form 
shown in Figure A.6 should appear. 

4. Enter the tirne and correspondhg wind speed data, for the wind speed record 
you wish to use, into the form. 

5. When aJl data has been entered select the 01 button. If al1 data is valid the 
form will disappear and a check mark should appear next to Wind Speed Data. .. 
under the Pmcedure menu, indicating that this form is complete. 

6.  The next step is to specify the wind direction. Rom the Pmceduw menu select 
Wind Direction ... and the form shown in Figure A.7 should appear. 

7. To specify the positive wind direction, simply select one of the four gay anows. 
Notice when you select the gray arrow it should turn to a blue arrow indicating 
the direction you have selected. To change the wind direction shply select one 
of the other three gray arrows. 
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Figue A.5: DROPS - [Gust Wind] form. 

Figure A.6: DROPS - [Gust Whd], Wind Speed Data form. 



AFPENDDC A. COMPUTER PROGRAM (DROPS) 

Figure A.?: DROPS Wind Direction form. 

8. Once you have specified the desireci wind direction, select the Ok button. If 
there are no errors the form should disappear and a check mark should appear 
next to Wind Di~ction-.. under the Procedue menu, indicating that this form 
is complete. 

9. You may perform the anal* by selecting Andyze from the menu. This process 
may take some t h e  to complete, depending on your cornputer and the size of 
the problem. 

10. Once this process has been completed, you can view the response of the mode1 
by selecting Forced Vibration under the Postpmcessor menu. The fonn shown in 
Figure A.8 should appear. To view the response at a speciûc node and specinc 
DOF, simply select the desired node hom the drop down list and the desired 
DOF from the Iist of adable  DOF. The temporal response of the DOF should 
appear graphically on the right side of the f o b .  

- 

A.6.2 L d a r  Wind 

1. Start DROPS program, build the rnodel and perform the fiee vibration analysis 
as describeci previously. 

2. Rom the Analysis menu select F o d  Vibmtion. A list should appear showing 
Gvst Wind.. . and Canainar Wind- ... Select Lamànar Whd. .. fiorn the list and 
the form, shown in Figure A.9, should appear. 

3. The 6st step in this analysis is to define the laminar wind speed range. Rom 
the Procedure menu select Wind Speed Range.. ., the form shown in Figure A-10 
should appear. Enter the dgired low and high range of wind speeds on the form 
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Figure A.8: DROPS Post Processor form. 

and select the Ok button. If there are no mors the forrn should disappear and 
a check mark should appear next to Wind Speed Range ... under the Pmcedvre 
menu, indicating that this form is complete. 

4. Define the wind direction, as described previously, if it has not yet been debed. 

5. You rnay perform the analysis by selecting Analyze from the menu. This process 
rnay take some time to complete, depending on your computer and the size of 
the problem. 

6. Once this process has been completed, you can view the response of the mode1 
by selecting Fomd Vibration under the Postpmcessor menu. The form shown in 
Figure A.8 shoidd appear. Ta view the response at a specific node and specific 
DOF, simply select the desired node fiom the drop down list and the desired 
DOF fiom the list of a d a b l e  DOF. The response of the DOF versus wind 
speed shoidd appear on the right side of the form. 

A.6.3 Analysis Options 

Additional control over the analysis procedure may be attained by the user through 
the analysis options form. The following steps will describe the procedure to change 
the analysis options which are ongindy set to default values. 
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Figure A.9: DROPS - [Laminar Wind] form. 

Figure A.10: DROPS Wind Speed Range form. 
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1. FoUow the steps described previousiy for the Gust W i d  or Lam- Wind up 
to the step prior to selecting the Analyte menu. 

2. Rom the Pmcedu~e menu select Anaiysis Optio W..., the form shown in Fig- 
ure A.11 should appear. The options available are diffaent depending on which 
type of wind load is being considered. Shown in Figure A.11 are the options 
available for the Gust Wind anal.. The k t  two options control the modal 
analysis procedure and are common to both wind loads. However, the tbird is 
available only for the gust wind and controls the total t h e  for which the time 
integration is to be performed. 

Figure A.11: DROPS Andysis Options forrn. 

3. To change the options h t  select the check box labeled Use Default Values. 
This should d o w  you to change the available options. By again selecting the 
check box the options will be reset to the defaut values. 

4. Once you have entered the desired options select the Ok button. If there are 
no errors, the form will disappear and you may continue with the analysis as 
described previously. 

A. 7 Material Properties Database 

The following steps will show you how to add more material types to the List found 
in the Material Properties form. 

1. Locate the file Mat.db which should be located in the same directory as the 
DROPS program c:\ PmpmFiZes\Drops. Open this file in iny text editor such 
as Microsoft Notepad. The fùst line of the file incikates the total number of 
material types in the database. Each material srpe in the database consists of 
a material name, maximum of twenQ characters long, the modulus of elasticity 
in GPa, the shear modulus in GPa and the mass density in kg/m3. Each of the 
material properties are entered on a new line of the database. 
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4. To create a new material type in the database, simpb add the four required 
properties to the end of the file m a k g  sure that each property is on a new line. 

3. Once you have added one or more new material types to the database make 
sure to change the number at the top of the list to indicate the total number of 
material types in the modified database. 

4. Save the me and exit the text editor. 



Appendix B 

Verification of the Program 

This appendix summarizes the numerical examples which were used to ver@ the 
analysis prograrm Static, Free and Forced describeil in Appendix A. 

B.1 Example 1 

The purpose of the Static program is to assemble the m a s  and stiffness matrices of 
the finite element model. A 2 m tapered steel pole, shown in Figure B.l, was used to 
verify this aspect. The pole was modeled by using two prismatic fiame elements which 
resulted in a problem which was s m d  enough to verify by hand caldations but large 
enough to M y  test the program. The cross section of the pole was âssumed to be 
circular with an outside diameter at the base of 200 mm and 100 mm at the tip. The 
tbickness of the steel was assumed invarîably to be 3 mm. The modulus of elasticity 
and mass density were assumed to be 200 GPa and 7850 kg/rn3, respectively. 

The resulting stifiess and mass matrices are shown in Equations B.1 and B.2. 
The matrices, which were determineci by hand calculations, resdted in a maximum 
discrepmcy of 0.04%. 
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Cmss Section 
t 

Figure B. 1: Simple tapered pole of Examp1e 1. 



The purpose of the Ree program is to fhd the natural fiquencies and mode shapes 
of the model assembleci by the Static program. The example chosen to ver@ this 
program was an example taken from a vibrations text book [16]. 

The h e  shown in Figure B.2 is fixed at nodes 1 and 4 and is restrained in the 
vertical direction at nodes 2,3,5 and 6. The required elexnent and material properties 
are; modulus of elasticity E = 30 x 106 psi, c r m  sectionai area A = 17.634 i d t  
moment of inertia I = 984 in4 and mass densis p = 7.372 x  IO-^ lb/in4. 

Figure B.2: R a m e  of ExampIe 2. 

The h t  thsee natural hequencies are wl = 27.62 rad/s, w;l = 97.44 rad/s and 
w3 = 137.48 rad/s. Equation B.3 shows the associateci mode shapes for the first 
three natural fkequencies. These results have a maximum discrepancy of 0.09% when 
compared to those reported in the vibrations text book. 





This example verifies the d y s i s  of a system due to a grnerd t h e  dependent ex- 
citation, perfomed by the Forced program. The analysis is done as described in 
Chapter 4. The example chosen to verify this program was an example h m  a vibra- 
tion text book [16]. 

A fivestory building was modeled by the system shown in Figure B.3. The system 
consists of five elements having stiflness values of; kl = k2 = 10 x 10' lb/in, k3 = 
k4 = 8 x 107 lb/in and 4 = 6 x 10' Ib/in. The mass of the structure is modeled 
by five lump masses added at each node, the values of the lump masses are; mi = 
mz = m3 = 65 x ld Ibs2/in, m4 = 60 x 103 Ibs2/in and ms = 45 x 103 1bs2/in. 
The building was said to be e x p d  to tomado whd loading which was modeled by 
appIyhg a forcing function, F(t) ,  at each floor. The data used for the forcing function 
is summarized in Table B.1. 

Figure B.3: Model of five-story building used in Example 3. 

The part of the solution fkom the tirne integration is summarized in Table B.2. 
This solution matches the solution reported in the text book, with a maximum dis- 
crepancy of 0.05%. 
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Table B. 1: S u m m q  of tornado wind loading. 



Table 8.2: S l l m m a r y  solution for Example 3. 
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B.4 Example 4 

This example verifies the anaiysis of a system due to harmonic excitation, performed 
by the Forced program. The analysis is done as describeci in Chapter 4. The example 
chosen to verify this program was an example fiom a vibration text book [l?]. 

A four-story building was modeled by the system shown in Figure B.4. The 
system consists of four elements having stjfbess values of; kl = 800 kips/in, k2 = 
1600 kÏps/in, k3 = 2400 kips/in and k4 = 3200 kips/in. The mass of the stn~cture is 
modeled by four lump masses added at each node, the values of the lump masses are; 
mi = 1 kipss2/i., ml = 2 kipss2/in, m3 = 2 kipss2/in and m4 = 3 kipss2/in. The 
building was excited by applying a harmonie load at the top floor equal to cos nt. 

Figure B.4: Mode1 of four-story building used in Example 4. 

The maximum displacement of the system at node 1 is sumrnarized in Table B.3. 
The response found by the Forced program have a maximum discrepancy of 0.04% 
when compared to those reported by the text book. 
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1 Forcing Requency 1 Amplitude of ~ ( t )  ( 

Table B.3: Stlmmary solution for Example 4. 



Appendix C 

Nomenclature 

Re = Reynolds niimber 

V = kee stream wind velocity 

d = bluff diameter 

Y = bematic viscosity of air 

S = Strouhal niunber 

f, = vortex shedding kequency 

A = area upon which the wind force acts 

p., = mass density of air 

FD = drag force 

FL = lift force 

w, = circular vortex shedding hequency 

L = length of an element 

û = angle of inclination to the wind 

FEM = Finite Element Method 

DO F = Degree(s)-OEF'reedom 



X, Y, Z = global coordinate system 

z, y, z = local coordinate system 

u, v, w = translational DOF in the local coordinate system 

dx ,  dy,  dz = translational DOF in the global coordinate system 

&, &, q5* = rotational DOF in the local coordinate system 

4*, h, t&- = rotationai DOF in the global coordinate system 

[k.] = elemental local stiffness matrix 

[me] = elemental local mass mat* 

E = modulus of elasticity 

A = cross sectional area 

1 = moment of inertia 

p = mass density 

G = shear modulus 

J = polar moment of inertia 

[Tl = transformation matrix 

[KI = global stifiess mat* 

[Ml = global mass matrix 

ML = total mass of additional non-structural component 

w = natural frequencies 

q5 = mode shape 

{x} , { x )  , (x) = global acceleration, velocity and displacement vectors 

[Cl = global damping matrix 

( F ( t ) )  = forcing hinction vector 

[a] = modal m a t e  



{a), {b), (6) = displacement, vdocity and acceIerati011 vectors in terms of the 
principal coordinates 

[MT [Cl, [KI = modal mass, damping and stiffness matrices 

{F(t)) = modal force vector 

Mr,Cr,Kr = diagond components of the modal masrr, damping and 
matrices for the rth mode 

F,(t) = modal forcing function for the rth mode 

Cr = modal damping factor for the rth mode 

Er(t) = excitation function of the rth mode 

At = time integration increment 

kl , k2 , k3 ,k4 = time integration constants 

R = frequency of a harmonie excitation 

r = fiequency ratio 

a = phase Iag 

H (R) = kequency response function 




