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Resume 

L'interet principal de cette recherche est d'assembler des outils numeriques afin de realiser, 
de far̂ on realiste, des analyses dynamiques de structures sous charges de vent. La dispo-
nibilite de ces outils numeriques est devenue importante suite a des evenements de vents 
extremes ayant cause des dommages a plusieurs structures. La methodologie principale de 
cette etude est divisee en deux grandes parties : (i) preparer des charges de vent selon leurs 
correlations spatiales et temporelles en utilisant le vent genere de facon numerique ou le 
vent reel; (ii) preparer des modeles numeriques qui respectent tous les criteres necessaires 
pour des analyses de dynamique transitoire dans lequel les caracteristiques de structures 
reelles sont prises en compte. 

Cette these est composee de quatre articles qui ont ete rediges pour des revues evaluees par 
des comites de lectures ainsi que des conferences. Ces articles demontrent les contributions 
de cette recherche pour I'avancement des etudes dynamiques transitoires de structures sous 
charges de vent, soit pour la modelisation de vent (le premier article) ou sur les cas d'etudes 
de structures complexes (les trois autres articles). Les articles presentes sont : (a) reva
luation de la correlation tridimensionnelle du vent afin de determiner plus precisement les 
charges de vent appliquees sur des structures flexibles et longilignes, les resultats presentes 
ici seront utiles pour aider les ingenieurs a choisir le bon modele de vent tridimensionnel: 
(b) le raffinement de la conception d'une structure de concentrateur solaire photo-voltai'que 
pour utilisation commerciale, ou on fait face aux criteres operationnels sufTisamment stricts 
et des problemes de fatigues sous charges de vent pour une grande structure parabolique 
a treillis ; (c) l'etude sur des pylones haubanes de lignes aeriennes, ou on se questionne sur 
l'applicabilite de la methode statique-equivalente proposee dans les documents industriels 
pour la conception de ce type de support flexible, et on propose une methode simplifiee 
pour l'arnelioration de la methode de calcul de charge de vent; (d) la preoccupation fonda-
mentale sur le comportement nonlineaire de systemes a un-degre-de-liberte a ete evaluee ; 
sous charges de vent, l'utilisation de donnees de vent reel provenant d'ouragans et de tem-
petes d'hiver mettent en evidence l'interet d'inclure la ductilite dans la conception d'une 
structure soumise a des charges de vent extreme. 

Ce projet de recherche a demontre la polyvalence de la methodologie d'etude de vent 
proposee pour resoudre les preoccupations de conceptions de structures complexes. De 
plus, cette etude propose les methodes simplifiees qui seront utiles aux ingenieurs lors de 
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la resolution de ce type de problemes. 

Mots cles : nonlineaire, dynamique, vent, pylone haubane, structure parabolique, ducti-
lite. 



Abstract 

The main purpose of this research is to assemble numerical tools that allows realistic dy
namic study of structures under wind loading. The availability of such numerical tools 
is becoming more important for the industry, following previous experiences in structural 
damages after extreme wind events. The methodology of the present study involves two 
main steps: (i) preparing the wind loading according to its spatial and temporal correla
tions by using digitally generated wind or real measured wind; (ii) preparing the numerical 
model that captures the characteristics of the real structures and respects all the necessary 
numerical requirements to pursue transient dynamic analyses. 

The thesis is presented as an ensemble of four articles written for refereed journals and 
conferences that showcase the contributions of the present study to the advancement of 
transient dynamic study of structures under wind loading, on the wind model itself (the 
first article) and on the application of the wind study on complex structures (the next three 
articles). The articles presented are as follows: (a) the evaluation of three-dimensional cor
relations of wind, an important issue for more precise prediction of wind loading for flexible 
and line-like structures, the results presented in this first article helps design engineers to 
choose a more suitable models to define three-dimensional wind loading: (b) the refine
ment of design for solar photovoltaic concentrator-tracker structure developed for utility 
scale, this study addressed concerns related strict operational criteria and fatigue under 
wind load for a large parabolic truss structure; (c) the study of guyed towers for TLs, the 
applicability of the static-equivalent method from the current industry documents for the 
design of this type of flexible TL support was questioned, a simplified method to improve 
the wind design was proposed; (d) the fundamental issue of nonlinear behaviour under 
extreme wind loading for single-degree-of-freedom systems is evaluated here, the use of 
real measured hurricane and winter storm have highlighted the possible interest of taking 
into account the ductility in the extreme wind loading design. 

The present research project has shown the versatility of the use of the developed wind 
study methodology to solve concerns related to different type of complex structures. In 
addition, this study proposes simplified methods that are useful for practical engineers 
when there is the need to solve similar problems. 

Key words: nonlinear, dynamic, wind, guyed tower, parabolic structure, ductility. 
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Chapitre 1 

Introduction generate 

Le but principal de la recherche est d'assembler les outils numeriques qui permettent l'etude 

dynamique des structures nonlineaires sous charges de vent. Ce projet est une reponse 

au besoin de l'industrie pour des outils numeriques qui prennent en consideration : (i) 

l'aspect dynamique non lineaire des structures et (ii) l'aspect aleatoire des charges de vent 

et d'autres caracteristiques notables de ce. chargement. L'importance de ces deux sujets 

a ete accentuee a la suite de grands evenements climatiques et de vents extremes ayant 

cause des dommages a plusieurs structures (Lelievre, C. et Chouinard,; L., 1998; Blake, 

E.S. et al., 2007). 

Les objectifs principaux de cette etude sont : 

- Mieux comprendre les effets de charges de vents extremes sur les structures en utilisant 

la dynamique transitoire; 

- Proposer des methodes simplifiees qui permettent de bien representer le comportement 

dynamique nonlineaire sous charges de vent. 

La contribution originale de cette etude est de rnontrer l'utilisation de la methode de calcul 

de vent en dynamique transitoire pour evaluer et analyser des structures complexes et pour 

repondre a des questions fondamentales sur la conception des structures sous charges de 

vent. La justification pour le choix de la methode dynamique transitoire ainsi que I'etat de 

l'art pour les analyses dynamiques des structures sous chargement climatique, specifiquc-

ment pour des lignes aeriennes, sont detailles a l'annexe A. Cette revue bibliographique 

montre egalement les pratiques couramment utilisees par les autres etudes des structures 
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nonlineaires et complexes sous charges de vent. 

Cette these est presentee comme une collection d'articles publies et soumis a des revues 

et des comptes rendus des conferences. La methodologie de cette etude comprend le de-

veloppement des modeles numeriques de structures et de charges de vent en fonction du 

temps ainsi que l'utilisation de ces outils pour des etudes de structures complexes. 

Les etapes de la methodologie sont les suivantes : 

1. La preparation des donnees de vitesse de vent; pour modeliser les charges de vent, 

les etapes suivantes sont requises : 

(a) Le developpement d'une base de donnees de mesures de vent reel, afin d'utiliser 

ces donnees pour des etudes connexes ou pour aider a etablir des modeles de 

vent de facon plus realiste pour la generation de vent numerique. 

(b) La creation d'un logiciel pour la generation numerique de vent turbulent en 

fonction du temps. Le vent genere doit respecter la densite spectrale ciblee et 

prendre en consideration les correlations spatiales et temporelles du vent. L'uti

lisation de vent numerique permet une plus grande flexibilite dans l'etude des 

structures complexes et de grandes dimensions. Les details pour la methodologie 

de generation du vent numerique sont presentes a 1'annexe B. 

2. Le developpement des modeles numeriques de structures non-lincaires et l'analyse 

dynamique transitoire : le modele de la structure doit prendre en consideration les 

non-linearites dus aux grands deplacements et les non-linearites de materiaux. 

Pour faciliter la creation de modeles de structures complexes, un processus efficace 

et systematique est mis en place. 

Egalement, une methode d'analyse dynamique transitoire adaptee a l'analyse non

lineaire de la structure sous charge de vent a ete developpee, les etapes de cette 

methode sont donnees dans 1'annexe C. 

Afin de mieux illustrer la methodologie d'etude de vent, la figure 1.1 montre un organi

gramme qui contient les etapes de calcul et d'analyse numerique. Dans cet organigramme, 

les etapes sont donnees pour les charges de vent des structures nues (sans glace) et des 

structures couvertes de glace. 

Les cas d'etudes sont presentes aux chapitres suivants : 
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- Le chapitre 2 presente I'etude de la correlation tridimensionnelle de vent basee sur des 

mesures in situ de vent. 

- Le chapitre 3 decrit I'etude d'une structure parabolique a treillis, un systeme de concen-

trateur solaire photovoltaique, afin de developper un concept structural robuste qui 

correspond a des criteres de conception stricts pour ce type de structure. 

- Le chapitre 4 explique I'etude de pylones haubanes de lignes aeriennes . 

- Le chapitre 5 decrit I'etude de systemes nonlineaires a un degre de liberte pour etablir 

le rapport entre la reduction de la resistance et la ductilite sous charges extremes de 

vent. 
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Chapitre 2 

Correlation tri-dimensionnelle de 

vent 

2.1 Avant-propos 
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Titre francais : Correlation tri-dimensionnelle de vent : estimations a partir de mesures 

in situ 

Date de publication : avril 2009 

Etat de l'acceptation : une grande partie de ce chapitre a ete publiee et presentee 

lors de la conference; du materiel supplementaire a ete ajoute a la version originale de cet 

article afin de rnieux clarifier le sujet. 

Compte rendu : American Society of Civil Engineers (ASCE) Structures Congress '09, 

Austin, Texas, EU, 29 avril - 2 mai 2009. 

Resume : 

II y a encore des lacunes dans les donnees de vent relatives aux correlations 

tridimensionnelles entre ses composants : dans le sens longitudinal, vertical 

et perpendiculaire du vent. Ces correlations sont importantes afin de mieux 

preciser les charges de vent sur des structures flexibles et longilignes, comme 

des ponts a longue-travee, des lignes aeriennes, etc. II est done souhaitable 

d'obtenir plus de renseignements relies a ces caracteristiques importantes de 

vent a partir de mesures de vent in situ. En utilisant des donnees de vent 

reel, les caracteristiques de correlation tridimensionnelle de vent sont evaluees 

et comparees aux modeles empiriques. Les modeles existants permettent de 

bien predire les caracteristiques du vent mesure in situ. Avec les resultats de 

cette etude, une amelioration du modele tridimensionnel de vent pourrait etre 

obtenue et utilisee pour la generation de donnees numeriques de vent. 

Mots-cles : coherence, -croise, densite spectrale, anemometre, sens longitudinal, 

vertical, perpendiculaire au vent. 

Abstract: 

For wind load design, there is still a certain lack of full scale data in the 

cross-properties among along-, vertical- and across-wind directions. These cor

relations are important for precise prediction of wind loads on flexible, line-like 
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structure such as long-span bridges, transmission lines, etc. It is then desi

rable to obtain more information related to these important wind parameters 

based on in situ wind measurements. Using these real wind data, the three-

dimensional correlational properties of the wind components were evaluated 

and compared to the available empirical models. A relatively good fit were 

found between the calculated results and empirical models. The results from 

this study could be used to improve the current three-dimensional wind corre

lational models for the purpose of digitally generating wind data. 

Key words: cross-, coherence, anemometer, along-, vertical-, across-wind. 

2.2 List of variables 

Variable Definition 
9 — 2 

Coh^, Cohee coherence function, estimate of coherence for wind components e = u, v or w 

Cy, Cz exponential decay coefficients 

/ frequency (Hz) 

Ic intensity of turbulence (Ie = at/U(z)) of wind component e = u, v or w (%) 

Lu, Lw length scales of turbulence in x-direction relating to u and w components (m) 

n coefficient for confidence interval calculation 

N number of samples 

s standard deviation from the available samples 

Sec, Set spectral density function, estimate of spectral density for components e (m 2 / s ) 

tn-,a/2 Student 's t distribution value for n — N - 1 

u, v, w fluctuating or gust components of wind speed along x, y and z axes (m/s) 

U(z) mean wind speed at height z (m/s) 

x, y , z system of rectangular cartesian coordinates with z-axis 

defined in the direction of mean wind and z-axis vertical (m) 

x, nx mean value from the available samples; real mean value 

z effective height above ground obstructions (m) 

ZQ surface roughness parameter or roughness length (m) 

a coefficient to define the confidence interval 

Ay, Az lateral and vertical separation between two points respectively (m) 
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2.3 Introduction 

The correlation properties of the wind (expressed as wind coherence in frequency domain 

representation) are important for precise prediction of response to wind for flexible, line

like structures such as long-span bridges, telecommunication towers, wind turbine towers 

and transmission lines. Although extensive research including field measurements has 

been carried out in the past, there is still a lack of data that defines complete correlation 

between the components of wind turbulence. Whereas correlations in the along-wind 

mean direction are more or less clearly understood and well defined, there is a certain 

shortage of full scale data in the cross-properties among along-, vertical- and across-wind 

directions. It is therefore desirable to obtain more information related to these important 

wind parameters based on field measurements. 

The objective of this paper is to provide more information on this subject based on two in 

situ wind measurements. One set of data was obtained during the measurements under

taken for the New Cooper River Bridge, Charleston, South Carolina. The second set was 

the wind measured on the experimental line of Hydro-Quebec Research Institute (IREQ). 

The first site is characterized by open water for wind directions normal to the bridge 

crossing, close to south and north wind. The second site is an open terrain. 

For both wind measurements, three-dimensional (3D) ultrasonic anemometers were used. 

Based on the available wind data, the correlations between along-wind (u), across-wind 

(v) and vertical (w) turbulence components were evaluated at the same measurement 

point, and as well, at separated measurement points. Since the vertical and across-wind 

structural responses depend on the turbulence fluctuations in the respective directions, 

knowledge of their cross correlations would help improve the response estimations. 

In addition, the effect of separation distance on correlation was also analyzed. The esti

mation of spatial effects on correlation can be used to refine the site specific wind loading 

over the structural span of power lines or bridges, or height for towers. The results for 

wind spectra and the coherence for 3D wind will be presented, as well as comparison with 

the available empirical wind models. 
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f ® 

Figure 2.1: Set-up of five ultrasonic anemometers for wind measurements on the experi

mental line of IREQ 

2.4 Wind measurement sites 

2.4.1 Experimental line of IREQ 

This data set was provided by Hydro-Quebec Research Institute (IREQ). The set comprises 

a one month continuous wind measurement (March 20 to April 19, 2008) obtained from the 

expeiimental line facility of IREQ in Varennes, Quebec, Canada. The site is essentially 

a flat, covered with snow terrain (roughness length z$ « 0.01 to 0.03 m). During the 

measurement period, the prevailing wind direction was almost normal to the experimental 

line. 

The wind measurement set-up consists of an array of five ultrasonic anemometers, mounted 

on three pylons, which are arranged parallel to the longitudinal direction of the experimen

tal line. The distance between each pylon is 75 m. The setting of this wind measurement 

is shown in figure 2.1. The five anemometers were mounted as follows anemometers 1, 3 
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and 5 were elevated at z = 20 m; anemometer 2 was at z = 27 m; and anemometer 4 was 

at z = 10 m height. 

The data were recorded in ten-minute segments. The wind measurement was recorded 

continuously during the measurement campaign, 24 hours per day, for 30 days. Each 

ten-minute segment (one sample) contains approximately 18000 data points, recorded at 

a sampling frequency of 30 Hz. 

The available samples were grouped into bins, according to the mean wind speed recorded 

at the height z = 10 m, c/(10) and the mean wind direction 9. For the mean wind speed, 

the bin interval was set to be 5 m/s. For the mean wind direction, the interval was 

30°. Following the accepted notation, a bin named CCS10 would contain samples with 

mean wind speed within 10 < (7(10) < 15 m/s and mean wind direction in the range of 

270° < 9 < 300°, i.e., almost normal to the experimental line alignment. Table 2.1 in 

section 2.6.1 provides the bins used in this study as well as their wind parameters. 

2.4.2 Cooper River site 

This data set was available for this study by the courtesy of the bridge designers Parsons 

Brinckerhoff, and the bridge owner South Carolina DOT, USA. The wind measurement 

was done in order to confirm the turbulence properties on the Cooper River site, corres

ponding to a mix of a suburban and open water type of terrain (estimated combined 

roughness length z0 = 0.02 m). Data from December 2002 to April 2003 were available for 

analysis and were detailed in Kelly, D.R. (2004). The wind measurement was relatively 

uninterrupted. 

In this wind measurement, three ultrasonic anemometers were installed on the old truss 

bridges, namely Silas Pearman and Grace Memorial, as shown in figure 2.2. The elevations 

of these anemometers were: 67.7 m and 69.7 m for anemometers A & B (Grace Memo

rial) respectively; and 67.5 m for anemometer C (Silas Pearman). Each anemometer 

was installed on a 3 m long guyed mast. The distance between anemometer A and B is 

Ay = 53.3 m. The distance between anemometer B and C is Ax = 94 m. 

Data from the three anemometers were collected in cycling fashion by ten-minute segments. 

The first (e.g. 9:00 to 9:10) and fourth (e.g 9:30 to 9:40) segment readings of every hour 

from all three anemometers were recorded at sampling frequency of 2.5 Hz. During the 
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Figure 2 2 Set-up of three ultrasonic anemometers for wind measurements on the Cooper 

River Bridge site - these old bridges were later demolished (Kelly, D R , 2004) 
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second (9:10 to 9:20) and fifth segments (9:40 to 9:50), measurement from anemometers 

A and B were recorded, at sampling frequency of 4 Hz. While for third (9:20 to 9:30) and 

sixth (9:50 to 10:00) segments, only anemometer B was recorded, at sampling frequency 

of 8 Hz. 

2.5 One-point and two-point cross-coherence of the 

wind components u, v, w 

A complete 3D correlation model will be helpful in realizing a more realistic numerical 

wind loading generation. Nonetheless, there is an important shortcoming in the com

pleteness of the empirical formulae available, to represent the cross-correlation between 

longitudinal and vertical/lateral turbulence components. The general consensus for the 

cross-properties among the other components is that being weaker, they are less impor

tant for response estimations. The knowledge in this subject is important considering the 

Az 

Figure 2.3: Schema of three-dimensional correlation of wind components u, v and w 



2. Cor re la t ion t r i -d imensionnel le de vent 13 

coupled interaction of wind-sensitive structures. 

For horizontal structural elements, such as bridge deck or power lines, u—w cross-properties 

are controlling the magnitude of the across-flow loads, whereas for vertical structural el

ements, such as towers, u — v cross-properties would be the important ones. Without a 

reliable cross-coherence model, the wind-structure interaction response would not reflect 

the actual structural behaviour. Studies that included the along-wind and vertical com

ponents mostly neglected the one-point and two-point cross-coherence as a simplification 

and/or due to unavailability of reliable models. A schema that illustrates the three di

mensional correlations and spatial separations of wind measurement points is shown in 

figure 2.3. 

From the preliminary studies, and supported by previous studies for the three-dimensional 

wind correlation (e.g. Saranyasoontron, K. et al. (2004); ESDU-86010 (1986)), it was found 

that the estimated same point cross-coherence between the along-wind and across-wind 

u — v SLS well as the across-wind and the vertical component v — w are far less significant 

than the along-wind and vertical wind u — w. Therefore, the present study focused on the 

one-point and two-point cross coherence of u—w for vertical Az and lateral Ay separations. 

The available coherence empirical models are used to compare with the estimated cohe

rence from the wind records. For the calculation of the cross-coherence u — w, the coherence 

model from the same components u — u and w — w are also required. Several available cohe

rence functions are evaluated in this study. The one-point u — w coherence by Solari, G. et 

Piccardo, G. (2001) and the two-point u — w cross-coherence of Minh, N.N. et al. (1999) 

were retained for this study. For the u — u coherence, the Davenport model (Davenport, 

A.G., 1968) was used. For the vertical components coherence, equation by Bowen, A.J. 

et al. (1983) was adopted. The coherence functions used in this study are provided in 

section 2.5.3. 

2.5.1 Coherence from the wind records 

From the available wind sample records, the coherence estimate can be calculated for 

the wind components of interest (u,v and w). The coherence function is a function of 

frequency with values between 0 and 1 that indicates how well two stationary random 

processes correspond to each other at each value of frequency. 
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— — 2 

The estimate of the squared coherence function Coh (/) of two stationary random pro

cesses can be expressed as (Bendat, J.S. et Piersol. A.G., 2000): 

Coh2(/) = ^hf (2.5.1) 

where Slalb is the estimate of the cross-spectrum density of ea and ê ; the subscript a and 

b are for the two components analysed; e is the wind component of interest, those are u,v 

or w; Sta and Sib are the estimates of the auto spectra densities. 

2.5.2 Confidence intervals 

The results provided for the parameters of interest (e.g. wind PSD or coherence) from 

the mean of the available samples are estimates of the 'real' parameters of interest. A 

more meaningful procedure for estimating parameters of random variables involves the 

estimation of an interval (Bendat, J.S. et Piersol, A.G., 2000). 

For the case of the mean value estimate, a confidence interval can be established for the 

mean value fxx based on the mean value from the available samples x as follows (Bendat, 

J.S. et Piersol, A.G., 2000): 

_ s tn\a/2 , _ , s tn;a/2 
x ^ _ < n < x H ~ - (2.5.2) 

where s is the standard deviation from the available samples; tn;ft/2 is the Student's t 

distribution value for n = N — 1; N is the number of samples. 

In the present study, a = 0.05, therefore the confidence coefficient of 100 (1 — a) %— 95 % 

is used for calculating the interval band of the results. 

2.5.3 Available empirical models 

The available empirical models from previous studies were used to compare the estimated 

coherence functions from the wind records. 
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The square root of the coherence function for two-point of the same wind component, as 

proposed by Davenport, A.G. (1968) is defined by: 

c„h(/). exp (_mc,*fr + {c.*vrr\ (2.5,3) 

where Cz and Cy are the exponential decay coefficients; Az and Ay are the distances 

between point a and b; U is the mean wind speed. In the present study, the exponential 

decay coefficients for the u — u component for the vertical and lateral separations are: 

Cz = 10 and Cy = 16 (Simiu, E. et Scanlan, R., 1996). 

For the present study, it was found that the above equation did not provide good represen

tation for the two-point w — w coherence. Therefore, another empirical model by Bowen, 

A.J. et al. (1983) was used instead. The equations related to this model are: 

Coh2
WaWb(f,Az) = c-exp-a'™ (2.5.4) 

where: 
Az 

c = 1 - 0 . 5 — (2.5.5) 

Az 
-a'zn = 4 + 10— (2.5.6) 

One-point u — w cross-coherence from Solari, G. et Piccardo, G. (2001) is: 

Coh^o(/) = - - J - 1 _ = = (2.5.7) 
*uau,0 ^i+QA[fLv/U(z)]2 

where: 

««.«««(*) = Auawa \/ftu{z)ftw(z) (2.5.8) 

AUaWa = l.U[Lw/LX21 (2.5.9) 

ftu = 6- 1.1 t an-^ ln^o) + 1.75] (2.5.10) 
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in which Lw/Lu = 0.08 and crw/au = 0.55 for Kaimal spectra; 

and the integral scale length Lu is defined by: 

Lu = 5.67 z (2.5.12) 

Two-point u — w cross-coherence proposed in Minh, N.N. et al. (1999) is expressed as: 

CohlaWb(f) = 2S*\fi{£{f) [CohUaUb(f) + CohWaWb(f)} (2.5.13) 

in which the first term of the equation is the one-point u — w cross-coherence. 

2.6 Results and discussions 

2.6.1 Results from IREQ wind measurement 

For the IREQ wind data, the one-point and two-point u — w cross-coherence were derived 

from pylon with anemometer 2, 3 and 4. In the present study, the cross-coherence for 

varied vertical separations between anemometer 2, 3 and 4 were examined in details in 

order to study the two-point u — w cross-coherence. Anemometer 2 is at height z = 27 m, 

anemometer 3 is at height z = 20 m and anemometer 4 is at height z = 10 m. Hence, the 

vertical separations studied here are Az =• 7, 10 and 17 m. 

Comparisons were made for the bins with largest values of U(10) and wind direction almost 

normal to the experimental line: CCS10 and CDS10. The parameters related to these two 

bins are given in table 2.1. For wind loading design purposes, wind speed of interest would 

be (7(10) > 20 m/s. During the measurement period, the highest mean wind were in 

the range of 15 to 20 m/s in bin CDS10, where only six samples are available. More 

samples, with relatively high mean wind speed (range of 10 to 15 m/s), are available in 

bin CCS10. Nonetheless, as summarized in ESDU-86010 (1986), the use of wind samples 

with (7(10) ~ 10 m/s are accepted to develop theoretical basis of wind models, as this is 

the case for the large part of the available studies for wind models. 
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Table 2.1: Wind parameters of IREQ wind measurement for bins CCSIO and CDSIO 

Bin 

CCSIO 

CDSIO 

U{10) m/s 

10 to 15 

15 to 20 

/u(10) % 

13.23 

14.75 

No. 

Samples 

67 

6 

9° 

270 to 300 

(normal to the 

test site) 

Note: (7(10) is the mean wind speed; /u(10) is the turbulence 

intensity; 0 is the mean wind direction 

For all the results given in this section, the term 'estimate' refers to the calculated mean 

of the available samples per bin. The confidence interval band for CI = 95 % is also 

presented in the results. The estimates are calculated from the ten-minute samples. Each 

sample is divided into six subsegments with 50 % overlapping, following recommendations 

in Bendat, J.S. ctPiersol, A.G. (2000). 

Before proceeding with the coherence calculations, the wind power spectral densities (PSD) 

of the measured data were calculated for the bins of interest. From the complete results of 

the PSD evaluation, it was concluded that the measured data agreed quite well with the 

Kaimal spectra. An example of the wind PSD plot is shown in figure 2.4 for anemometer 2 

at z = 27 m for u, v and w components, as well as the theoretical PSD of u component 

from Kaimal (Kaimal, J.C. et al, 1972). In this figure, the average of u component of bin 

CDS10 for / < 0.1 is higher than the theoretical prediction, for / > 0.1, the agreement 

is good. It can also be observed that the PSD of v has comparable magnitude as u 

component, while the w component has lower magnitude. 

2.6.1.1 One-point u-w coherence 

The one-point u — w cross-coherence for the two bins studied here is shown in figure 2.5(a) 

to (c) for bin CCS10 for height z = 27, 20 and 10 m respectively; and (d) to (f) for 

bin CDS10 with the same heights as bin CCS10. In this figure, the dotted blue lines 

are the confidence interval band CI = 95 %, the continuous blue line is the mean from 

the samples. The theoretical one-point u — w cross-coherence (dot-point green line) is 

calculated using equation 2.5.7 (Solari, G. et Piccardo, G., 2001). The agreement between 
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—estimate u estimate v — estimate w — Kaimal u : 

10-'i 1 J 1 1 1 1 — i 
0.05 0.1 0.2 0.4 0.6 0.8 1 

frequency (Hz) 

Figure 2.4: Power spectral density (PSD) of u, v and w wind components of anemometer 

2, bin CDS10, IREQ wind data 

measured and the theoretical curves was found to be satisfactory for bins CCS10 (67 

samples) and CDS10 (6 samples). It can be concluded that the one-point u — w cross 

coherence proposed by Solari, G. et Piccardo, G. (2001) predicts well the real wind u — w 

components correlation. 

2.6.1.2 Two-point u — u and w — w coherence 

In order to obtain the theoretical two-point u — w cross-coherence, it was also necessary to 

adopt reasonable models for the two-point coherence of the u—u and w—w components. To 

verify the appropriateness of the coherence functions, they are compared to the coherences 

estimated from the wind records. 

The u — u two-point coherence are presented in figure 2.6(a) to (c) for bin CCS10 with 

Az — 7, 10 and 17 m respectively; and (d) to (f) for bin CDS10 with the same vertical 

separations as bin CCS10. For these vertical separations, the u — u coherence, which is 

the square of equation 2.5.3 (Davenport, A.G., 1968). showed a very good agreement with 

the theoretical values for Az = 7 and 10 m. For Az = 17, for bin CCS10 the theoretical 

curve over predicts the coherence; while for bin CDS10, the theoretical coherence does not 
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CCS10 (0(10) = 10 to 15 m/s) CDS10 (0(10) = 15 to 20 m/s) 

0.1 0.2 0.3 0.4 0.5 5!i M 0.3 0.4 o'5 
Frequency (Hz) Frequency (Hz) 

Figure 2.5: One-point u — w cross-coherence of: (a) bin CCSIO at z = 27 m; (b) bin 

CCSIO at z = 20 m; (c) bin CCS10 at z = 10 m; (d) bin CDSIO at z = 27 m; (e) bin 

CDSIO at z = 20 m; (f) bin CDSIO at z = 10 m 
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follow the estimation mean very well, but it is still within the confidence interval. 

The w — w two-point coherence are shown in figure 2.7 for bins CCSIO and CDSIO with the 

same vertical separations as the previous figure. For the w — w component, the estimated 

coherence was compared to equation 2.5.4 (Bowen, A.J. et al., 1983). For bin CCSIO, 

the theoretical prediction is always higher than the coherence from the real wind. A 

better agreement was observed for bin CDSIO, even though there were relatively fewer 

(6) samples available. This result highlighted the fact that stronger correlation between u 

and w components exists for samples with higher wind speed. In addition, it seems that 

a better vertical two-point coherence model is required for better prediction of the real 

wind. 

2.6.1.3 Two-point u — w coherence 

The theoretical two-point u — w coherence can be obtained after calculating the theoretical 

one-point u — w cross-coherence, and the u — u and w — w coherences by using equa

tion 2.5.13 (Minh, N.N. et al, 1999). The results of the two-point u — w cross-coherence 

are shown in figure 2.8(a) to (c) for bin CCSIO with Az = 7, 10 and 17 m respectively; 

and (d) to (f) for bin CDSIO with the same vertical separations as bin CCSIO. From this 

figure, it can be observed that for Az = 7 m ((a) and (d)) at the lower frequency range of 

less than 0.2 Hz, the measured two-point u — w cross-coherence fit the theoretical curve 

relatively well, but for the higher frequency range, the measured values are higher than 

the theoretical prediction. 

For bin CCSIO in (b) and (c) of the figure, it can be seen that the theoretical coherence 

only predicts well at very low frequency range (less than 0.05 Hz), elsewhere, the estimated 

coherence are higher. The estimated coherence value of « 0.1 for / > 0.1 Hz is obtained 

from all vertical separation distances for bin CCS10 and CDS10. For bin CDS10, despite 

the reasonable fit, there are larger deviations between measured and theoretical values. 

From figure 2.5 and 2.8, it can be observed (as expected) that the one-point u — w cross-

coherence is larger than the two-point u — w cross-coherence, due to a drop in correlation 

of the wind gusts in the two separated measurement stations. 

The two-point u — w cross-coherence is the magnitude of 0.1 to 0.2 for very low frequency 

( / < 0.1). For small vertical separation and stronger wind speed, stronger correlation 
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CCS10 (0(10) = 10 to 15 m/s) CDS10 (0(10) = 15 to 20 m/s) 

01 02 03 0 4 0 5 
Frequency (Hz) 

01 02 03 04 05 
Frequency (Hz) 

Figure 2 6 Two-pomt u — u coherence of (a) bin CCSIO at Az — 7 m, (b) bin CCSIO for 

Az = 10 m, (c) bm CCSIO for Az = 17 m, (d) bin CDS10 for Az = 7 m, (e) bm CDSIO 

for Az = 10 m, (f) bin CDSIO for Az = 17 m 
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Figure 2 7 Two-point w — w coherence of (a) bm CCSIO at Az = 7 m, (b) bin CCSIO for 

Az = 10 m, (c) bin CCSIO for Az = 17 m, (d) bin CDSIO for Az = 7 m, (e) bin CDSIO 

for Az = 10 m, (f) bm CDSIO for Az = 17 m 
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CCS10 (0(10) = 10 to 15 m/s) CDSIO (0(10) = 15 to 20 m/s) 

01 0.2 03 04 0.5 
Frequency (Hz) 

01 02 03 04 05 
Frequency (Hz) 

Figure 2.8: Two-point u-w coherence of: (a) bin CCSIO at Az = 7 m; (b) bin CCSIO 

for Az = 10 m; (c) bin CCSIO for Az = 17 m; (d) bin CDSIO for Az = 7 m; (e) bin 

CDSIO for Az = 10 m; (f) bin CDSIO for Az = 17 m 
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Table 2.2: Wind parameters of Cooper River wind measurement on January 27, 2003 

Anemo

meter 

A 

B 

C 

z (m) 

67.70 

69.70 

67.50 

U(z) 

m/s 

10.19 

10.23 

8.69 

In (%) 

9.90 

10.16 

19.12 

h (%) 

9.56 

10.26 

11.47 

Iw (%) 

7.37 

7.13 

9.42 

No. 

Samples 

24 

16 

8 

will likely to exist. Hence, for better evaluation of this coherence, more samples of strong 

wind are needed. 

2.6.2 Results from Cooper River site measurements 

From the available data sets, the wind normal to Grace Memorial Bridge was retained 

for analysis. In the present study, lateral separation between anemometers A & B, Ay = 

53.3 m, was investigated. The key parameters of this data set were derived by Kelly, 

D.R. (2004), as summarized in table 2.2. As figure 2.9 shows, the PSD of anemometer 

B (wind storm of January 27, 2003) is in a better agreement to the theoretical formula 

of Kaimal (Kaimal, J.C. et al., 1972) than to the von Karman (von Karman, T., 1948) 

spectrum. 

For the one-point and two-point u — w cross-coherence, the calculation results are shown in 

figure 2.10. In this figure, it can be seen that the overall maximum magnitude between the 

measured and the theoretical coherence are similar. For the one point u — w cross-cohe

rence, the measured data showed lower values at the lower frequency range but overall, 

the theoretical curve seems to envelop well this data set. While for the two-point u — w 

cross-coherence, almost for the whole frequency range, the measured values are higher than 

the theoretical value. The weak coherence level implies that due to the relatively low wind 

speeds, the ambient noise in the turbulence (uncorrelatcd gusts) was likely dominating. 



2. Correlation tri-dimensionnelle de vent 25 

10' 

10' 

•52 

£ io° 
Q 

Q. 

10" 

10"' 

l"*-„ * 4 estimate u — u Von Karman 

^ ^ < % A 

A^CSS&A 

I : . . I I I 

— ii Kaimal 

-

-

' 

1 1 

0 01 0 05 01 0 2 0 3 0 40 5 
Frequency (Hz) 

Figure 2.9: PSD of u wind component of anemometer B, Cooper River wind data 
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2.7 Concluding remarks 

This study presented results of along-wind and vertical component u-w cross-coherence 

of one-point and two-point for vertical and lateral separations from two in situ wind 

measurements. It could be concluded that the chosen wind coherence models fit relatively 

well to the coherence obtained from the measured wind data, but there is still a place 

for improvement and trials with additional data sets. It should be noted that the present 

study is still ongoing and there is a need for more analyses of the available data as well as 

data of stronger wind. 

More detailed information on the three-dimensional wind correlation will be available 

soon from other sources. As well as additional recording of wind in the IREQ site will be 

available to extend the database available at this point. Also, the theoretical PSD and 

coherence fit will be extended to a more complex model. The authors hope to be able, 

in the near future, to offer improved empirical formulae for the cross-coherence of wind 

turbulence based on full scale measurements. 
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Resume : 

Les grandes structures paraboliques a treillis sont utilisees pour les antennes 

et, plus recemment, pour les concentrateurs solaires photovoltaiques pour re

pondre au besoin en energie renouvelable. Pourtant, peu de donnees sont pre-

sentement disponibles pour mieux comprendre le comportement de ce type de 

structure sous charges de vent. Egalement, seulement quelques normes guident 

la conception de ce type de structure au Canada. L'objectif de cette etude est 

d'evaluer les charges de vent sur des structures paraboliques typiques, d'une 

grandeur de 8 x 16 m2. Cette etude a ete effectuee en deux etapes : (i) des 

essais sectionnels dans la souffierie sont effectues afin de determiner les coef

ficients de forces aerodynamiques; et (ii) en utilisant ces resultats d'essais en 

souffierie, des analyses numeriques sur la pression dynamique du vent sur la 

surface parabolique sont effectues. Pour cette partie, les donnees de vent sont 

generees sur un grillage de 32 nceuds, en respectant les caracteristiques de vent 

reel pour leurs correlations spatiales et la densite spectrale. Ensuite, les charges 

de fatigue sont estimees a partir des resultats d'analyses dynamiques. Egale

ment, les charges ultimes pour la structure et la fondation sont determinees en 

utilisant les resultats des essais en souffierie. 

Mots cles : structure parabolique, pression de vent, fatigue, coefficients des 

forces 

Abstract: 

Large parabolic lattice truss structures are used in applications such as anten

nas as well as in solar concentration systems which are in great demand for 

renewable energy. However, few data on the behaviour of this type of structure 

under wind load are available and few codes guide the design of such structures 

in Canada. The objective of this study is to evaluate wind loads on a typical 
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parabolic structure of 8 x 16 m2. The study was performed in two steps: (i) 

sectional wind tunnel testing to determine the wind loads on the structure; 

(ii) based on the wind tunnel testing, numerical time history analyses for wind 

dynamic pressure on the parabolic surface were performed. For this part, the 

wind was generated on a 32 points grid with the generated wind respecting the 

actual wind characteristics of spatial correlation and spectral density. With 

the time history analyses, some fatigue loadings were estimated. The ultimate 

limit state loading on the structures and foundation were then determined from 

the results of wind tunnel test. 

Key words: parabolic structure, wind pressure, fatigue, force coefficients 

3.2 List of variables 

Variable 

A 

Al, Bl 

CF 

Cfxt Cfz 

cp 

D 

dx 

FX,FZ 

MTmax 

My 

RJJ, Ru 

U 

z 

zo 

7 

'-torsion 

Definition 

exposed area to loading (m2) 

singular and middle exterior parabolic trough of Hosoya, N. et al. (2008) 

load coefficients 

horizontal and vertical load coefficients 

pitching moment coefficient 

pressure coefficient 

width of the dish (m) 

maximum displacement due to wind (mm) 

horizontal and vertical force (kN) 

maximum torsion due to operational wind (kNm) 

pitching moment (kNm) 

total reaction due to mean wind and total wind (kN) 

mean wind speed (m/s) 

effective height (rn) 

roughness length (m) 

pitch angle (°) 

equivalent distance for torsion (m) 

yaw angle (°) 

air density (kg/m3) 
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3.3 Introduction 

Solar concentrating photovoltaic (CPV) systems have high potential as an alternative to 

traditional energy generation. A CPV system tracks the sun, and a mobile structure pro

vides unique engineering challenges. Since the mobile structure is one of the largest costs 

in a CPV system, optimization of structural system is critical. The research presented in 

this paper is part of a large research and development effort at the University of Sher

brooke (UdeS) supported by an industrial partner who is building a utility scale solar CPV 

system. 

The solar tracker studied here is typical of big-dish systems: it consists of a lattice parabolic 

structure supporting an ensemble of mirrors that concentrate the sun rays on a dense 

array of high performance photovoltaic cells. The aim of this research is to develop a set 

of methods and assumptions for optimized design for this type of structure. The studied 

solar CPV structure has a total reflecting surface of about 8 m by 16 m, larger than most 

CPV systems currently on the market (Stine W.B. et Geyer, M., 2001) which increases the 

output power per tracker. Most solar CPV structures (e.g. Solfocus and Concentrix) have 

flat profiles that allow the use of simple back-up structure. However, the reflecting surface 

supported by the structure under study is curved to concentrate on large receivers (which 

keeps all solar cells in a very small concentrated area). The supporting structure holds 

112 curved mirrors in precise positions and orientations, and is therefore more complex 

in addition to being larger. A lattice back-up structure has been chosen to support the 

mirrors in order to reduce material cost and maximize stiffness. 

Design of solar CPV structures is mainly controlled by wind loads. In Canada, additional 

loads such as ice and snow loads control parts of the structure as well. Designing the solar 

CPV structure to be able to track sun even in hurricane winds or major snow storms would 

not be cost effective, and a series of load combinations in operation and in stow position 

are used. For operational loads, in addition to ultimate limit state design, serviceability 

criteria must be achieved to keep the system efficient. They are related to control of 

geometry so that reflected sunlight does not miss the receivers. Wind loading on the solar 

CPV structure is discussed here as it is a very stringent load in the operating phase. 

The objectives of the present study are: i) to evaluate wind loads on a typical parabolic 

structure for solar tracker using results from wind tunnel tests, using detailed plastic 
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models of the prototype system; and ii) to establish design assumptions and methods for 

this type of structures. 

3.4 Description of the study 

3.4.1 Description of the parabolic structure 

The parabolic structure for solar tracker system studied here is the prototype structvire 

developed for utility scale solar farms. The parabolic structure comprises the double dish 

parabolic frame with its back-up structure (centerline truss) and the support tower. This 

structure has 400 mm gaps between rows of mirrors to reduce its frontal horizontal load 

Figure 3.1: FE model of parabolic structure for CPV solar tracker system 
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coefficient. Figure 3.1 shows the simplified model that retains all structural characteristics 

important for the finite element study, which will be described in the next sections. The 

solar tracker system has two-axis movement, rotating at its tower base with azimuth 

tracking and pivoting at its attachment point to the tower to achieve the required elevation 

with rotating gear drive. 

3.4.2 Required design criteria 

The parabolic structure was designed structurally with the load combinations and loadings 

defined in the CSA Standard S37-01 (2001) Antennas, Towers, and Antenna-Supporting 

Structures. Wind loads considered in the design was 9.5 m/s for the operational load and 

44.1 m/s for the maximum load in the stowed position (horizontal position of the dish). 

3.5 Wind load analysis 

To define the response of the structure under wind, the study has been divided into 

two steps: (i) wind tunnel sectional testing to obtain the global wind load coefficients; 

(ii) based on these wind force coefficients, time history analysis is performed on a finite 

element analysis of the structure in order to evaluate extreme and fatigue loads. 

3.5.1 Wind tunnel sectional test 

The purpose of the wind tunnel rig test of one parabolic dish is to evaluate globally, the 

value of the load coefficients, Cfx, Cfz and Cmy . The forces and moments are represented 

in figure 3.2. 

The wind tunnel of Universite de Sherbrooke is a subsonic tunnel, which is a closed circuit, 

single return tunnel with a 1.8 m wide by 1.8 m high by 10 m long test section. The wind 

speed range for this section is between 1.2 to 30 m/s. Very low turbulence condition can 

be achieved by the use of contraction and multiple diffusion screens. 

The experimental set-up is shown in figure 3.3(a) to (d). The industrial partners optimized 

the reflective surface to include wind-shedding steps between rows of mirrors, while keeping 
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all mirrors identical. They fabricated a 1/22-scale plastic model of the reflective dish 

surface and the back-up structure. Two sets of tests were performed: i) model with 

original plastic surface; ii) model with its surface covered with aluminum foil. The two 

surfaces were used to evaluate the influence of surface roughness. The model had a rough 

surface due to the 3-D printing fabrication process. The aluminum foil surface was added 

to make the surface smoother, since the actual mirrors will be smooth. 

The set-up allows the model to rotate along its longitudinal centerline axis. The section 

was tested from 0° to 180° (see figure 3.2) with 5° increment. Details of the wind tunnel 

rig, the acquisition systems etc. are given in Prud'homrne. S. (2010). The wind speed used 

in the test was in the range of 6 to 12 m/s. Similarity of Reynolds number is not an issue 

for this type of structure, due to its shape and sharp edges. The forces measured were 

for the total of the model and aluminum tube from the test set-up assembly. To obtain 

the total force of the parabolic dish only, the forces from the tube were deducted from the 

total forces. 

Wind forces F and moment M used in this study are expressed by: 

F=\pU2ACF (3.5.1) 

M = ^pU2ADCmy (3.5.2) 

where p is the air density; U is the mean wind speed; A is the total area of the parabolic 

surface; CF are the force coefficients (C/x is the horizontal force coefficient; Cjz is the 

vortical force coefficient); Cmy is the pitching moment coefficient; D is the width of the 

dish perpendicular to its centerline truss. 

3.5.2 Dynamic wind analysis on the structural system 

3.5.2.1 Finite element (FE) model used in this study 

The time history analysis of the structure under wind was performed with Automatic 

Dynamic Incremental Nonlinear Analysis (ADINA). For the parabolic truss structure, the 

main truss members are modeled as beam-column elements, while the bracing is modeled 
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Wind 

Figure 3.2: Sign convention for forces and moment 

as truss elements. Each bar of the receiver mount was modeled as one beam-column 

element to keep the analysis simple and linear. The receiver itself was not modeled, but 

the receiver area exposed to the wind is taken into account in the wind force calculation 

for the top of the mount. 

The mirrors are modeled using 8-node shell elements, with each shell element representing 

one mirror. The length of the actual mirror extends beyond the rib edges, resulting in an 

actual mirror size twice the size of the mirrors modeled. Hence for loadings on the surface 

of the modelled mirrors, values of pressures are doubled to take into account the pressure 

load from the actual mirror surfaces. 

Damping is also added accordingly: structural damping as Raylcigh damping with damp

ing ratio of 0.5% and aerodynamic damping to the elements where dynamic wind loading 

are applied. Linear dynamic analysis using Newmark-/? average acceleration method was 

used for this study. 

Wind loadings are applied on the mirror surface as pressure load and at the top of the 

receiver mount as a point load. Details of the wind loading are described in the next 

section. 
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Figure 3 3 Sectional wind tunnel test of half of the parabolic structure (a) overall set

up, (b) additional stiffening for the back-up structure; (c) model with the original plastic 

surface, (d) model with aluminum foil on its surface 
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3.5.2.2 Dynamic wind loading 

Wind speed data for the dynamic, wind loading are generated from our program Wind

Gen (Hang, S. et al., 2005), developed at UdeS. The wind simulation is based on the 

spectral representation method developed in Shinozuka, M. et Deodatis, G. (1991). In this 

study, the wind characteristics are based on the operational wind loading U(10) = 9.5 m/s 

and type of terrain of open country with very few obstacles, for example cultivated fields 

with few trees or buildings, with roughness length ZQ = 0.05 m. 

The wind power spectral density is modelled using Simiu spectra (Simiu, E., 1974) with 

exponential decay coefficients Cx = 3, Cy = 16 and Cz — 10 are taken for the transverse, 

longitudinal and vertical directions, respectively (Simiu, E. et Scanlan, R., 1996). For 

this study, only the along-wind u component was simulated. Mean wind load are also 

applied in the analysis. The wind speed time histories are generated for a grid of 32 

points, representing the whole surface area of the mirrors and 2 points for the wind on the 

top of the receiver mounts. Three samples of 10-minute generated wind were used for the 

numerical analyses. 

To have a more realistic wind load, the pressure distribution on the mirror surface must be 

taken into account. The wind-tunnel test previously performed at the UdeS wind tunnel 

has provided the overall wind load coefficients C/x, Cjz and Cmy. The pressure coefficients 

Cp adopted for the calculation of the wind force at each of the nodes were based on a study 

by Hosoya, N. et al. (2008) for parabolic troughs and are presented in the next section. 

It is recognized that the the Cp provided in the study of Hosoya, N. et al. (2008) is for 

structures different from the structure under study, but it was the closest found and it was 

scaled to sectional model test and it is believed it provides realistic estimates of Cp that 

will not alter the significance of the research and the results found. 

3.5.2.3 Pressure coefficients from available literature 

The differential pressure contours for the present study are taken from Hosoya, N. et al. 

(2008). Ideally, it would be preferable to extract data from singular parabolic trough 

since this will reflect better the single unit of prototype that is under study in this paper. 

However, the available pressure contours are from the middle exterior trough from a series 

of trough rows. From the available pressure contours, two configurations were chosen, 
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Figure 3.4: Sign convention for the yaw and pitch angle 

of which the pressure contours are remarkably high and correspond well with possible 

configurations of the studied parabolic structure. 

The sign conventions for the wind yaw angle and the parabolic frame pitch angle are shown 

in figure 3.4. The available pressure contours are then projected to the surface area of 

the parabolic disks. Interpolation of the pressure coefficients were done by using griddata 

function of Matlab. 

The two pressure contours used here are shown in figure 3.5. Both configurations are 

from middle exterior trough type Bl , which is the third trough of the first row from a 

configuration of four rows with nine troughs in each row. For Configuration 1, the wind 

direction 9 = 0°, while Configuration 2, the wind direction 9 = —30°. The pitch angle for 

both configurations 7 = 0°. The application of the pressure contour to the finite element 

model is shown in figure 3.6 in which the location of corner panels are marked with the 

same numbering as in figure 3.5 to show the corresponding location and orientation. 

3.5.3 Fatigue analysis 

The fatigue calculations were done for critical locations on the centerline truss and the 

ribs that were previously known from fatigue tests of structural sections of the parabolic 
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(a) 

(b) 

Figure 3.5: Wind pressure coefficient Cp for type Bl of Hosoya, N. et al. (2008) at wind 

direction: (a) configuration 1, 9 = 0°; (b) configuration 2, 9 = —30° 
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Figure 3.6: FE model with wind pressure for configuration 2 with 9 — —30° 
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frame. For the centerline truss, the diagonal with the highest tension force was evaluated. 

For the ribs, the double angle main members with highest tension force were analysed. 

Three 10-minute samples of member stresses at. operational wind speed of U = 9.5 m/s 

previously obtained from study in section 3.5.2 were used for fatigue analyses. 

The wind speed distribution for one year was calculated using Rayleigh distribution 

(Ref: IEC/TC88-61400-1 (2007) clause 3.63). The mean value for this wind speed dis

tribution is 5.5 m/s. The range of wind speed used is between 1 and 25 m/s. To scale 

the 9.5 m/s wind member stress history to other mean wind speeds, the total element 

stress must be deducted with the member stress due to dead load only. The stress time 

history due to other mean wind speed was obtained by multiplying the reference stress 

time history with (£/(10)/9.5)2, where U(ld) is the other mean wind speed ranging from 

1 to 25 m/s. 

To allow summation of cycles from the wind speed range used here, the range of values 

for the stress amplitude and mean values must be defined. To do this, the cycles for the 

highest mean wind speed must be calculated to know the highest possible stress amplitude 

and mean value. Bins with fixed values of stress are then assigned for all wind speed 

ranges. Rainflow analysis was applied to all the stress time history to count the cycles for 

10-minute period. The rainflow analyses were done using the Matlab function developed 

by Nieslony, A. (2009). The next step is to scale the number of cycles counted for the 

period of one year, as previously calculated using the Rayleigh distribution. 

After, summation was done for all the cycles from the same range of stress from all the 

wind speeds analysed. Summary of the steps required for the fatigue analysis is given in 

figure 3.7. As the actual stress or force in the member is related to the structural element 

used, it is converted back to static wind speed in order to provide information that could 

be used in the future. The static wind that causes this equivalent static wind load will 

then be the equivalent mean wind speed that will be used for the fatigue design. This lets 

all the cycles be scaled up or down in accordance to mean wind speed of the site. 
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Figure 3.7: Steps required for fatigue analysis 

3.6 Results and discussions 

3.6.1 Load coefficients for the parabolic s t ructure 

3.6.1.1 Load coefficients from wind tunnel sectional test ing 

Results of the load coefficients with varied pitch/elevation for wind direction/yaw angle 

9 = 0° obtained from sectional test explained in section 3.5.1 are plotted in figure 3.8 

and compared with results from previous studies for similar types of structures. The sign 

convention for the elevation of the structures presented here are the same, that is when the 

dish or structure is at a vertical position, the pitch angle is 7 = 0°. The sectional model 

tested in the wind tunnel are 'Plastic only' and 'With aluminum foil'. From this figure, 

it can be seen that the surface roughness from the two set-up has a very small influence 

on the force coefficients. Results obtained by previous studies on large steerablc circular 

parabolic radio antennas are also shown on this figure, namely studies by Bicknell, J. et 

Yeghiayan. R. (1962), Cohen, E. et al. (1964) and Levy, R. (1996). These studies reported 

results on reduced scale models tested in smooth flow wind tunnels. In the legend of the 

figure, the term f/D is the ratio of the focal length of the parabolic antenna / to its 

diameter D; and h/D is the ratio of the depth of the parabolic antenna h to its diameter 

D. Tests by Hosoya, N. et al. (2008) for solar parabolic troughs are also reported here as 

a comparison. 

From figure 3.8, it can be concluded that the load coefficients agreed better with parabolic 
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Figure 3 8 Load coefficients of varied parabolic type structures 
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Table 3.1: Maximum and minimum condition for the load coefficients 

Case Condition 9 (°) 7 (°) Cfx Cfz Cmy 

1 

2 

3 

4 

5 

6 

Max Cfx 

Min Cfx 

Max Cfz 

Min Cfz 

Max Cmy 

Min Cmy 

0 

180 

150 

0 

30 

180 

0 

0 

30 

45 

90 

30 

1.31 

-1.04 

-0.85 

0.84 

0.23 

-0.83 

0.02 

0.25 

0.34 

-0.85 

-0.04 

0.31 

-0.01 

-0.1 

-0.14 

-0.03 

0.11 

-0.15 

Note: 9 is the yaw angle; 7 is the pitch angle; 

Cfx, C/z are the horizontal and vertical load 

coefficients; Cmy is the pitching moment coefficient. 

antenna coefficients than to the coefficients of singular parabolic trough (Type Al) . This 

could be attributed to the overall shape of the studied parabolic structure, resembling more 

the shape of these parabolic antennas and in part due to the gaps in between the mirror 

rows. However, the square corners of the parabolic structure, on which wind pressure 

distribution could largely be concentrated, resemble more the shape of the corners of a 

parabolic trough. 

3.6.1.2 Overall forces and moment transferred to the tower 

Figure 3.9 shows the load coefficients, namely the horizontal force, vertical force and 

moment coefficient, C/x, Cfz and Cmy respectively; for varied yaw and pitch angles. The 

values shown in the figure are values scaled from Hosoya, N. et al. (2008), using the 

previously-found values from the sectional wind tunnel test. These coefficients can be 

used to calculate the aerodynamic forces and moment transferred to the tower according 

to the configuration of interest. 

For the parabolic structure studied here, table 3.1 summarized the cases of wind yaw angle 

and elevation angle of structure that resulted in maximum and minimum values of the load 

coefficients. These are key cases in evaluating the structural response under operational 

wind load. For the tower design under ultimate wind load, the cases presented in this table 

would not be directly applicable since under the extreme wind load, the configuration that 
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Figure 3.9: Load coefficients for varied yaw and pitch angles of the parabolic structure 
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should be considered would be the stowed position, in which the parabolic frame is in 

horizontal position. 

3.6.2 Results from the dynamic wind t ime history analysis 

Summary of results from the dynamic wind loading analyses, defined previously in sec

tion 3.5.2, are shown in table 3.2. Under the operational wind loading U(10) — 9.5 m/s, 

the deflection and rotation of the parabolic structure satisfy the design criteria. Total 

reactions from the mean wind as well as maximum total reaction are relatively unchanged 

for the two configurations studied. It is observed that for practical applications a gust 

factor of 2.0 seems appropriate. 

For the possible induced torsion, the wind from Configuration 2, which is from yaw angle 

9 = —30°, resulted in relatively higher torsion. This torsion magnitude is equivalent to a 

total of 2.5 kN unbalanced load in the direction of the wind per dish. Even though this 

induced torsion is not large, this additional moment should be evaluated for the operational 

mode. 

Since the results provided here are from dynamic wind loading, it would require substantial 

computational effort to be performed by practical engineers, it would then be of interest to 

find the equivalent static uniform pressure load that can induce the same torsion moment. 

The whole parabolic surface of the mirror has the width of 8 m and length of 16 m. The 

length for equivalent load for torsion itorsion in table 3.2 is assuming distributed total mean 

Table 3.2: Summary of dynamic analyses results for the operational wind L/(10) = 9.5 m/s 

Configu- 9 (°) 

ration 

1 0 

2 -30 

7 ( ° ) 

0 

0 

Ry 

(kN) 

6.9 

7.0 

dx 

(mm) 

0.14 

0.15 

MTmax 

(kNm) 

8.5 

12.0 

Ru 

(kN) 

13.3 

13.5 

^torsion 

(m) 

15.0 

14.6 

Note: 9 is the yaw angle; 7 is the pitch angle; RJJ is the total reaction 

due to mean wind; dx is the maximum displacement; Ry is the maximum 

total reaction due to wind; Mrmox is the maximum torsion; ^Torsion is the 

length of equivalent load for torsion. 
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wind pressure load of 17.1 kN along the 8 m whole width of the parabolic surface along 

its longitudinal length so that it will create torsion equivalent to the one calculated from 

the dynamic analysis. 

3.6.3 Estimation of fatigue load 

The cycles under wind load were calculated using the rainflow method as described in 

section 3.5.3. Figure 3.10 shows an example of calculated rainflow matrix from a 10-

minute stress time history from the rib member of the parabolic frame for the mean wind 

speed C/(10) = 9.5 m/s. In the rainflow matrix plot, it can be seen that the largest numbers 

of cycles are obtained from low stress amplitudes. 

The final results of the fatigue analysis are then summarized in table 3.3. In this table, the 

equivalent wind speed and its corresponding number of cycles are listed. Using these wind 

speeds, the equivalent fatigue loading can be obtained and can be used for the fatigue 

design of the parabolic structure. 

Table 3.3: Equivalent wind speed for the fatigue load design 

U(10) m/s No. of cycles in a year 

<7.3 141 • 106 

8.2 46272 

9.1 11814 

9.8 4368 

10.5 1645 

11.2 692 

11.8 305 

12.4 167 

13.0 79 

13.5 35 

14.0 24 

14.5 14 

Note: £7(10) is the mean wind speed at z = 10 m 
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Figure 3.10 Example of rainflow analysis result for 10-min sample of stress time history 

from the nb member of the parabolic frame 
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3.7 Concluding remarks 

This study presents the results of wind tunnel testing on a rectangular parabolic structure 

and time history analysis on the structure under wind. The wind tunnel testing is a 

sectional model testing. The digitally generated wind speed used for the dynamic time 

history analysis was generated to reflect actual wind characteristics. The complete set of 

the load coefficients, as well as static-equivalent loadings are provided for the design of 

support tower. The uniform static wind pressure loads to calculate torsion are also given. 

Finally, the fatigue load can be obtained using equivalent wind speed obtained from the 

fatigue analysis. The results obtained in the present study are useful in defining the 

required design method for structural design under wind loading for parabolic structure 

solar tracker. 
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Reference : (Gani et Legeron, 2010) 

Resume : 

Dans cette etude, 1'importance des effets dynamiques est evaluee pour des py

lones haubanes de lignes aeriennes (LA) sous charges causees par le vent. L'ob-

jectif est de verifier si la methode statique-equivalente simplifiee des normes 

actuelles sur les LA est applicable a ce type de structures flexibles. Aux fins de 

comparaison, des analyses dynamiques transitoires ont ete effectuees pour deux 

configurations differentes de pylones haubanes : (i) pour une ligne de courant 

continu (CC) et (ii) pour une ligne de courant altcrnatif (AC). On a eonsiderc 

les cas de charges causees par le vent, avec ou sans glace sur les structures. Les 

resultats montrent que, selon la configuration de pylone haubane et la charge, 

la methode statique equivalente peut sous-estimer les effets dynamiques. Ega-

lement, une methode simplifiee qui permet une meilleure prevision des effets 

dynamiques est proposee. 

Mots-cles : pylone haubane, conducteur, elements finis, charges de vent, dyna

mique transitoire 

Abstract: 

The importance of the dynamic response of guyed towers for transmission lines 

(TLs) under wind loading is evaluated in this article. The objective is to verify 

if the simplified static-equivalent approach provided in the current TL codes 

is sufficient for this type of flexible tower. As a comparison, transient dynamic 

(TD) analyses were performed. Two different guyed tower configurations were 

investigated: (i) the direct current (DC) line and (ii) the alternating current 

(AC) line. Loading cases considering bare and iced TL structures were studied. 

It was found that, depending on the guyed tower configuration and the loading 

case, the static-equivalent approach may underestimate the possible dynamic 

response. In addition, a simplified method that allows a better prediction of 

the dynamic effects is proposed. 
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Key words: guyed tower, conductor, finite element, wind loading, transient 

dynamic 

4.2 List of variables 

Variable 

a 

A 

c(z) 

cd 

Cdi 

Cy, Cz 

COVe 

d 

dr 

E 

I 
!u 

F(z) 

Fu(z,t) 

G 

Gc 

GL 

{Jmean 

Gt 

Gtotal 

^turbulent 

H 

k 

KH 

I 

bins 

MAC 

n 

Definition 

unit action of wind (Pa) 

exposed area to loading (m2) 

aerodynamic damping ( k g s - 1 ) 

drag coefficient 

drag coefficient for iced structure 

exponential decay coefficients 

coefficient of variation of maximum values of transient dynamic 

cable diameter (mm) 

transverse displacement (mm) 

elasticity modulus (GPa) 

frequency (Hz) 

cut-off frequency (Hz) 

mean drag force (kN) 

turbulent part of wind force at height z (kN) 

combined wind factor 

wind factor for conductors 

wind factor for span length 

mean wind factor 

wind factor for supports and insulators 

total wind factor 

turbulent wind factor 

horizontal conductor or guy cable tension (kN) 

von Karman's constant 

roughness factor 

span length (m) 

length of insulator assembly (m) 

modal assurance criterion 

number of samples 

(TD) analyses 
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nic number of TL components where turbulent part is applied separately 

Nfr number of frequency intervals 

go reference wind pressure (Pa) 

RL longitudinal reaction (kN) 

RT transverse reaction (kN) 

RTT total response due to turbulent wind (kN) 

RTC response of the TL component due to turbulent wind (kN) 

Suu wind spectra of component u (m2-s_ 1) 

t time (s) 

U(z) mean wind speed at height z (m/s) 

u* shear wind velocity (m/s) 

u(z, t) along-wind turbulent part at height z (m/s) 

w weight per unit length (N/m) 

z height of the wind profile (m) 

ZQ roughness length (m) 

ft coefficient for Newmark-/? method 

At time step for dynamic analysis (s) 

Atwin(i time step from the generated wind (s) 

Ay, Az longitudinal and vertical distance between two points (m) 

7 coefficient for the power in coherence function 

£ damping ratio (%) 

£c damping ratio of cables (%) 

£ (m damping ratio of tower mast (%) 

JLe mean of maximum values of TD analyses 

pa air density (kg/m3) 

ot standard deviation of maximum values of TD analyses 

T air density correction factor 

u) frequency (rad/s) 

wri first natural frequency of the tower (rad/s) 
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Figure 4.1: Examples of guyed towers: (a) guyed Y tower; (b) guyed tower for double-

circuit TL; (c) guyed V tower; (d) cross-rope suspension tower 

4.3 Introduction 

Guyed towers are a competitive option to support high voltage (HV) transmission lines 

(TLs). They are about 50 % lighter than conventional lattice self-supporting towers and 

arc easy to install, they allow pro-assembly, and the foundation of guyed towers is simple 

to design and construct. Several examples of guyed towers are shown in figure 4.1. 

Wind loading often controls the structural design of TLs. Since guyed towers are more 

flexible and have a different structural system than typical self-supporting towers, their 

dynamic behaviour can be different from that of self-supporting towers. The current In

ternational Electrotechnical Commission practice (e.g., IEC-60826 (2003)) applies a static 

equivalent method, where the turbulent part of the wind and the possible dynamic re

sponse are supposed to be included. The wind loading coefficients were developed for 

self-supporting towers. It is therefore questionable whether these coefficients could be 

applied directly for guyed towers and other flexible types of supports. 

Previous studies on guyed towers for TL structures were focused on the galloping phe

nomenon (Tsui, Y.T., 1978; Mathur, R.K. et al, 1987). Recent works on the dynamic 

wind loading for TL structures, for example, the studies of Yasui. H. et al. (1999) and 

Battista, R.C. et al. (2003), did not involve flexible-type structures such as guyed towers. 

In addition, studies on dynamic wind loading on guyed towers were aimed at communica

tion towers (Sparling, B.F. et Davenport, A.G., 1998). 

TLs supported by guyed towers have relatively complex structural geometries and be-
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haviour. Guyed towers themselves, as supporting structures, have the flexibility associated 

with both the slender mast and the guy cables. Under dynamic wind loading, a strong 

interaction exists between the motion of the mast and that of the guy cables, each of 

which has frequency-dependent stiffness properties, leading to rather complex dynamic 

behaviour (Madugula, M.K.S. (ed.), 2002). In addition, the guyed towers for TLs are sup

porting spans of cables (conductors and ground wires), which are also flexible and sensitive 

to exhibit large oscillations under dynamic wind loading. The guy cables, being relatively 

slack under dead load, together with the behaviour of the guy tower and the conductors 

make the system very nonlinear, and a linearization method should not be used for this 

analysis. It was considered that since time history analysis takes into account nonlinearity, 

this analysis is more accurate than the multi modal spectral analysis. However, spectral 

analyses were also performed, due to space limitation,the focus was on the more accurate 

method and only selected results from the frequency analyses are presented in this study. 

The main objective of the present study was to evaluate the applicability of the static-

equivalent method given in the current TL code (IEC-60826, 2003) for guyed towers. The 

importance of wind loading transferred from the conductor and ground wire was evalu

ated. The contribution from these cables, combined with the wind loading on the guyed 

tower itself, was assessed in a full, geometrically nonlinear transient dynamic analysis. To 

evaluate the use of the (IEC-60826, 2003) standard, calculations were performed on two 

types of guyed towers with four scenarios of climatic loading. 

4.4 Description of the study 

4.4.1 General description of the structures 

A single-mast, guyed lattice tower (suspension type) with four guy cables and a pinned 

base connection was chosen for the study. The guy cable configuration was such that 

the torsion effect was minimized and the possibility of large moments due to unbalanced 

longitudinal load was reduced. The tower geometry (shown in figure 4.2) was adapted 

from the guyed tower for a 450 kV direct current (DC) line used in a study by Oakes, 

DL.T. (1971). 

Two guyed towers were analyzed to evaluate different dynamic responses: a two-phase 
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Figure 4.2: Geometry of the guyed lattice tower: (a) transverse view; (b) longitudinal 

view. All dimensions in millimetres 

Figure 4.3: Finite element (FE) model outline: (a) two-phase guyed tower; (b) three-phase 

guyed tower 
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tower that would be used for a DC line, with both conductor arms located above the 

guy cable attachment point (see figure 4.3(a); and a three-phase tower that would be 

used for an alternating current (AC) line, with two conductor arms located below and 

one conductor arm located above the guy cable attachment point (see figure 4.3(b). The 

tower height is 52.18 m, the height of the guy cable attachment point on the tower mast 

is 38.04 m, and the conductor and ground wire span length is 480 m. 

4.4.2 Numerical model of the structure 

The finite element (FE) program ADINA (ADINA 2004) was utilized for the numerical 

simulations. The model consists of two-span conductors and ground wires, supported 

by one guyed tower. Two types of analyses were conducted for the evaluation of the 

climatic loading cases. The first type was a static nonlinear analysis, accounting for all 

the geometric nonlinearity of the cables and the tower mast behaviour. An example of the 

FE model with the applied wind loading is shown in figure 4.4. In these calculations, the 

static loading specified in IEC-60826 (2003) was applied to the tower mast, guy cables, 

conductors, and ground wires. The second type was a full nonlinear transient dynamic 

analysis in which the loads were calculated at each time step using a procedure that is 

detailed later in the paper. 

Figure 4.4: Structural response of two-phase guyed tower under wind loading t7(10) = 

35 m/s 
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Table 4.1: Cable properties 

~ . Conductor ,__ , . „ , . 
Properties Ground wire Guy cable 

Diameter, d (mm) 

Weight, w (N/m) 

Horizontal tension, H (kN) 

Elasticity modulus, E (GPa) 

Number of element per cable 

Two-phase 

40.64 

28.97 

41.79 

62.30 

80 

Three-phase 

29.50 

16.90 

24.50 

68.30 

80 

9.00 

3.90 

8.30 

186.00 

80 

14.30 

9.20 

8.76 

186.00 

20 

4.4.2.1 Cables 

The conductors, ground wires, and guy cables were modelled with tension-only truss el

ements. Bundled cables were lumped at the centreline because it was assumed that the 

separation between subconductors was sufficient; hence there was no masking effect of 

one of the subconductors on another, reflecting typical practice (IEC-60826, 2003). In 

addition to these cables, the suspension insulators were also modelled. Each insulator 

was discretized into six truss elements, with the total length of the insulator assembly as 

Lm s = 4.27 m. 

Two-span double conductors were modelled, with each cable span of length I = 480 m. 

Each cable span was discretized into 80 truss elements. The far ends of the conductors 

were fixed, and the ends connecting to the tower were suspended from the insulators by 

using rigid links. The two-phase and three-phase conductor types were different, and their 

properties and those of the ground wires and guy cables are summarized in table 4.1. 

4.4.2.2 Tower mast 

The original tower is a truss (lattice) tower. To reduce the computational effort, the tower 

mast was transformed into an equivalent pole; (beam-column elements) for the dynamic 

analysis using the equivalent plate thickness method proposed in Meshmesha, H. et al. 

(2006). 

The stiffness was matched panel per panel using the equivalent plate thickness theory 

(Meshmesha, H. et al., 2006). Diagonal bracing was used, and the mass was matched 
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Figure 4.5: Equivalent model verification: (a) truss model, first natural frequency of the 

tower ujT\ = 10.957 rad/s (1.744 Hz); (b) beam-column model, UJT\ = 10.926 rad/s (1.739 

Hz) 

by summing the total masses of the truss members per panel. The calculated equivalent 

stiffness and mass were then applied to the corresponding node of the beam-column tower 

model. 

The tower mast was represented by 62 elements, each conductor arm was discretized into 

eight elements, and each guy cable attachment arm was discretized into four elements. A 

pin connection is used for the base of the tower mast. To compare the truss tower model 

and the equivalent pole model, eigenvalue analyses using the subspace iteration method 

were used. Figure 4.5 shows the results for the original model and the simplified model for 

the first transverse (along-wind direction) mode shape of the guyed tower and its natural 

frequency; the difference between both models was 0.3 % for this natural frequency, and 

the modal assurance criterion (MAC) (Allemang, R.J., 2003) for this mode shape was 

MAC = 0.98. It can be concluded that the dynamic behaviour of both structures was very 

similar. 
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Table 4.2: Loading cases 

Loading case Configuration of VRB = ^(10) Wind angle Ico thickness (mm) 

guyed tower (m/s) (°) 

Case 2P90w Two-phase 35.00 90 

conductors 

Case 3P90w Three-phase 35.00 90 

conductors 

Case 3P45w Three-phase 35.00 45 

conductors 

Case 2P90wi Two-phase 22.22 90 20(25)* 

conductors 

Note: *20 mm ice on all components except the ground wire, that has 25 mm ice thickness. 

4.4.3 Climatic loading 

Four scenarios involving three loading schemes were evaluated and are listed in table 4.2. 

For each loading case name, the first two characters define the guyed tower configuration 

(2P for two-phase conductors, 3P for three-phase conductors), the number that follows is 

the wind angle (45° and 90°), and the lower-case character indicates tlu; type of loading 

(w for wind loading, i for ice loading). Wind angle is the angle between the wind direction 

and the conductor (IEC-60826, 2003). For example, case 2P90w is for a two-phase guyed 

tower with only wind loading at a 90° angle. The terrain type is B, in which the roughness 

characteristics are categorized as open country with very few obstacles (IEC-60826, 2003), 

with a roughness length of z0 = 0.05 m. 

4.4.3.1 Wind loading 

The wind forces were applied at a chosen set of points along the span and tower; the 

number of points is given in table 4.3. The complete application of these wind points in 

the FE model is shown in figure 4.4. The wind loads were lumped at nodes based on the 

tributary length. 

4.4.3.1.1 Wind for the static-equivalent analysis : The static-equivalent wind 

loading was calculated in accordance with IEC-60826 (2003). The general formulation for 
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Table 4.3: Applied wind points 

Configuration of guyed TL components Number of wind points 

tower 

Two-phase conductors conductor phase 1&2 (each span) 20 

ground wire (each span) 20 

guy-cable (each cable) 10 

tower mast 7 

Three-phase conductors conductor phase 1&2 (each span) 20 

conductor phase 3 (each span) 10 

ground wire (each span) 8 

guy-cable (each cable) 10 

tower mast 7 

the unit action (a) of the wind on any line component or element is given by: 

a = q0CdG (4.4.1) 

where Cd is the drag coefficient depending on the shape and surface properties of the 

element being considered; G is the combined wind factor, taking into account the influence 

of the height of the element above ground level, terrain category, wind gusts, and the 

dynamic response (component effect); and qo is the dynamic reference wind pressure, 

expressed as: 

qo = \rPa{KRVRB)2 (4.4.2) 

where r is the air density correction factor; pa is the air density; KR is the roughness 

factor, which depends on the type of terrain; and VRB is the reference wind speed. The 

drag coefficient for the cables was taken to be Cd = 1.0. For the tower mast, the drag 

coefficient was calculated in accordance with IEC-60826 (2003). 

The vertical turbulence was not considered because the main interest of this study was to 

evaluate the wind loading defined by IEC-60826 (2003). Therefore, there was no vertical 

component involved. 
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4.4.3.1.2 Wind for the transient dynamic analysis : In a real structure under a 

real wind at a given time, the dynamic wind force on a conductor varies along the span. 

The horizontal correlation is important here because it has a considerable influence on the 

propagation of the conductor force along the conductor span. The dynamic wind forces 

also vary along the tower height at a given time. 

The wind force on structures depends on the total wind speed U(z,t), which is random 

in nature. The wind speed U(z, t) is divided into two parts, namely the mean wind part 

U(z) and the turbulent wind part u(z, t), and is expressed by: 

U(z,t) = U(z) + u{z,t) (4.4.3) 

The turbulent wind u(z,t) is defined in part by its power spectral density (PSD). The 

wind PSD utilized in the present study is based on Simiu, E. (1974): 

fSUlUl(z,f) _ 200 - ^ 

ul (1 + 50^)6/3 

where the term SU1UI is the PSD; / z/U(z) is also known as the non-dimensional Monin 

coordinate; / is the frequency (in Hz); U(z) is the mean wind speed and is given as: 

U(z) = AT1 u, \n{z/z0) (4.4.5) 

in which k = 0.4: ZQ is the roughness length; and u* is the shear velocity of the flow. 

Then, a reasonable assumption of cross-spectrum for the purpose of engineering calcula

tions is; 

SZuMf) = VS(zuf)S(z2,f) exp^ (4.4.6) 

where C is denoting cross-spectrum; and exp~7 is the coherence function and 7 is given 

by: 

fl(CyAyy + (CzAz)r2 . 
UU(Zl) + U(Z2)) { - - } 
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in which Ay k, Az are the longitudinal and vertical distances, respectively, between two 

points; and the exponential decay coefficient Cy and Cz are taken to be 16 and 10 for the 

across-wind and vertical directions, respectively. 

For calculation purposes, the drag forces induced by the wind is divided into the mean 

wind part and the turbulent wind part (Simiu, E. et Scanlan, R., 1996). 

The mean drag force is given by: 

F(z)^~PaCdAU(z)2 (4.4.8) 

The turbulent part of the wind force is given by: 

Fu{z,t)=paCdAU{z)u{z,t) (4.4.9) 

where A is the exposed area to the wind loading: U{z) is the mean wind speed at height 

z; and u(z, t) is the turbulent wind speed, which depends on the height z and the time 

t. The drag coefficients Cd utilized for the transient dynamic analyses are identical to the 

one from static-equivalent analyses. 

Wind formulated in stochastic fields — The turbulent wind part u(z, t) was gener

ated numerically using the in-house program WindGen (Hang, S. et al, 2005) based on 

Shinozuka, M. et Deodatis, G. (1991) and Deodatis, G. (1996). The generated wind speed 

was then incorporated in the finite element model as time-varying loading using equa

tion 4.4.9. Only the mean wind was applied for the guy cables. The effect of along-wind 

correlation is not considered in this study. Other studies have shown that for conductors 

with the usual span length (200-800 m), along-wind correlation only marginally affects the 

horizontal wind force (Ashby, M. et al., 2007). Therefore, the same dynamic wind loading 

was applied to parallel conductor phases. 

The generated wind field had the following characteristics: shear velocity of the flow 

u, = 2.642 m/s for cases 2P90w, 3P90w, and 3P45w and 1.678 m/s for case 2P90wi; 

number of frequency intervals Njr = 1024; cutoff frequency /„ = 4 Hz; and time step 

Atwind = 0.125 s. The time step for the simulated wind was calculated according to 

what was prescribed in the methodology (Deodatis, G., 1996) for the frequency cutoff 

of 4 Hz. Verifications of the generated wind speed and the target spectra showed good 
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Figure 4.6: Auto-spectrum of wind applied at mid-height of tower mast (i7(10) = 35 m/s) 
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Figure 4.7: Coherence function (normalized form of cross-spectral function) between two 

points along the tower mast height (Az — 16.91 m. £7(10) = 35 m/s) 
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agreement. An example of the auto-spectra verification is given in figure 4.6, and figure 4.7 

shows the coherence function (the normalized form of the cross-spectral function) between 

two points along the tower mast height. The parameters for the wind simulations were 

chosen as a compromise between the large computational burden due to the large number 

of wind fields generated and the known consequences to the accuracy of the spectral 

representation, which could cause around 0.1 % difference in the overall lower range of the 

frequency content of the spectra (<S 0.01 Hz). 

4.4.3.2 Ice loading 

TL design might be controlled, not by the maximum wind, but by wind combined with ice. 

For this study, ice accretion is assumed to be uniform. In the calculation, ice accretion is 

considered through added mass and increased exposed area to the wind for the tower mast, 

conductors, and ground wires. It was assumed that the accretion was glaze ice (density of 

ice = 900 kg/m3), hence the drag coefficient for the iced cables was taken to be Cd% = 1.0 

(IEC-60826, 2003). For the tower mast, adjustments were made to take into account the 

reduction in the solidity ratio due to the accumulation of ice. 

4.4.4 Analysis method 

In both the static and dynamic analyses, the kinematics of large displacement and small 

strain were considered (ADINA R&D Inc., 2004). To achieve the equilibrium for every time 

step, a full Newton iteration, based on the convergence criteria of energy and displacement, 

was adopted. For the nonlinear transient dynamic analysis, to satisfy the equilibrium 

condition at time t + At, the dynamic equation was solved using the Ncwmark-^ constant-

average-acceleration method's coefficient ft = 0.25, 7 = 0.5. 

4.4.4.1 Damping consideration and modelling 

4.4.4.1.1 Structural damping : The structural damping was formulated in this 

study using Rayleigh damping. For the tower mast, a structural damping ratio of £(m = 

0.5 % was assigned. A lower structural damping value of £c = 0.1 % was assigned for 

conductors, ground wires, guy cables, and insulators. The range of frequency was from 
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6.28 to 18.85 rad/s (1-3 Hz) for the tower mast and guy cables and from 0.63 to 4.40 rad/s 

(0.1-0.7 Hz) for the conductors and ground wires. Details on assigning Rayleigh damping 

values to different groups of elements can be found in ADINA R&D Inc. (2004). 

4.4.4.1.2 Aerodynamic damping : The aerodynamic damping values were calcu

lated for the TL components that are exposed to the turbulent wind, and these were 

entered as concentrated dampers on corresponding element nodes. Aerodynamic damping 

(c(z)) was calculated with the following equation: 

c{z) = paCdU(z)A (4.4.10) 

4.5 Results and discussion 

4.5.1 Number of samples for transient dynamic analysis 

Due to the random-stochastic nature of the dynamic loading, it is necessary to assess 

the reliability of the response obtained. Since the aim of the analysis is to evaluate the 

loading criteria in the IEC (2003) standard, which is based on the 10 min wind, the 

transient dynamic analysis was also evaluated for the maximum response for every 10 min 

interval. The 10 min samples were preceded by 5 min records that were discarded to avoid 

the consideration of initial transient response. Due to the length of the calculations, the 

number of samples was necessarily limited to a manageable size. Based on the calculation 

results (as presented in table 4.4), it was shown that three to five samples were likely to 

be sufficient to show the overall trend of the structural response because there were no 

extreme differences in the magnitudes of the maximum responses, except in the locations 

where there were moment reversals. Nonetheless, to ensure higher reliability of the final 

results and follow previous studies related to analyses using digitally simulated wind data, 

such as those of Sparling, B.F. et Wegner, L.D. (2006) and Kim, H.K. et al. (2004) in 

which 10 samples were used, it was decided to use n = 10 samples. 
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Table 4.4: Transverse moment (kNm) transient dynamic (TD) analyses of case 3P90w (three-phase guyed tower under wind 

loading of U = 35 m/s) 

Height (m) 

0 75 

8 67 

15 79 

18 46 

25 58 

28 25 

30 03 

33 59 

38 04 

48 14 

1 

18 67 

182 97 

246 74 

226 21 

166 87 

115 13 

-108 11 

-172 29 

-475 09 

-35 27 

2 

17 92 

177 19 

24130 

226 59 

182 12 

124 37 

-102 69 

-176 80 

-477 43 

-35 99 

Transverse moment (kNm) from 

3 

16 79 

164 12 

220 63 

203 61 

158 92 

119 67 

99 63 

-164 28 

-436 03 

-34 95 

4 

19 08 

184 24 

215 78 

229 44 

185 12 

123 38 

-99 81 

-159 26 

-438 92 

-32 82 

5 

17 01 

155 39 

210 35 

196 37 

154 63 

97 25 

-92 19 

-166 81 

-424 85 

-33 44 

6 

18 28 

165 72 

215 41 

199 74 

158 17 

102 24 

-86 92 

-165 29 

-460 19 

-34 98 

sample 

7 

17 92 

174 34 

237 17 

215 52 

150 61 

103 60 

-102 47 

-177 11 

-472 53 

-37 01 

no 

8 

17 49 

169 73 

236 03 

223 02 

183 94 

129 60 

-102 29 

-157 67 

-450 33 

-34 53 

9 

17 17 

155 61 

198 05 

179 77 

138 20 

89 79 

-93 76 

-155 02 

-405 39 

-3191 

10 

19 17 

183 84 

240 97 

218 46 

163 23 

92 41 

-101 94 

-160 07 

-414 56 

-34 06 

fie 

17 95 

17131 

229 24 

21187 

164 18 

109 74 

-79 06 

-165 46 

-445 53 

-34 50 

ae 

0 85 

1100 

16 89 

16 33 

15 54 

14 42 

63 09 

7 83 

25 80 

150 

COVe( %) 

4 72 

6 42 

7 37 

7 71 

9 46 

13 14 

79 81 

4 73 

5 79 

4 36 

Note \L, is the mean of maximum values ae is the s tandard deviation of maximum values, cc 

and COV f is the coefficient of variation of maximum values 

93 
3 

a 
o 
C 
Cfi 

O 
3 
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4.5.2 Occurrence of maximum response in T D analysis 

During the 10 min periods used in the analyses, several high peaks in the structural 

response might occur. For example, the bending moment at the mid-height of the tower 

mast is shown in figure 4.8, in which the broken line represents the static-equivalent 

analysis and illustrates the difference between the two methods. It can be observed that 

several peaks occur during this 10 min period. Another similar example presented here is 

the time history of the transverse reaction of the tower mast as shown in figure 4.9. Only 

the maximum peak values from these high peaks of the response were extracted for further 

analyses. 

4.5.3 Variability from 10 samples 

To illustrate the variability of the maximum value from 10 samples, table 4.4 summarizes 

the maximum transverse bending moment of the three-phase guyed tower under wind 

loading for case 3P90w. The table shows that the mean values obtained from the 10 sam

ples have relatively small standard deviations, with coefficients of variation of maximum 

£ 
Z 

c 
= 
© 

s 

300 400 500 600 

Time (s) 
700 800 900 

Figure 4.8: One 10 min sample of transverse bending moment of tower mast mid-height 

z = 15.8 m of case 3P90w 
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300 400 500 600 

Time (s) 
700 800 900 

Figure 4.9: One 10 min sample of transverse reaction of the tower mast of case 3P90w 

values (COVe) smaller than 10 %, except for bending moment at heights z = 28.25 m and 

z = 30.03 m near points of contra flexure. These near-zero moment regions resulted in 

higher COVe values; however, they are for less critical bending moment values. 

Looking at the variability in the 10 samples, it was observed that the values from the 10 

samples could differ over a range of 15 %-40 %. For example, at height z = 28.25 m, the 

minimum transverse moment from the 10 samples was 89.79 kN/m, and the maximum 

transverse moment was 129.60 kN/m; therefore, the difference between these two values 

relative to the minimum value was 40 %. Hence, it is concluded that, for the present study, 

the 10 samples evaluated are sufficient to represent the expected range of the dynamic 

response under wind loading. 

4.5.4 Comparison between static equivalent and transient dy

namic methods 

In comparing the results for the transient dynamic method, the mean of the maximum 

values from 10 samples (as explained in section 4.5.2) and the corresponding standard 

deviation from the 10 samples were used. 
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Table 4.5: Cable results for two-phase guyed tower (cases 2P90w and 2P90wi) 

Case 2P90w Case 2P90wi 
Cable Parameter 

static-IEC 
TD 

static-IEC 
TD 

Me ue ae 

Conductor Tension (kN) 

dT (m) 

Ground wire Tension (kN) 

dr (m) 

Guy-cable Tension (kN) 

dT (m) 

48.92 45.95 1.27 

21.13 24.81 0.46 

26.08 26.56 0.89 

18.78 19.80 0.24 

63.85 60.10 3.33 

0.58 0.63 0.05 

53.81 51.44 0.53 

15.12 15.50 0.63 

57.28 56.06 1.13 

21.92 21.82 0.64 

51.90 46.61 1.46 

0.46 0.46 0.03 

Note: dx is the transverse displacement; ue is the mean of maximum values: 

ae is the standard deviation of maximum values. 

4.5.4.1 Cable response 

The response obtained from the static-equivalent analysis is compared to the response 

obtained from the transient dynamic analysis for cable tension and transverse displacement 

of the conductor, ground wire, and guy cable. To show the relative spread of results 

from the transient dynamic analysis, the standard deviation of maximum values ae for 

each parameter is also presented, accompanying the mean of maximum values of the TD 

analyses 7Je. 

A summary of the results for the cables is shown in table 4.5 for the two-phase guyed 

tower and in table 4.6 for the three-phase guyed tower. The tension values shown for 

the conductor and ground wire are the average tension for the whole span. For the guy 

cables, the tension values are the average tension for the loaded cable. The transverse 

displacement dr for the conductor and ground wire is the mid-span displacement. For the 

guy cable, it is the upper end displacement of the loaded guy cable. For the conductor 

tension, it was observed that in cases 2P90w, 3P90w, and 2P90wi the tensions calculated 

by the static method were slightly higher (up to 10 %) than those from the TD method. 

In case 3P45w, the conductor tensions from the TD method were slightly higher, but by 

less than 5 %. For the ground wire, the tensions obtained from static-IEC were either 
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Table 4.6: Cable results for three-phase guyed tower (cases 3P90w and 3P45w) 

Case 3P90w Case 3P45w 
Cable Parameter 

TD TD 
static-IEC static-IEC 

Me 0~e Me 

Conductor-below Tension (kN) 33.41 30.50 1.35 22.41 23.84 0.94 

dT (m) 22.56 25.93 0.54 19.23 23.35 1.07 

Conductor-above Tension (kN) 34.39 33.59 1.62 23.73 26.12 1.27 

dT (m) 22.80 26.80 0.71 19.89 24.65 0.86 

Ground wire Tension (kN) 26.07 28.22 1.37 17.57 19.43 0.87 

dT (m) 18.75 19.59 0.56 15.50 17.05 0.69 

Guy-cable Tension (kN) 63.64 62.30 4.71 58.80 59.02 5.08 

dT (m) 0.58 0.54 0.03 0.33 0.34 0.03 

Note: d-r is the transverse displacement; JTe is the mean of maximum values; 

ae is the standard deviation of maximum values. 

Tabic 4.7: Tower mast reaction for the four loading cases 

Reaction 

RL (kN) 

RT (kN) 

Case 2P90w 

static 

IEC 

0.00 

3.96 

TD 

We &e 

3.26 0.56 

11.75 1.28 

Case 2P90wi 

static-

IEC 

0.00 

9.94 

TD 

We ae 

2.91 0.54 

13.96 0.83 

Case 3P90w 

static-

IEC 

0.00 

14.49 

TD 

We &e 

1.51 0.37 

18.26 0.90 

Case 3P45w 

static-

IEC 

28.54 

17.87 

TD 

We °e 

27.31 1.78 

18.70 0.85 

Note: Ri is the longitudinal reaction; RT is the transverse reaction 

W is the mean of maximum values; ae is the standard deviation of maximum values. 

within the limits of 7ie ± ae from TD (cases 2P90w and 2P90wi) or quite close to (i.e., 

within less than 6 %) the lower limit of TD (cases 3P90w and 3P45w). The tension for 

the loaded guy cable showed the same tendency as that for the conductor tension. Quite 

the opposite trend was seen in the displacement response from the TD method, in which 

displacements were higher than those from the static-IEC, especially for the conductors 

(up to 17.5 % higher). 
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4.5.4.2 Tower mast reaction 

A summary of the tower mast reaction is given in table 4.7. Looking at the transverse 

reaction RT, it can be observed that for cases 2P90w, 3P90w, and 2P90wi the TD method 

resulted in much higher values than the static method. This difference is primarily at

tributed to the dynamic interaction between the TL components that are not taken into 

account in the static method. For the longitudinal reaction RL, only the results in case 

3P45w showed significant magnitudes, and it can also be seen that the static method result 

was within the limits of 7ie ± o~e obtained from the TD analysis. 

4.5.4.3 Transverse bending moment of the tower mast 

The values of the transverse bending moment calculated for the loading cases considered 

here are given in figure 4.10, in which the term static-IEC represents the static-equivalent 

calculation using wind loading according to the IEC-60826 (2003) standard, the term mean 

of maximum of TD is the mean of the maximum values from 10 samples calculated using 

the TD approach, and the term SRSS represents the simplified dynamic approach using 

the square root of the sum of the squares (SRSS) method, which is explained in section 4.6. 

Referring to the results in figure 4.10 for all loading cases, it is observed that at the lower 

part of tower mast up to z « 30 m. the TD resulted in a higher transverse bending moment 

than the static-IEC. These results emphasize that there is indeed an influence of dynamic 

effects on the overall structural response of the tower mast. For example, in case 2P90w 

at height z = 22 m, the bending moment from the static-IEC method is 75 % lower than 

that for the TD method. In case 3P90w at height z — 15.8 m, the static-IEC result is 

22 % lower than the TD result. 

4.5.4.4 Conclusion for comparison between static-equivalent and transient 

dynamic methods 

For cable response, in terms of cable tension, the differences between the two methods are 

relatively small. This highlights the fact that the overall wind loading magnitude along 

the cable spans for the static and dynamic analyses are relatively comparable. Looking 

at the structural responses of the tower mast, however, it can be observed that the static 
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Figure 4.10: Transverse bending moment: (a) Case 2P90w, (b) Case 3P90w; (c) Case 

3P45w; (d) Case 2P90wi 
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method tends to result in lower response levels than the dynamic method at locations 

considered critical for the structural design of the tower mast. 

Therefore, it is concluded that dynamic effects due to wind loading for guyed tower type 

supports are not fully taken into account in the static-equivalent method provided in the 

IEC-60826 (2003) standard. 

Considering the complexity of the transient dynamic analyses performed in this study, it 

would be of interest to find a simpler way that bridges the gap between the two methods 

and includes the dynamic effects of guyed towers. This simplified method is detailed in 

section 4.6. 

4.5.5 Frequency analyses 

4.5.5.1 Natural frequencies and mode shapes 

As explained in section 4.3, as much as a frequency analysis of the structural response from 

the dynamic analysis seemed to be an attractive option, the structural complexities of the 

present study which considerably influenced the frequency dependent stiffness rendered 

such an attempt relatively difficult to evaluate. Nonetheless, the information regarding 

the natural frequencies and mode shapes is useful in evaluating whether or not the proposed 

simplified method is suitable for TLs with guyed towers. Table 4.8 lists the first two natural 

frequencies of each of the TL components that have an influence on the overall stiffness 

of the structure under the mean wind loading cases 2P90w and 3P90w (£7(10) = 35 rn/s) 

and under dead load only. The three-phase guyed tower is slightly more flexible than the 

two-phase guyed tower. Under the mean wind load, the conductor, ground wire, and taut 

(windward) guy cable had higher natural frequencies, which means they have increased 

stiffness due to the mean wind loading. For the tower mast, the conductor, ground wire, 

and guy cable became more flexible (lower natural frequencies) because under the mean 

wind at a 90° angle the mast was mostly supported by the two taut guy cables. 
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Table 4.8: Natura l frequencies and mode shapes of the TL structures under mean wind 

for cases 2P90w and 3P90w and under dead load (values in parentheses) 

Two-phase guyed tower Three-phase guyed tower 

TL component Mode type /j Hz / 2 H z / i H z / 2 H z 

Tower mast 

Guy-cable: taut 

Guy-cable: slack 

Conductor 

Ground-wire 

T 

L 

OPS 

IPS 

OPS 

IPS 

OPS 

IPS 

OPS 

IPS 

1.42 

1.44 

3.08 

3.06 

1.08 

1.12 

0.16 

0.40 

0.24 

0.46 

(1.74 

(1.80 

(1.19 

(1.11 

(1.19 

(1.11 

(0.12 

(0.33 

(0.15 

(0.33 

2.75 (2.81) 

2.38 (2.51) 

9.47 (3.41) 

9.36 (3.39) 

1.44 (3.41) 

1.37 (3.39) 

0.40 (0.35) 

0.52 (0.49) 

0.46 (0.45) 

0.71 (0.47) 

1.39 (1.72) 

1.41 (1.71) 

3.03 (1.16) 

3.10 (1.16) 

1.03 (1.16) 

1.10 (1.16) 

0.17 (0.12) 

0.40 (0.33) 

0.24 (0.15) 

0.45 (0.33) 

2.58 (2.74) 

2.41 (2.85) 

9.11 (3.37) 

9.84 (3.34) 

1.43 (3.37) 

1.39 (3.34) 

0.44 (0.35) 

0.54 (0.49) 

0.41 (0.45) 

0.73 (0.47) 

Note: IPS, in-plane symmetric cable mode shape; L, longitudinal 

tower mast mode shape; OPS, out-of-plane or transverse symmetric 

cable mode shape; T, transverse tower mast mode shape. 

(a) I OE-TIO 

0 1 1 
/ ( H i ) 

(b) 1 0E+10 

Figure 4.11: Power spectral density (PSD) of bending moment of case 2P90w: (a) at guy 

cable a t tachment point, z = 38.04 m; (b) at tower height, z = 20.24 m 
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4.5.5.2 P S D of the T D structural response 

Despite the frequency-dependent stiffness, it is important to note that the cables and the 

tower mast contributed to the overall response in different frequency ranges: approximately 

less than 6.283 rad/s (1 Hz) for the cables and between 6.283 and 18.850 rad/s (1 and 

3 Hz) for the tower mast and guy cables. The lack of correlation between the wind gusts 

could also have contributed to the total dynamic response. 

Figure 4.11 shows the PSDs of the bending moment of the two-phase guyed tower at 

selected points along its height. In figure 4.11(a) at the guy cable attachment point (z = 

38.04 m), in addition to the contribution from higher modes from the cables (~ 0.55 Hz), 

the influence of the guy cable first modes (w 1.1 Hz) and the second transverse modes of the 

tower mast (~ 2.8 Hz) can be observed. For figure 4.11(b) at the height z = 20.24 m, which 

was the point at which the second transverse mode will have the largest oscillation, it can 

be seen that the highest peak was coming from the second transverse modes of the tower 

mast ( « 2.8 Hz). From figure 4.11, it can be concluded that, depending on the location 

along the mast height, the dynamic response was influenced by the combination of modes 

from the tower mast, guy cable, and cables. The peaks of these supposedly resonance 

parts were not clearly defined but instead formed rather wide peaks because they were 

largely influenced by the frequency-dependent stiffness of the guyed tower. Figure 4.11 

also shows that the first transverse mode did not contribute significantly to the dynamic 

response. 

The IEC-60826 (2003) standard takes into account the dynamic part of the response with 

a gust factor included in the combined wind factor. The use of this factor permitted very 

accurate prediction of the top moment diagrams (near and above the guy cable attachment 

point). It was very different in the case of the moment at 20.24 m and the bottom shear. 

This is due to the particular behaviour of the guyed towers. The combined wind factor 

multiplies the mean wind effect directly by a factor. However, in the case of the guyed 

towers, the dynamic modes might create a bending moment opposite to the mean wind 

effect and hence create a difference between the value obtained by the combined wind 

factor and that from the actual dynamic analysis. This effect would not be present in a 

self-supporting tower. 
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4.6 Simplified dynamic analysis 

4.6.1 Contribution from transmission line components to the 

transverse bending moment 

The guyed tower evaluated in the present study can be regarded as a simply supported 

beam-column at the level of the ground and the guy cable attachment point, with a 

cantilever part from the guy cable attachment point to the top of the mast. Depending on 

the configuration of the conductor arms, the wind loading from conductors transferred to 

the tower mast might have a different influence on the overall tower response. Conductor 

arms located above the theoretical anchorage of the guy cable attachment point will cause 

a moment opposite to that caused by wind loading from conductor arms below the guy 

cable attachment point and tower mast. It is interesting to note that in the design of a 

guyed tower is an attempt to reduce the distance between the centroid of conductors and 

the guy cable anchorage, but it is often not possible to reach an exact coincidence in all 

load cases. 

Therefore it is important to have a better understanding of the contribution of each com

ponent to the transverse bending moment response of the tower. The results shown in this 

section are based on the static analysis using the wind loading criteria given in IEC-60826 

(2003). To apply this method, it is necessary to separate the given loading factor in IEC 

into the mean wind part and the turbulent wind part. In the code, the combined wind 

factor is applied for each of the TL components in the wind loading calculation. This 

factor takes into account the height and effect of wind turbulence. The factor is Gc for 

conductors and Gt for other components (supports and insulators). Here, for generality, 

the combined wind factor for TL components was named Gtotai- The idea is to separate 

the combined wind factor into its mean wind part and its turbulent wind part. The mean 

wind loading factor depends on the reference height of the component, in which the mean 

wind at this height could be calculated. The other loading factor for the conductor Gi 

that takes into account the span length remains unchanged. The mean wind loading factor 
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Figure 4.12: Wind factor for the tower for £7(10) = 35 m/s for terrain type B: Gtotai is 

the combined wind factor; Gmean is the factor due to the mean wind part; Gturbulent is the 

factor due to turbulent wind part 

is expressed as: 

G ~ (U{Z)\ 

Then the turbulent wind loading factor is: 

dturbulent — *-* total " m e a n 

(4.6.1) 

(4.6.2) 

To better illustrate the principle of this loading factor separation, figure 4.12 shows an 
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example of the calculation result for the wind factor of the tower mast. The correspond

ing mean wind and turbulent wind loads were then calculated accordingly and applied 

separately to the structure. 

4.6.1.1 Two-phase guyed tower 

The contribution of TL components to the overall transverse bending moment for the 

two-phase guyed tower are illustrated in figures 4.13(a) and (b). The mean wind parts 

from the two cases are dominated by negative bending moments. An exception occurred 

for the lower part of the tower mast in case 2P90w, but the magnitude is only around 

26 % of the maximum positive bending moment coming from the turbulent part of the 

tower mast. Note also that the turbulent parts are more important in case 2P90w than in 

case 2P90wi because, despite the increase in exposed surface due to ice accumulation in 

case 2P90wi, the wind speed was only about 63 % of that in case 2P90w (see table 4.2). 

For example, at a height z = 22 m for case 2P90w, the turbulent part moment magnitude 

from the tower mast is around 87 % of the mean wind moment. In case 2P90wi, the 

largest turbulent contribution, which comes from the conductor, is only around 33 % of 

the mean wind moment. The; turbulent part contribution coming from the ground wire 

became more important in case 2P90wi, whereas a reversed trend was observed for the 

turbulent part contribution coming from the tower mast. 

4.6.1.2 Three-phase guyed tower 

For the three-phase guyed tower for the two cases considered, as shown in figures 4.13c and 

d, the mean wind part resulted in both negative and positive bending moments. Below a 

tower height of z = 30 m, the magnitude of the positive moment coming from the mean 

wind part is comparable to that of the positive moment coming from the turbulent wind 

part of the tower mast. For example, at a height of z = 15.8 m, the moment from the 

mean wind part is 95 % of that from the tower turbulent wind part for case 3P90w and 

83 % of that for case 3P45w. Regarding the turbulent parts, the positive bending moment 

had a greater influence, since this time it comes from the conductor phases 1 and 2 located 

below the guy cable attachment point and from the tower mast turbulent wind part. 
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Figure 4.13: Contribution from the TL components for the transverse bending moment: 

(a) Case 2P90w; (b) Case 2P90wi; (c) Case 3P90w; (d) Case 3P45w 
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4.6.1.3 Conclusion for the contribution of TL components 

It can be concluded from the previous sections that for the turbulent wind loading study, 

the transferred loading could cause a positive bending moment (from tower mast and 

conductor below) or a negative bending moment (from conductor above and ground wire) 

depending on the location of the load along the mast. If a simple summation such as 

the static-equivalent method is utilized, the positive and negative bending moments will 

cancel one another. In reality, however, the possible maximum loadings on each different 

TL component are not likely to occur at the same time, and it is unlikely that turbulent 

wind will come from the opposite direction. Hence, it is possible that the turbulent wind 

will cause all positive moments, or at least part of all positive moments. 

4.6.2 Simplified dynamic analysis using the SRSS principle 

For the guyed tower (tower mast and guy cable) studied here, the principal transverse 

frequencies are in the range of 6.91-21.35 rad/s (1.10-3.40 Hz). For the conductors 

and ground wires, the principal transverse (out-of-plane) frequencies are in the range 

of 0.69-2.83 rad/s (0.11-0.45 Hz). The principal natural frequencies and types of mode 

shapes for the TLs studied are listed in table 4.8. The values were evaluated using the 

modal analysis (subspace iteration method). Therefore, the frequency ranges for the guyed 

towers and the cables (conductor and ground wire) were quite far apart. Hence it is rea

sonable to conclude that in the event of dynamic resonance, the square root of the sum 

of the squares (SRSS) method will provide relatively good results. This simplification 

method is similar to that adopted in Appendix H of the Canadian Standards Association 

standard CAN/CSA-S37.01 (CAN-CSA, 2001). The equation that defines the application 

of SRSS is as follows: 

•"•LC 

J2^c (4-6.3) 
i=i 

where Rj-r is the total response at the location considered due to the turbulent wind; nic 

is the number of TL components where an individual turbulent part was applied; and RTC 

is the response due to the i th TL component turbulent part. 

RTT
 = 

\ 
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Using the static approach, the mean wind and the turbulent wind loading are calculated 

using the principles given in section 4.6.1. The SRSS method is then applied to the 

response from the turbulent wind loading on the TL components. The turbulent part 

for each component was applied to the TL model in its equilibrium position due to the 

mean wind. For every TL component considered, the response due to the turbulent wind 

part was obtained from the difference between the response due to the total of mean wind 

plus turbulent wind and the response due to mean wind only. By using this method, the 

geometric nonlinearity due to the mean wind was indeed taken into account in the process 

of extracting the response due to the turbulent wind part. The final total response was 

obtained from the summation of the response from the mean wind part and the response 

from the turbulent part obtained from equation 4.6.3. The result is utilized in the next 

section for the final comparison with the other two methods, namely the static-equivalent 

method and the full dynamic method. 

4.6.3 Comparison of the three methods evaluated 

For this final comparison, all the results relating to the transverse bending moment of the 

tower mast, shown in figure 4.10, were evaluated. In general, good agreement and similar 

results could be observed for the mean of maximums of the TD analyses and the SRSS 

method in cases 2P90w, 3P90w, and 2P90wi. The only exception is in case 3P45w, where 

the SRSS is situated between the static-IEC and the TD (e.g., at z = 15.8 m, static-IEC is 

15 % lower than the TD and 7 % lower than the SRSS). Both the TD and SRSS methods 

resulted in higher values if compared with the static-IEC for the lower part of the tower 

mast, i.e., below z = 30 m for cases 2P90w, 3P90w, and 3P45w and below z = 20 m for 

case 2P90wi. At points where the moment sign changed, the static-IEC and SRSS results 

are always within the limit of JLe ± oe from those of the TD analyses. 

Based on the comparison of the three methods for the four loading cases, it is concluded 

that, depending on the guyed tower configuration, the possible dynamic loading caused 

by the turbulent wind part could be important to the overall transverse bending moment 

of the tower mast. For the static-equivalent approach, for the effects above the guy cable 

attachments, the sign of the bending moment is the same for different component con

tributions. Below the guy cable attachment point, the contributions from different TL 

components do not have the same sign, so they can actually subtract from each other. 
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This is contradictory with the dynamic behaviour, where the contribution of each com

ponent, being at a different frequency, combines better with the SRSS method than with 

the direct algebraic summation. Hence, the simplified dynamic approach by SRSS could 

predict relatively well the TD response, except for the area near the guy cable attachment 

point in cases 2P90w, 3P90w, and 3P45w where the static-equivalent approach provides 

good results. 

4.7 Concluding remarks and further works 

The present study has shown that, depending on the guyed tower configuration and the 

type of climatic loading, dynamic effects could have a large influence on the overall response 

of the tower mast under wind loading. Therefore, the application of the static-equivalent 

method, which is an algebraic summation of mean wind and turbulent wind effects, does 

not always provide a conservative estimate of the possible dynamic response. The simpli

fied dynamic method using the proposed square root of the sum of the squares (SRSS) 

approach agreed quite well with the transient dynamic method. 

The results reported here are subject to some simplifications. Possible asymmetrical ice 

loading, which could lead to torsional loading, was not modelled. Material nonlinearity 

and additional refinements of transmission line (TL) component mechanisms, such as the 

limit of insulator swing and bolt slippage, were not modelled. Lastly, wind exposure for 

terrain types C and D according to the IEC-60826 (2003) standard might be more critical 

and should be evaluated. 

Validation by wind tunnel tests and dynamic tests on small- and full-scale guyed towers 

would be of interest. From the results presented here, it is concluded that the present study 

provides a better insight into the dynamic behaviour of guyed towers for TL structures 

under wind loading. This study could be used by TL structural designers when deemed 

necessary. 
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R e v u e : Journal of Wind Engineering and Industrial Aerodynamics 

Resume : 

Les derniers evenements d'ouragans, de tornades et de bourrasques qui ont cau

ses les effondrements de structures, necessitent la prise en compte des charges 

de vents extremes dans la conception des structures. De grandes magnitudes 

de forces qui depassent largoment des charges de tempetes normales du vent 

selon les normes, exigent le surdimensionnements des structures, et done, aug-

mentent le cout de la construction des structures. Une methode alternative de 

conception sera d'utiliser la dissipation de l'energie de la structure sous charges 

de vent par son comportement hysteretique. Cette etude a pour but le deve

loppement de la relation entre la ductilite et la reduction de la capacite des 

structures sous charges de vent extreme, afin de reduire les couts des structures. 

Dans cette etude, on utilise des donnees de vent generees numeriquement ainsi 

que des mesures in situ tel que des ouragans et des tempetes d'hiver. Pour cet 

article, on etudie des systemes a un degre de liberte afin de representer un large 

eventail de comportements de structures. Une methode elastique equivalente 

pour estimer des reponses nonlineaires est proposee ici. Des enregistrements de 

vents reels ont ete utilises pour evaluer l'applicabilite de cette etude. 

Mots-cles : ductilite, resistance, dynamique, nonlineaire, vent, frequence, ou-

ragan, tempete d'hiver. 

Abstract: 

Recent hurricanes, tornadoes and wind burst events that caused structural fail

ures, have pointed out the necessity of including these extreme wind loadings, 

with very low probability of occurrence, in designing the structures. Large 

magnitude forces, greatly exceeding the ordinary wind storm loads mean that 

considering extreme wind loading results in increased cost for the structural 

design. An alternative design approach consists in dissipating the energy com

ing from the extreme wind event through the hysteretic behaviour, in a similar 

measure as what is used in earthquake engineering. This paper aims at es

tablishing the relation between the desired ductility of the structures and the 

reduction in structural strength required to withstand extreme wind events in 
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order to reduce the cost of structure. Digitally generated wind as well as in 

situ measurements of winter storm and hurricane wind are used in this study. 

The study focused on single-degree-of-freedom (SDOF) systems to represent a 

wide range of structural behaviour. Simplified linearized method to estimate 

nonlinear response is proposed here. The applicability of the present study on 

real wind records is verified. 

Key words: ductility, strength, nonlinear, dynamic, wind, frequency, hurricane, 

winter storm. 

5.2 List of variables 

Variable Definition 

A surface of SDOF system (m2) 

c damping of SDOF system (kgs - 1) 

Cd drag coefficient 

CI confidence interval (%) 

ej error for difference of displacement 

/ frequency (Hz) 

/o peak value of wind-induced elastic force (kN) 

/ i natural frequency of SDOF system (Hz) 

/le natural frequency of equivalent elastic SDOF system (Hz) 

fy yield strength (kN) 

fu cut-off frequency for digital wind generation (Hz) 

F(t) total drag force (kN) 

g peak factor for spectral stochastic method 

Iu intensity of turbulent (%) 

j number of wind event 

m mass of SDOF system (kg) 

Uj, ni total number of wind event and f\ for error calculation 

k stiffness of nonlinear system (N-m-1) 

Suiu\ wind power spectral density (m2-s_1) 

T duration of wind analysis (s) 

u(t) fluctuating wind component normal to A (m/s) 

u* shear velocity (m/s) 
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total wind speed normal to A (m/s) 

hourly mean wind normal to A (m/s) 

total wind speed (m/s) 

displacement (m), velocity (m/s) and acceleration (m2 /s) 

maximum displacement of nonlinear system (m) 

yield displacement (m) 

displacement of equivalent elastic system (m) 

maximum displacement for spectral stochastic method (m) 

mean displacement for spectral stochastic method (m) 

ensemble of nonlinear and equivalent elastic displacements for error 

effective height where wind is measured (m) 

roughness length (m) 

slope for strain hardening plateau 

strength reduction ratio 

increment of / i used in the study (Hz) 

time step from wind record (s) 

increment of ft used in the study 

root-mean-square of averaged displacement error (%) 

ratio of f\e and / i 

ductility factor 

natural frequency of SDOF system (rad/s) 

air density (kg/m3) 

standard deviation of fluctuating displacement (m) 

cycling rate for calculation of g (Hz) 

total damping ratio (%) 

aerodynamic damping ratio (%) 

damping ratio for the equivalent elastic system (%) 

structural damping ratio (%) 

calculation 

5.3 Introduction 

Major damages during recent hurricanes have highlighted the necessity to take into account 

such event in the structural design. Nonetheless, this approach results in increased cost of 
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structure, when traditional linear elastic wind design method is used. In the case of low 

probability of occurrence event, namely extreme events, modern structural design relies 

on ductile modes of failure and redundant structural paths with the recent advances of 

progressive collapse approach. Hence, it is useful to evaluate how this could influence the 

design under extreme wind or very low probability of occurrence wind storm. In addition, 

it is of interest to design ductile system instead of elastic system in order to reduce loads 

carried to the foundation to reduce cost of design for these low probability of occurrence 

wind events. 

Several previous studies have been dedicated to the nonlinear behaviour of structures under 

extreme wind loading (Hong. H.P., 2004; Chen, D. et Davenport, A.G.. 2000; Vickery, B. J., 

1970). However, these studies did not provide a comprehensive overview of the matter in 

order to evaluate the interest of ductility design for structures under extreme wind load. 

In addition, these previous works did not evaluate the application of in situ measurements 

of extreme wind events in their studies. 

The objective of this paper is to evaluate how ductile behaviour can be taken into account 

in the design of SDOF systems under extreme wind. To reach this goal, the following steps 

are taken: (i) establish general relationship between ductility and reduction of strength 

demand under wind load as well as to evaluate the influence of wind and structural vari

ables using digitally generated wind data, this is explained in section 5.4; (ii) estimate 

linearization method for the use in spectral stochastic approach based on results from (i), 

as detailed in section 5.5; (iii) using real winter storm and hurricane wind to evaluate the 

validity of (i) and (ii), as described in section 5.6. 

5.4 Parametr ic study using digitally generated wind 

Ideally, only wind speed recorded during extreme events such as wind storms and hur

ricanes should be used to evaluate the influence of wind loading on nonlinear systems. 

These extreme wind records are available, but they do not span all possible characteristics 

of wind that can be found in reality. For this reason, in this study, it was decided to use 

digitally generated wind records to sweep through a number of wind that represents dif

ferent types of terrains, to evaluate the effect of certain characteristics on the relationship 

between ductility and design strength. 
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Table 5.1: SDOF system variables for the parametric study 

Variables Description and range 

Constitutive law a) perfect elastoplastic a — 0 

b) bilinear with strain hardening 

a = 0.05 

Natural frequency 0.1 < / i < 5.0 Hz 

with A/, = 0.05 Hz for / i < 1 Hz 

Ah = 0.50 Hz for 1 < / i < 3 Hz 

Ah = 1.00 Hz for 3 < / j < 5 Hz 

Strength factor To obtain the desired specified u 

0.40 < ft < 0.95 with Aft = 0.05 

It is understood that those generated winds are representative of actual wind storm in 

terms of the spectral characteristics, but may yield different results for nonlinear systems 

as compared to real winds. Therefore, available real wind data are used in section 5.6 of 

this paper to check the results of the parametric study described here, in this section. To 

evaluate more thoroughly the general structural behaviour for varying wind loading char

acteristics, wind speed data were digitally generated using the software WindGen (Hang, 

S. et al., 2005). 

The main purpose of the parametric study in this section is to evaluate the influence of: 

(i) turbulence intensity of the wind (the characteristics of the generated wind are detailed 

in section 5.4.2); (ii) natural frequency of the SDOF system; and (iii) bilinear with strain 

hardening constitutive law. A short discussion on the influence of aerodynamic damping 

is also presented. Table 5.1 summarized the SDOF system variables used in this study. 

5.4.1 Description of the SDOF systems and response calculation 

method 

A simple SDOF system under wind loading is studied here, as shown in figure 5.1. The 

wind force on structures depends on the total wind speed U(t), which is random in nature, 

varies with height z and time t. The wind speed U(t) is divided into two parts, namely 



5. L'influence de la nonlinearite des systemes a un degre-de-liberte 91 

the mean wind part U and the turbulent wind part u(t), it is expressed by: 

U(t) = U + u(t) (5.4.1) 

Turbulent wind u(t) is defined by its power spectral density (PSD) and it depends on the 

terrain and the wind type. In time domain, the total drag forces F(t) induced by the wind 

is given by (Simiu, E. et Scanlan, R., 1996): 

F(t)=l-paCdA{U + u(t))2 (5.4.2) 

where pa is the air density; Cd is the drag coefficient; A is the exposed area to the wind 

loading; U is the mean wind speed; and u{t) is the turbulent wind speed. For the present 

study, the wind speed U, U and u(t) are the wind components perpendicular to the surface 

of the SDOF system (see figure 5.1). For this study, z = 10 m, Cd = 1 and A = 10 m2. The 

total force defined in equation 5.4.2 does not correct for the velocity of the structure. It is 

taken into account by the aerodynamic damping, assumed to be included in the damping 

used in the analysis because the actual aerodynamic damping is related to too many 

parameters for the actual value to be added in the analyses. Taking total damping ratio 

to be 1%, this is including the aerodynamic damping and the structural damping, seems 

to be reasonable and it is usually considered conservative. Submitted to the wind force 

F(t), the response of the system can be obtained by solving the equation of movement: 

mx + cx + fa(x,x) = F(t) (5.4.3) 

where x, x and x are the displacement, velocity and acceleration of the system, respectively; 

m is the mass; c is the damping, defined by c = 2 ^ w m i n which £ is the damping ratio (1 % 

of critical) and uo is the natural frequency (2n fi) in rad/s; and fs(x,x) is the restoring 

force. In the elastic phase, the restoring force is fs(x,x) — k x, where k is the stiffness. For 

the non-elastic phase, the restoring force follows its constitutive law, shown in figure 5.2 

for: (a) perfect elastoplastic model; and (b) bilinear with strain-hardening (for example 

with a = 0.05). In this figure, a is the slope of the yielding plateau; fy is the limit of 

the elastic force or the yield strength, xy is the displacement at yield; x~ and xm is the 

maximum negative and positive displacement. 
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z * 

Figure 5.1: SDOF system used in this study 

Figure 5.2: Nonlinear constitutive laws: (a) perfect elastoplastic; (b) bilinear with strain 

hardening 



5. L'influence de la nonlinearite des systemes a un degre-de-liberte 93 

Equation 5.4.3 is solved numerically using Newmark-/3 average acceleration method with 

modified Newton-Raphson iteration procedure for displacement and energy convergence 

(Chopra, A.K., 1997). 

The strength reduction for the nonlinear system is defined by the strength factor ft and it 

is expressed as: 

ft = fyl /o (5.4.4) 

where fy is the yield strength and /o is the peak value of the wind-induced elastic force 

for the corresponding linear system. If ft < 1, the system will deform beyond its linear 

elastic limit. 

The ductility factor is the dimensionless ratio defined by: 

^ = ^ = max(l:r- | ; :r+) ( g 4 &) 

y y 

where xm is the absolute maximum displacement of the nonlinear system due to the loading 

event and xy is the yield displacement (see figure 5.2). For systems in the inelastic range, 

xm will exceed xy. Hence, u > 1. 

5.4.2 Generated wind for this study 

The turbulent part perpendicular to the SDOF surface u(t) was digitally generated by 

WindGen (Hang, S. et al., 2005) based on the spectral representation method proposed 

by Shinozuka, M. et Deodatis, G. (1991) and Deodatis, G. (1996), using the wind charac

teristics given in table 5.2. The wind PSD Su is modelled using Simiu spectra (Simiu, E., 

1974), in its non-dimensional form: 

/*.(«,/) = 200. i f ( 5 4 6 ) 
Ul ( l + 5 0 ^ ) V 3 ' ' ' 

where / is the frequency; z is the height; u* is the shear velocity; and U is the mean 

wind speed. The mean wind speed is 17(10) = 40 m/s. The cut-off frequency for the wind 
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Table 5.2: Variables for digitally generated wind 

Iu (%) zo (m) w« Terrain type similar 

(m/s) to: 

1.633 Snow covered farm

land or flat dessert 

2.041 Flat areas, very rough 

sea in extreme storm 

2.450 Level grass plains, iso

lated trees 

2.858 Open country, isolated 

trees and buildings 

3.266 Villages, outskirts of 

small towns 

Note: /„ is the turbulence intensity; ZQ is the roughness length; 

u, is the shear velocity. 

generation is fu = 8 Hz. in which the generated wind time step is Atw = 0.0625 s. For the 

dynamic analysis, smaller time step was used accordingly, by doing interpolation of the 

wind speed time history in between the generated wind data points. 

For each wind characteristics listed in table 5.2, ten samples of turbulent wind speed were 

generated. Comparison of the generated wind to the target wind PSD is shown in figure 5.3 

for turbulence intensity Iu = 15 %. In this figure, variability of the digitally generated 

wind to the target PSD is shown by the average and the confidence interval CI = 95 % of 

the ten samples. The confidence interval was calculated using steps provided in Bendat, 

J.S. et Piersol, A.G. (2000). The confidence interval CI = 95 % means that the true mean 

of the ten samples, which is in this case is the target PSD (the dot-point red line), falls 

within the noted interval (the dotted blue lines) with a confidence of 95 9c. In this figure, 

it can be observed that evidently, the target spectra is within the 95 % confidence interval 

band. The generated wind speed was then added to the mean wind speed and applied as 

wind force for the SDOF system using equation 5.4.2. The duration of each sample of the 

generated turbulent wind speed used in the analysis is 3600 s. 

10.0 0.0006 

12.5 0.0039 

15.0 0.0146 

17.5 0.0370 

20.0 0.0745 



5. L'influence de la nonlinearite des systemes a un degre-de-liberte 95 
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Figure 5.3: Average of wind PSD for ten samples of the generated wind with Iu = 15 % 

with confidence interval CI = 95 % 

5.4.3 Establishing relationship between ductility and strength 

reduction 

The SDOF systems with varied natural frequency / i and the use of two types of force-

displacement models, as given in table 5.1, represent a wide range of structural behaviour. 

Analyses were performed for 10 samples of the generated wind for every turbulence inten

sity /„ studied, see table 5.2. 

In the first step, linear analyses are performed to define the maximum responses. The 

next step is to determine the response of the inelastic system for a range of strength factor 

ft, where ft < 1, for every value of natural frequency / i . Analyses are performed for a 

sufficiently large number of ft values to develop data pairs (ft.p), covering the ductility 

range of interest (p = 1,2,.. . ,8) . For each wind sample calculated, in order to obtain 

the strength factor for a specified ductility factor, an interpolative procedure is required. 

Finally, the specified p with corresponding value of ft from the available samples from a 

series of wind records with similar characteristics are averaged. 

- - Target 
— 9 5 % Cl 
——Mean 
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5.4.3.1 Response t ime history 

An example of hysteretic response and response time history are presented in figures 5.4 

and 5.5 respectively. On these figures, one elastic response and one elastoplastic response 

are presented. The SDOF system presented is for ft = 0.5 Hz and the elastoplastic system 

has a reduced strength corresponding to 70 % of the maximum force of 37.3 kN experienced 

by the elastic system under the wind loading for Iu = 15 %. The results shown in these 

two figures are for time = 225 to 345 s from the total 3600 s time history. On figure 5.4, the 

reduced strength and increased displacement with permanent displacement for the system 

with ft = 0.7 can be clearly observed. The time histories of the total wind speed U and 

the response are presented in figure 5.5(a) to (c). In part (b) of this figure, for ft = 0.7, it 

35 

30 

25 

20 

§. 15 

a> 
I 10 
u. 

5 

a = 0; Elastic 
-a = 0;p = 0.7 

lu.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Displacement x (m) 

Figure 5.4: Hysteretic plot with generated wind for Iu = 15 %, wind sample 1, / i = 0.5 

Hz for elastic system (continuous gray line) and bilinear with a = 0.0, ft — 0.7 and 

fy = ft • 37.3 kN (continuous black line) 
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Figure 5.5: Time history of generated wind with Iu = 15 %, sample 1, a = 0.0, f\ = 0.5 

Hz and ft = 0.7 and fy = ft • 37.3 kN: (a) Total wind speed U(t); (b) Displacement x and 

(c) Restoring force fs 

can be observed that once yielding is reached, the displacement tends to oscillate around 

the permanent displacement of the SDOF system. 

5.4.3.2 Samples variability 

Since wind is random in nature, it is important to evaluate the variability of results on the 

ten samples. For example, in figure 5.6(a) to (c) for f\ = 0.5, 1.0 and 2.0 Hz respectively, 

each circle represents the ductility calculated for a specified fx from ten wind samples for 
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Figure 5.6: Strength factor ft as a function of ductility p from ten samples of the generated 

wind for Iu = 15 % with a = 0.0 for: (a) fx = 0.5 Hz; (b) /j = 1.0 Hz; and (c) fx = 2.0 

Hz 

Iu = 15 %. From these three plots, it can be seen that for the same range of ft, for each 

wind sample for any given value of / i , the calculated ductility demand varies significantly. 

To obtain the final specified ductility plots for each value of /„ , the ten samples were 

averaged. 

5.4.3.3 Influence of aerodynamic damping 

For SDOF systems with the same yield strength, additional damping that is expected 

from aerodynamic damping will further dampen the structural response, hence, reduce the 

ductility demand. For SDOF system, the aerodynamic damping ratio £a can be estimated 
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with the following equation: 

(. - ^ ^ (5.4.7) 

To illustrate the influence of damping in the structural response, figure 5.7 shows the 

hysteretic plot for SDOF system for fx = 0.5 Hz and ft = 0.7 with damping ratio that 

has been used throughout the present study £ = 1 %, plotted in continuous grey line and 

the dotted black line as the response from £ = 1.8 %, which is a larger damping ratio by 

adding what is considered the aerodynamic damping part for SDOF system £a = 1.3 %, 

calculated with equation 5.4.7, and adding a typical structural damping £s = 0.5 %. The 

plot represents response from t = 155 s to t = 775 s of the 3600 s time history. It can be 

seen here that larger damping ratio results in less displacement. The SDOF system has 

more reserve of capacity by having less ductility demand. 

However, the aerodynamic damping ratio for SDOF system in equation 5.4.7 depends on 

the wind characteristics (17 and pa) and structural characteristics (A, Cd, m and / i ) . This 

means the value of £a varies for every value of f\. For low range frequency, aerodynamic 

damping would be larger than 1% (£a = 6.5 % for f\ = 0.1 Hz and £Q = 0.65 % for / i = 

1.0 Hz). For higher range of frequency, as what was discussed previously, the structural 

response has no predominant dynamic response. Hence, assuming 1 % total damping is 

probably more than the sum of £a + £s, however, it does not influence much the structural 

response in this range of high frequency. 

If aerodynamic damping is to be included, an additional variable is introduced in the 

development of ft and p relationship and it would be difficult to evaluate separately the 

damping influence in the range of / i analysed since the total damping ratio varies with f\. 

In addition, £a also depends on Cd and A that vary according on the shape and type of 

the structures. Hence, taking total damping ratio f = 1 % is reasonable because for low 

frequency range (j\ < 1 Hz), it is a lower bound value, so it provides conservative value: 

while for higher frequency range (/i > 1 Hz), the higher damping ratio has no influence 

on the response. Based on these considerations, the total damping ratio of £ = 1 {7< is used 

to develop the relationship between the strength factor ft and ductility p in the following 

sections. 
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Figure 5.7: Hysteretic plot - influence of damping for elastoplastic system where f\ = 

0.5 Hz with ft = 0.7 with ( = 1 % (continuous grey line) and £ = 1.8 Vc (continuous black 

line) 

5.4.4 Influence of turbulence intensity 

For specified values of ductility, even though variability from the samples is evident as 

shown in section 5.4.3.2, from the average often wind samples for each turbulence intensity 

value studied here, it was observed that larger turbulence intensity resulted in smaller 

reduction factor ft. Figure 5.8(a) and (b) shows the comparison of strength factor ft for 

specified ductilities p for turbulence intensity Iu = 10 % and Iu — 20 % for p = 2 and 

p — 4. Even though /„ has some significance, as shown in this figure, the difference is very 

small and could be ignored for practical purposes. 

The general tendency of strength factor of varied specified ductilities for the generated 
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Figure 5.8: Comparison of specified ductility curves for a = 0.0 for generated wind with 

Iu = 10 7c and 20 7c for: (a) p = 2 and (b) p = 4 
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wind with varied Iu could be observed in figure 5.9. The figure shows the average value 

of strength factor from ten wind samples for Iu = 10 %, 15 % and 20 7c. The relationship 

between strength factor ft and ductility p is not affected significantly by the intensity of 

turbulence. 

5.4.5 Influence of natural frequency of the SDOF system 

The strength factor ft from low to high natural frequency f\ have the same trend for all 

wind sample, as shown previously in figure 5.9. At low frequency, the strength factor is 

at a lower range, while at higher frequency, the strength factor approaches unity. This 

is because moving from low frequency to high frequency, the structure has less and less 

dynamic interaction with the wind loading. A common way to evaluate the response of an 

SDOF system to wind loading is to separate the response into quasi-static response and 

resonance dynamic response. For low frequency, the resonance part is predominant in the 

response. The resonance part is the one most affected by the energy dissipation provided 

by the ductility of the structure. The high frequency response is more of a quasi-static 

response where wind force and internal force are in equilibrium, resulting in limited effect 

of ductility. 

5.4.6 Influence of strain hardening 

As shown previously in figure 5.2(b), the only difference from the perfect elastoplastic 

model to the bilinear constitutive law is the consideration of strain hardening with a = 

0.05. For most real structural systems, such post peak strain hardening is available. 

Therefore, it is interesting to evaluate the effect of strain hardening of SDOF systems. 

The difference in hysteretic plot (force vs. displacement) between elastoplastic model and 

bilinear strain hardening model is shown in figure 5.10 for f\ = 0.5 Hz and ft = 0.7. The 

plot represents response from t = 0 s to t = 850 s of the 3600 s time history. It can be seen 

that bilinear system resulted in reduced displacement demand (less ductility demand), this 

also results into less permanent displacement of the structure, for a given value of ft. 

When compared with elastoplastic model (a = 0.0), for specified values of ductility, the 

force reduction required is smaller than the elastoplastic model (see figure 5.11). This 
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Figure 5.9: Specified ductility curves for a = 0.0 with varied frequency for generated 

wind where: (a) /„ = 10 %; (b) /„ = 15 % and (c) /„ = 20 % 
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Figure 5.10: Hysteretic plot - influence of strain hardening with generated wind for 

Iu = 15 %, sample 1, where f\ = 0.5 Hz and ft = 0.7 for systems with a — 0 (continuous 

grey line) and a = 0.05 (continuous black line) 

tendency appears to be more pronounced as the ductility increased; for example to achieve 

p = 4, as plotted in figure 5.11(b), at / i = 0.1 Hz, the elastoplastic system needs the 

strength factor ft = 0.70, while the strain hardening model can accommodate for a strength 

factor of ft — 0.59. It can also be observed that for higher value of natural frequency, the 

difference between the two constitutive law models tends to be less important. 

Therefore, in this article, further analyses are pursued to find the relationship between the 

strength factor ft and ductility p for a perfectly elastoplastic system, as this provides a 

conservative estimate of force reduction to account for potential ductility of the structure. 
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Figure 5.11: Comparison of specified ductility curves for generated wind with Iu = 15 % 

for systems with a = 0.00 and a = 0.05 for: (a) p = 2 and (b) p — 4 

5.5 Linearization of nonlinear SDOF system to be 

used with spectral stochastic method 

In this section, an approximate methods to estimate the maximum inelastic displacement 

demand of the SDOF systems using spectral stochastic approach is developed. The interest 

of this method is to evaluate, with minimal computing effort, the nonlinear response 

of SDOF systems under wind loads that have different characteristics than what was 

previously used for the digitally generated wind (e.g. hurricane wind). 

For this approach, the maximum displacement demand of inelastic systems is estimated 



5.5 Linearization of nonlinear SDOF system to be used with spectral 
106 stochastic method 

from the maximum displacement demand of linear elastic system with lower lateral stiffness 

and with higher damping coefficient than those of the inelastic system. This equivalent 

elastic system provides approximately the same results as the nonlinear system. Calcula

tion steps required for this method are summarized in section 5.5.1. 

The effective equivalent elastic system would depend explicitly on: (i) the damping ratio of 

the nonlinear system £ so that the equivalent damping ratio £e > £; (ii) the ductility factor 

p so that the equivalent system corresponds to the result from a specified ductility value 

of the nonlinear system and (iii) the natural frequency fx so that the natural frequency 

of the equivalent elastic system f\e = \ f\ where A is a multiplication factor and it is less 

than one. 

The optimum equivalent elastic system can be achieved by finding the ideal parameter pair 

of fe and /ie with the smallest error or difference in the response values if compared to 

the nonlinear results, as what is described in section 5.5.2. The equivalent elastic systems 

with the smallest errors are used to evaluate the empirical models that are proposed in 

section 5.5.3. 

5.5.1 Spectral stochastic approach 

The mean and standard deviation of the SDOF response can be calculated using the spec

tral stochastic method. Extremum of the response can be evaluated as well by this method. 

This method is based on the statistical characteristics of wind. It was first proposed by 

Davenport in the 1960s (for example Davenport, A.G. (1964)). Several important steps 

for spectral stochastic approach, for along-wind response of SDOF system, are provided 

here for clarity of the notations, for more details on this method, see Holmes, J.D. (2007). 

The expected maximum response xmax of a linear simple system can be written: 

%max — % ~f" 9 &x (o .O. l ) 

where x is the displacement due to mean wind; g is a peak factor which depends on the 

time interval, for which the maximum value is calculated and for the frequency range of 

the response; and cx is the standard deviation of the fluctuating displacement that can be 

calculated using the equations provided in the Appendix. 
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The peak factor g is given by (Davenport, A.G., 1964); 

9 = ^^ + 7& (5-5'2) 

where u is the 'cycling rate' or effective frequency for the response; this is often conserva

tively taken as the natural frequency fx; T is the time interval over which the maximum 

value is required. 

Using these equations, which are based on the frequency domain approach and the wind 

PSD, the maximum displacement under dynamic wind loading for the equivalent elastic 

system can be calculated. 

5.5.2 Linearization of nonlinear system and error calculations 

To evaluate the similarity of response of the equivalent elastic system to the original 

nonlinear system, the difference of responses for one series of wind, for the whole range of 

natural frequency fx and ductility p of interest must be calculated. This error calculation 

method is adapted from Iwan,W.D. (1980). This method tries to estimate the optimal 

damping and frequency shift of the linear system to achieve the value obtained from the 

nonlinear system. 

Let Xn(j , p, / i , £) be the maximum displacement to the j ' th extreme wind event at ductility 

value p from the natural frequency fx and the damping ratio £ of the nonlinear system. 

Also, let Xe(j, /ie,£e) be the maximum displacement to the j t h extreme wind event from 

the equivalent elastic system with natural frequency fXe, where fXe = X fi and damping 

ratio £e. The response for this equivalent elastic systems were calculated using the spectral 

stochastic approach given in the previous section. 

To find the equivalent elastic system with response closest to the response from the non

linear system, the difference between the two system is calculated. The difference between 

the nonlinear inelastic displacement and the equivalent elastic displacement is defined by: 

Xe(j , /le,£e) 

XnO',/X,/l ,0 
(5.5.3) 
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Then a measure of the overall difference or error between the averaged inelastic and av

eraged equivalent elastic displacement for the total number of rij wind events for all nt 

natural frequency considered will be: 

e = 
" nt 

1 n, 

1 = 1 L 

E;=i(^xn) 
££ l (Xn) 

(5.5.4) 

where e is referred as the root-mean-square (rms) averaged displacement error. 

Using the results developed in section 5.4 for the elastoplastic system, a series of equivalent 

elastic system were evaluated, related to the original system by a new set of values for 

the new damping ratio £e and the ratio of the new equivalent frequency to the original 

frequency A. Range of £e evaluated here is from 1.0 % to 15 %. While for A, the range 

used in this study is from 0.3 to 1.0. 

An optimal natural frequency shift and effective damping can be defined for the ensemble 

of the generated wind samples studied here (for a total of 50 samples for all values of Iu 

in table 5.2) by numerically minimizing e with respect to the variables A and £e. The 

equivalent elastic systems with the smallest errors are then used to evaluate and develop 

the empirical models proposed in the following section. 

5.5.3 Empirical models of the equivalent elastic system 

Equivalent elastic systems, with e < 4 % for all the generated wind samples for the 

elastoplastic system (a = 0.0) are then plotted as a function of frequency shift fXe/fi and 

effective damping ^e — £. The results from the equivalent systems are then compared to 

the empirical models calculated using the hysteretic cycle from the maximum response 

obtained from the nonlinear system as illustrated in figure 5.12. The empirical models are 

given by the following equations: 

f-T = 4= (5-5-5) 

& - £ = - ( ! - - ) (5.5.6) 
7T p 



5. L'influence de la nonlinearite des systemes a un degre-de-liberte 109 

Elastoplastic 
system 

Equivalent 
elastic system 

- »X 

*m 

Figure 5.12: Elastoplastic system and its corresponding equivalent elastic system 

Figure 5.13 shows a good agreement for the frequency shift obtained from the equivalent 

systems calculated by the spectral stochastic approach (represented by the dots) and the 

curve presented by equation 5.5.5. 

For the effective damping ratio, figure 5.14 shows that equation 5.5.6 results in much higher 

damping than what was obtained from the linearization process. This can be explained 

by the fact that equation 5.5.6 was based on a full hysteretic cycle, whereas it can be seen 

from figure 5.4 that no full cycle occurs during the loading and the constitutive law offers 

no damping while unloading and reloading below last point of maximum displacement. As 

it can be seen in figure 5.14, by scaling equation 5.5.6 using a factor of 0.02, the equivalent 

damping ratios calculated from spectral stochastic approach showed a better agreement 

with the representative equation as follow: 

6 - e = o.02-( i - i ) 
7T / / 

= 0.013(1 - —) 
(5.5.7) 

The above equation covers the lower range of the effective damping ratios so that the 

calculated linearized response is not underestimated. 
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To evaluate the applicability of the proposed equivalent elastic system for real wind records, 

selected available samples of winter storm and hurricane winds are studied in section 5.6.3. 
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5.6 Application to real wind records 

Real hurricane and wind storm wind measurements are used to evaluate the applicability of 

the studies shown in section 5.4 and 5.5. In this part of the study, using the same structural 

variables as the digitally generated wind study for elastoplastic system (table 5.1), the 

relationship between p and ft under real winter storm and hurricane wind were established. 

Several hours with high wind speed U are selected from the available records. 

Details concerning the real wind records used here are given in section 5.6.1. In sec

tion 5.6.2, the real wind results are then compared to the results from digitally generated 

wind from section 5.4. In addition, the application of the equivalent elastic system by 

using spectral stochastic approach as developed in section 5.5 is evaluated in section 5,6.3. 

To provide a more realistic study, the wind directionality is taken into account for the 

wind loading of the SDOF systems. Wind direction ranges from 0° to 360°. The present 

study assumes that the y axis of the SDOF surface (see figure 5.1) is parallel to 0° of 

the wind direction. Hence, for the applied wind force, only the wind component that is 

perpendicular to the SDOF surface U is considered in this study. The fixed orientation at 

0° was chosen to simplify the present study. It is understood that for the chosen surface; 

orientation, the wind speed U might not be the optimum wind speed; however, the results 

from the nonlinear analyses are normalized to the results from linear analyses for this 

direction. Hence, the results should be representative for the type of real wind analysed. 

In addition, it was found that for the hurricane samples (see section 5.6.1.2), it is rather 

difficult to define the structure orientation that caused the maximum wind force for the 

entire duration analysed due to the relatively large changes in the wind direction. 

For the evaluation of equivalent elastic system by using the spectral stochastic approach 

in section 5.6.3, wind PSDs from the wind records was calculated for one-hour segment 

from the hour where the hourly mean wind is maximum (7(10)max. Further discussion of 

the real wind PSD used this study is provided in section 5.6.1. 



5. L'influence de la nonlinearite des systemes a un degre-de-liberte 113 

5.6.1 Real wind measurements 

5.6.1.1 In situ measurement of winter storms 

These data sets were provided by Hydro-Quebec Research Institute (IREQ), details of 

this wind measurement are given in Gani, F. et al. (2009). The data sets comprise a one 

month continuous wind measurement (March 20 to April 19, 2008). The site is essentially 

a flat terrain, covered with snow. For the SDOF ductility study, the measurement from 

an anemometer at z. = 10 m was used. For the winter storm wind, a total of three samples 

of three consecutive hours of wind speed records are used in the analyses, as summarized 

in table 5.3. 

Figure 5.15 shows the total wind speed V in continuous blue line and the hourly wind 

direction in dotted gray lines for the three hours duration for each winter storm day, 

WS-dayl to WS-day3 used in this study. The wind direction, as shown in this figure, is 

relatively stable for WS-dayl and WS-day2. The only visible change in direction is only for 

the last hour of the wind record of WS-day3 in part (c) of this figure. The wind component 

perpendicular to the SDOF surface U was calculated by using the wind direction. 

To evaluate the magnitude of the wind speed applied to the SDOF systems, figure 5.16 

shows the comparison between Vx and Vy of the three samples of winter storm wind. The 

term Vx in this figure is the perpendicular wind component, therefore Vx = U and it is 

the applied wind for the SDOF systems. The term Vy is the wind component parallel 

to the y axis of the SDOF surface and it is not used for this study (see figure 5.1 for 

axes orientation). From this figure, it can be observed that due to tlu; wind direction, 

component U and Vy for WS-dayl and WS-day3 are relatively in the same magnitude: 

while for WS-day2, the magnitude of U is larger than Vy. Hence, from the three samples 

Table 5.3: Winter storm wind variables 

Date 

21/03/08 

01/04/08 

02/04/08 

Name 

WS-dayl 

WS-day2 

WS-day3 

Duration 

(hr) 

3 

3 

3 

U(10)max 

(m/s) 

13.90 

15.12 

13.88 

Iu (%) 

12.0 

17.6 

15.0 

zo (m) 

0.003 

0.030 

0.015 
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Figure 5.17: Wind PSD for WS-day2, 2nd hour, C/(10) = 15.12 m/s and z0 = 0.03 m for 

the PSD models 

used here and the surface orientation at 0°, WS-day2 provided the optimum wind speed 

for the nonlinear analyses. 

For the application of the equivalent elastic method, the wind PSD from the hourly wind 

from each sample was calculated and compared to the available PSD models using the pa

rameters provided in table 5.3. For the calculation of the PSD, the one hour wind record is 

divided into six segments with 50% overlap. The PSD calculation follows the recommen

dations provided in Bendat, J.S. et Piersol, A.G. (2000). Figure 5.17 shows the calculated 

wind PSD for WS-day2 and PSD models of Simiu (Simiu, E., 1974), Kaimal (Kaimal, 

J.C. et al., 1972) and ESDU (ESDU-85020, 1985). It can be observed here that for 

U{10) = 15.12 m/s and z0 — 0.03 m, the calculated wind PSD agrees relatively well 

with the three PSD models. The lower frequency range ( / < 0.1 Hz) seems to be pre

dicted better by the ESDU model, while for / > 0.1 Hz, the Simiu and Kaimal models 

provided higher values than the calculated PSD. 

5.6.1.2 Hurricane records 

Five hurricane wind data sets were provided by Florida Coastal Monitoring Program 

(2010) (FCMP), for hurricanes: Isabel-2003; Ivan-2004; Katrina-2005; Rita-2005; and 
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Table 5.4: Hurricane wind variables 
Hurri- Tower and Lo- Category Terrain type z0 (m) Hours U(lO)max Iu (%) 

cane cation studied (m/s) 

Isabel 

(2003) 

Ivan 

(2004) 

Katrina 

(2005) 

Rita 

(2005) 

Wilma 

(2005) 

T3-Frisco. NC 

Tl-Pensacola, 

FL 

Tl-Bella 

Chase, LA 

TO-Port 

Arthur, TX 

Tl-Weston, FL 

II 

III 

III 

III 

III 

Border line 

land-water 

Rough side 

of open 

exposure 

Densely built 

suburbs 

Flat areas, no 

obstructions 

Marshes 

0.010 

0.030 

1.000 

0.003 

0.315 

12-16 28.6 16.6 

32-36 23.9 19.7 

17-21 19.8 18.5 

17-19 19.7 15.' 

7-10 33.9 13.9 

Wilma-2005. Details of this hurricane measurement project are given in Masters, F. J. 

(2004). For each hurricane, the data available were from selected records at the height 

z — 10 m. To obtain valuable results from direct application of the hurricane wind to 

this study, it is necessary to apply relatively longer wind speed time history, especially for 

wind records in which a very high wind speed period is followed with relatively high peak 

period. Once the structure reaches its yield capacity, it will have to endure another two 

to three hours of strong wind. 

The wind characteristics from the hurricanes studied here are summarized in table 5.4. 

By considering the wind direction, several consecutive hours with highest total wind speed 

perpendicular to the SDOF surface U were used for the calculation. Figure 5.18 shows 

the whole length available time history for the five hurricanes used in this study. These 

plots show the total wind speed V and the hourly wind direction in dotted gray lines. The 

vertical continuous red lines represent the period of wind speed time history used for this 

study from each hurricane. It can be seen in figure 5.18 that each hurricane contains at 

least one peak of high wind that can last for several hours. In addition, from these plots, 

it can be observed that for hurricane wind, wind direction can change quite significantly. 

Figure 5.19 shows the comparison of Vx and Vy components for the five hurricanes studied 

here. The terms Vx (where Vx — U) and Vy have the same definitions as previously defined 

for figure 5.16 in section 5.6.1.1. It can be seen that the magnitude of U could reach up 
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Figure 5.18: Total wind speed record V (continuous blue line) at height z = 10 m and 

hourly wind direction (dotted grey lines) of hurricanes: (a) Isabel-2003; (b) Ivan-2004, (c) 

Katiina-2005; (d) Rita-2005; and (c) Wilma-2005 (vertical red lines represent houis used 

for this study) 
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Figure 5.19: Component of wind speed perpendicular to surface Vx (where Vx = U) 

and parallel to surface Vy of hurricane wind speed: (a) Isabel-2003; (b) Ivan-2004; (c) 

Katrina-2005; (d) Rita-2005; (e) Wilma-2005 

to 50 m/s for Isabel-2003, Ivan-2004, Katrina-2005 and Wilma-2005. For Rita-2005, it 

can be observed that the chosen 0° orientation did not result in large magnitude of U. 

Nonetheless, for Isabel-2003 and Wilma-2005, the U component is much larger than the 

Vy component, therefore, the SDOF surface orientation at 0° is relatively optimum for 

these two hurricanes. 

To obtain the wind parameters required to characterize terrain type, the wind records 

provided by FCMP at height z = 5 m were used. The value of roughness length zQ was 

obtained by averaging the values found for the hours with the strongest wind speed where 

the directionality of the wind did not differ much between the two heights. This approach 

is deemed more suitable for the present study because the wind speed records of interest 

are continuous and sufficiently long (at least three hours long) to provide the required 

information for this study. For other type of studies where the wind records are divided 

into smaller segments (e.g. 10- to 15-minute segments), other methods to obtain value of 

Zo (Masters, F.J. et al, 2010), could be more suitable. 

The hurricane wind PSDs were calculated using the same method as the winter storm 

wind in the previous section. The calculated PSD were compared with the same PSD 
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Figure 5.20: Wind PSD for Isabel-2003, 14th hour, 17(10) = 28.6 m/s and z0 = 0.01 m 

for the PSD models 

models as in section 5.6.1.1. In general, for the hurricane wind, the calculated wind PSDs 

have larger magnitude than the PSD models for / < 1 Hz. This tendency agreed with 

previous studies on wind PSD of hurricane wind (e.g. Masters, F. J. (2004); Schroeder, 

J.L. et Smith, D.A. (2003)). An example of the wind PSD for the hurricanes is presented 

in Figure 5.20. This figure shows the calculated PSD for Isabel-2003 and the three models. 

It can be observed that even though the calculated PSD has higher magnitude, the shape 

of the ESDU PSD follows quite well the calculated PSD for / < 0.1 Hz. The Simiu and 

Kaimal models are lower than the calculated PSD. 

It can be concluded that for the hurricane wind, the available PSD models cannot provide 

good prediction. Therefore, for the present study, it was decided to directly use the 

calculated wind PSD from the wind records for the calculation in section 5.6.3. This 

decision was also applied for the winter storm wind for consistency, even though for the 

winter storm wind, the PSD models provided satisfactory approximation. It is to be noted 

that when suitable PSD model for hurricane wind becomes available, it can be used directly 

for the spectral stochastic calculation. 

Simiu 
— Kaimal 

• -—ESDU 
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5.6.2 Comparison of s t rength factor for specified ductility 

By using the methodology developed in section 5.4.3, using the structural parameters 

in table 5.1, the winter storm and the hurricane wind records were used to obtain the 

strength factor ft for the specified ductilities p of the elastoplastic system (a = 0.0). The 

results obtained are compared to the results obtained in section 5.4, previously presented 

in figure 5.8 for the generated wind. 

5.6.2.1 Comparison with winter storm 

Using the selected samples of the in situ wind measurement, as summarized in table 5.3, 

the ft values for p = 2 and p = A are presented in Figure 5.21. In this figure, the results are 

also compared to the results obtained from the generated wind for Iu — 10 % and 20 %. 

From these plots, it can be concluded that the strength factor of the SDOF systems to 

achieve the specified ductility value are mostly within the limits of the values calculated 

for the generated wind Iu = 10 %. This means that the generated wind would provide a 

good estimate of strength factor for the specified ductility values from real winter storm 

events. 

In addition, it is necessary to evaluate the influence of the choice of the surface orientation 

and the wind forces resulted by this choice as previously shown in figure 5.16 and discussed 

in section 5.6.1.1. It was known that WS-day2 provided larger wind force than WS-dayl 

and WS-day3, however, from figure 5.21, it can be observed that there is no particular 

trend related to stronger or weaker wind force. 

5.6.2.2 Comparison with hurricane wind 

Using the wind parameters for the highest peak hour of each hurricane, as summarized in 

table 5.4, ft values for specified ductilities were obtained, see figure 5.22. This figure shows 

comparison between the strength factor obtained for specified ductilities p = 2 and p = 4 

and the same results from digitally generated wind as previously shown in figure 5.21. It 

can be observed from this figure that ft values obtained from hurricane wind are smaller 

than what is required for the digitally generated wind. This conclusion is similar as what 

was previously observed for winter storm wind, even though the results from the hurricanes 
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are relatively more scattered. It can also be seen that larger strength reserve from the 

SDOF system is available for the hurricane wind results. Regarding the varied terrain 

type, there is no particular trend that can be observed concerning the various values of 

wind parameters from the five hurricanes analysed. 

Equally, similar conclusion for the influence of the choice of the surface orientation and 

the wind forces resulted by this choice as in section 5.6.2.1, for the winter storm wind, 

can be drawn for the hurricane wind. As previously shown in figure 5.19 and discussed 
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Figure 5.21: Specified ductility - winter storm wind for: (a) p = 2 and (b) p = 4 
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in section 5.6.1.2, the optimum wind forces are obtained from hurricanes Wilma-2005 and 

Isabel-2003. Nonetheless, in figure 5.22, there is no particular trend observed concerning 

the stronger and weaker wind for the five hurricanes analysed. 
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5.6.3 Application of elastic equivalent system to real wind 

The interest of using the linearized method proposed in section 5.5 is to reduce calculation 

cost in the case where the wind characteristics are different from the generated wind used 

in this study. In this section, the linearized method application to real wind previously 

defined in section 5.6.1 is evaluated. The wind PSD required to perform the spectral 

stochastic calculation are calculated directly from the wind records, using the peak hours 

where U(10)max values are listed in table 5.3 for winter storms, while for the hurricanes, 

the values are listed in table 5.4. 

Using equations 5.5.5 and 5.5.7 for ductility pn — 2, 3 , . . . 8, the equivalent elastic system 

maximum displacements xe were calculated using the spectral stochastic method presented 

in section 5.5.1. The index n is added in this section to differentiate the ductility values 

calculated from the nonlinear analysis, where pn = xmn/xy, and the ductility calculated 

from the equivalent elastic system pe, in which pe = xe/xy. The xy used here is the yield 

displacement from the nonlinear analysis. The use of ductility term p is to simplify the 

results presentation in this section. 

Figure 5.23 shows the ratio of pe to pn for the range of fx studied for the winter storm 

and the hurricane wind for pn = 2 to pn = 4. Value of pe/pn > 1 means that the 

use of equivalent elastic system results in larger displacement demand than the nonlinear 

system. For each type of wind, the result shown is the average from the available samples: 

(i) three samples for the winter storm wind; and (ii) five samples for the hurricanes. The 

vertical bars from each bullet are the standard deviations of pe/pn that are calculated for 

each value of fx. For the winter storms, several values of Pe/p-n are slightly lower than 

one. For the hurricanes, values of pe/pn are almost constantly higher than 1, except when 

/ i > 1.0 Hz, of which the ratio are slightly smaller than one in some cases. 

In addition, for the three ductility values pn in figure 5.23, it can be observed that pe/pn 

are slightly increasing for increasing value of p. In general, the standard deviations for the 

winter storm wind are smaller than the standard deviations from the hurricanes. This is 

relevant considering the results from the previous section, in which the hurricanes resulted 

in larger scatter due to more variability in terrain types and mean wind speed values. 

From this figure, it can be concluded that the equivalent elastic method could predict the 

nonlinear response relatively well, given that the number of samples for the real wind is 
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Figure 5.24: Average of ductility values from winter storms and hurricanes - pn vs. pe 

quite limited. 

The overall view on the applicability of the equivalent elastic method in predicting the 

nonlinear response is shown in figure 5.24 for pn = 2 to 4. In this figure, pe is the average 

value from all of the samples for all of fx for each of the wind type. The vertical bars of 

each bullet, defines the standard deviation of pe. The dotted red line represents the ideal 

condition where pn = pe. For the winter storm wind, pe is up to 6 % lower than pn. While 

for the hurricane wind, pe is up to 14 % higher than pn. 

From figures 5.23 and 5.24, it can be concluded that the linearized method presented in 

section 5.5 is applicable and provides a simplified method with minimal calculation effort 

to evaluate the influence of ductility on the design force reduction. 

5.7 Summary and conclusions 

The present study established and compared the relationship of ductility and strength 

reduction of SDOF systems under: (i) digitally generated wind storm; and (ii) real wind 

measurements of winter storms and hurricanes. A linearization method using equivalent 

elastic system solved by spectral stochastic approach is proposed and its applicability 
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under real wind conditions has been evaluated. The results presented in this article leads 

to the following conclusions: 

- From the parametric study of the digitally generated wind for varied type of terrain, 

of which the turbulence intensity varied from 10 % to 20 %, it can be concluded that 

larger value of turbulence intensity resulted in smaller value of strength factor, but this 

difference is relatively small. The effect of ductility for structures is more beneficial for 

low frequency structures than for rigid structures. Perfect elastoplastic model provides 

higher strength reduction than the bilinear with strain-hardening model for the same 

value of ductility; strain-hardening reduces ductility demand for a given strength factor. 

- In the real wind applications, for specified ductility values, the strength factors required 

are smaller than what are required from the generated wind; hence, less force is nec

essary. This means that under hurricane wind, estimations from the generated wind 

provided the upper limit for the strength reductions and that larger strength reserve is 

available. 

- The applicability of linearized method with equivalent elastic system by using spectral 

stochastic approach to predict the nonlinear response under real wind, both for win

ter storm and hurricane wind, is satisfactory. This simplified method allows minimal 

computational effort for ductile design under wind load. In addition, it can be used to 

facilitate the assessment of ductile design for structures simplified as SDOF systems. 

- This study presented the importance of structural and wind characteristics on strength 

factors for specified ductilities. These results are useful in evaluating the interest of 

actual implementation of ductile design in the wind design procedures, specifically for 

extreme wind event with low probability of occurrence. 

For future studies, more real wind samples, especially hurricane samples, are needed to 

provide better representation and comparison to the generally accepted use of digitally 

generated wind storm. In addition, parametric study on structure orientation for nonlinear 

dynamic analyses using real wind samples, especially for hurricanes; the study would be 

useful to evaluate the variability of strength factor for the specified ductilities from one 

real wind sample. The present study of the SDOF systems serves as the basis for more 

advanced study on the behaviour of nonlinear structures under extreme wind loading. 

Lastly, the ductility of multi-degree-of-freedom (MDOF) systems under extreme wind 

must be evaluated to understand better the applicability of SDOF system results. 
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Appendix 

The standard deviation of the fluctuating displacement ax in equation 5.5.1 can be calcu

lated using the following equations (Holmes, J.D., 2007): 

ol = 
4X2al, 

^ r|tf(/)|V(/)^d/ = ^ [ B + R] (A) 
U Jo < U 

B = x2{f)S-^P-df 
o-f. 

(B) 

R = X 2 ( / I ) ^ # 1 rmi)\2df 
°~u J0 

(C) 

Jo 
\H(f)\2df 

4£ 
(D) 

x2(f) 
1 + 2/VI 

u 

14/3 (E) 

where X is the displacement due to the mean wind; au is the standard deviation of U; U 

is the mean wind speed; \H(f)\2 is the mechanical admittance; \2{f) is the aerodynamic 

admittance in which equation E is taken from Vickery, B.J. (1968); Su(f) is the wind PSD; 

B and R are the background and resonant parts of the response, respectively; fx is the 

natural frequency of the SDOF system; and £ is the damping ratio. 
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Chapitre 6 

Conclusions 

Cette recherche comportait deux objectifs principaux : 

- mieux comprendre les effets de charges de vents extremes sur les structures en utilisant 

la dynamique-transitoire; 

- proposer des methodes simplifices qui permettent de bien represcnter le comportement 

dynamique nonlineaire sous charges de vent. 

Ces buts ont ete atteints par les etudes presentees dans les chapitres precedent. On peut 

done resumer l'ensemble des resultats du projet en quelques points, enumeres ci-dessous : 

- La disponibilite de donnees de vitesse de vent provenant de ressources variees a permis 

des etudes plus detaillees sur le modele de vent tridimensionnel ainsi que leurs applica

tions aux etudes des structures ; 

- Des methodologies detaillees pour les analyses dynamiques transitoires sous charges de 

vent ont ete developpees et la versatility de cette methode a ete verifiee par des cas 

d'etudes: 

- Des applications aux structures complexes ont ete effectuees dans trois cas d'etudes : 

(i) une structure parabolique a treillis pour le concentrateur solaire; (ii) des pylones 

haubanes de lignes aeriennes et (iii) une etude de ductilite des systemes a un degre de 

liberte sous charges de vent. 

La recherche actuelle a dcveloppe la methodologie d'etude de vent qui pourrait etrc em

ployee pour differentes applications afin de resoudre des preoccupations liees aux structures 

complexes. De ces applications, plusieurs contributions originales a I'avancement de I'etude 
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de vent ont ete apportees. Un resume des conclusions et des travaux futurs de chapitres 

precedents sont donnes ci-dessous : 

- Au chapitre 2, une etude sur les correlations des composants de vent turbulent a ete 

effectuee afin de : i) verifier des modeles de vent qui sont presentement utilises pour la 

generation de vent numerique; ii) mieux preciser la charge de vent sur une structure. 

Dans ce travail, les mesures de vent reel sont utilisees. Scion les comparaisons entre les 

resultats calcules de vent reel et les modeles choisis, on peut conclure que les modeles 

representent suffisamment bien le vent reel, bien qu'il y ait encore une limitation pour la 

modelisation de la correlation entre le composant dans le sens du vent et le composant 

vertical. Pour les travaux futurs, on vise des ameliorations des modeles de correlation 

entre des differents composants de vent. Pour ce faire, il faut obtenir d'autres mesures 

de vent fort (vitesse moyenne de vent a la hauteur de 10 m-plus grand que 20 m/s). 

- Au chapitre 3, une structure parabolique pour concentrateur solaire a ete etudiee afin 

de mieux comprendre son comportement dynamique sous les charges de vent. Des coeffi

cients de charges aerodynamiques ont ete obtenus par des essais sectionnels en souffierie. 

Des etudes numeriques de la pression de vent sur un modele en elements finis ont per-

mis 1'evaluation sur les criteres de deplacement de la structure sous la charge de vent 

operationnel. Egalement, la conception pour la fatigue a ete etablie en utilisant les re

sultats d'etudes numeriques. Ensuite, des vitesses de vent equivalent pour la conception 

en fatigue sont determinees. Les resultats presentes seront utiles pour la conception des 

structures paraboliques du meme type. 

La continuation de la presente etude inclut entre autres : d'autres essais en souffierie 

pour etudier les effets de masques de plusieurs structures paraboliques; et la realisation 

d'un prototype a grandeur reelle afin d'etudier l'efficacite du concentrateur solaire et 

d'evaluer les principes de conception pour la structure. 

- Au chapitre 4, I'etude a mis en evidence que, selon la configuration des pylones hau

banes et le type de chargement climatique, les effets dynamiques pourraient avoir une 

grande influence sur la reponse globale du mat sous les charges de vent. Par consequent, 

l'application de la methode statique-equivalente, qui est une sommation algebrique de 

vent moyen et d'effets de vent turbulents, ne fournit pas toujours une evaluation conser-

vatrice de la reponse dynamique possible. La methode dynamique simplifiee proposee, 

utilisant la methode de combinaison quadratique (CQ), donne un bon accordement avec 

la methode dynamique transitoire. 
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Pour les travaux futurs, les raffinements pour le modele de la structure devront etre pris 

en compte, par exemple : les charges de glace dissymetrique qui donneraient la torsion a 

la structure ; la nonlinearite des materiaux; les mecanismes comme le balancement de la 

chaine d'isolateur et le glissement de boulon. De plus, on devrait evaluer l'influence des 

autres types de terrain qui pourraient etre plus critique (type C ou D selon IEC-60826 

(2003)). II est egalement interessant de faire la verification des structures etudiccs ici 

par des essais en souffierie, des essais a echelle reduite ou a grandeur reelle. Les resultats 

presentes fournissent un meilleur apercu sur le comporternent dynamique des pylones 

haubanes des lignes aeriennes. Cette etude pourrait etre utilisee par des concepteurs 

structuraux des lignes aeriennes dans des cas applicables. 

- Au chapitre 5, le comporternent non-lineaire des systemes a un-degre-de-liberte (1DDL) 

sous charges de vent extreme a ete etudie. Le but est d'evaluer l'interet d'inclure la 

capacite dissipative des structures dans la conception pour le vent extreme avec une 

basse probabilite d'occurrcnce. Une etude parametrique en utilisant des donnees de 

vent numerique a ete effectuee afin de mieux comprendre l'influence des parametres 

importants de la structure et du vent. On etablit des relations entre la ductilite desiree 

et la reduction de la resistance des systemes a 1DDL. De plus, des echantillons dc 

vent reel provenant des ouragans et des tempetes d'hiver sont egalement etudiees. Les 

resultats de vent reel ont ete compares avec les resultats de vent numerique. On peut 

conclurc que pour la memo ductilite, le vent reel donne des reductions de la resistance 

en-dessous des resultats du vent numerique. Une methode simplifiee pour l'estimation 

des reponses nonlineaires a ete proposee et un bon accordement pour son application 

dans des cas de vent reel a ete obtenu. 

Pour les travaux futurs, afin d'ameliorer la methode simplifiee, il est necessaire d'obtenir 

plus d'echantillons de vent fort, specifiquement pour des ouragans. Egalement, on va 

evaluer l'influence de l'orientation des systemes a 1DDL pour obtenir la variabilite de 

la reduction de la resistance pour des ductilites specifiers sous charges de vent reel. 

L'etude sur des systemes a 1DDL donne la base pour des etudes plus avancces sur le 

comporternent nonlineaire des structures sous charges de vent extreme. De plus, des 

systemes a plusieurs degres de libertes devront etre etudies. 

Enfin, selon les domaines d'etudes, I'amelioration de la methodologie d'etude de vent 

pourrait etre etablie autrement de facon a realiser une representation plus realiste du vent 

et des structures. 
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Annexe A 

Review on the choice of methods for 

analysis of structures under climatic 

loading 

A.l Effect of climatic loading 

Due to the wind and ice loading, TLs could experience extreme unbalanced loads (longi

tudinal or transversal) or extreme balanced overloads (heavy icing). These conditions can 

lead to the failure or break of one TL component. Usually, based on the design philosophy, 

it would be the towers that collapse first, in some cases it could be the insulator break or 

drop, in rare cases it could also cause the conductor break which is considered the extreme 

case. In most cases, the conductor break results from the tower collapse, but it could also 

be the result from fatigue or fatigue and high stress combination. The failure of one TL 

component could cause localized damage or trigger long propagating failure. The manner 

of which the failure develops (localized or propagating) depends largely on how the TL 

structure is designed. 

During an ice storm, the role of the wind could not be neglected, even though during this 

event, usually only moderate wind is blowing (e.g. around 40 to 50 km/s in 1998 Quebec 

ice storm). This is due to the fact that the wind is turbulent, hence it could evoke dynamic 

effects such as aerodynamic instabilities known as gallop or severe transversal oscillation 
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that could trigger failure m this direction. 

The severe transversal oscillation could happen because of the combined effect of wind and 

ice loading. The ice accreted conductor has larger surface exposed to the wind, therefore, 

the effect of wind will be greater than if the conductor is bare. This dynamic loading could 

be more important than the expected design load, which is usually based on equivalent 

static loading, proportional to the square of the mean wind speed. 

Also, ice accumulation could become more important if the wind blows at certain angle 

to the line. From the 1998 Quebec ice storm structural failure assessment, it was observed 

that lines that experienced heaviest damage were lines that were more exposed to the wind 

and mostly more damage is observed when the wind blew perpendicular to the line. 

A. 1.1 Static method 

Static or quasi static is relatively simpler than complete dynamic approach. This method 

was mostly utilized in the 70s until early 80s (Lummis, P.E. et Lindsey, K.E., 1974; Peyrot, 

A.H. et Goulois, A.M., 1978; Fleming, J.F. et al, 1978). 

The study by Peyrot, A.H. et Goulois, A.M. (1978) considered the contact problem between 

the conductor and the ground, also, the mean wind loading was considered as giving swayed 

equilibrium position. 

As more failure events happened along this period of time, line designers started to look 

at more complex solution method, such as dynamic analysis even if it is linear. 

Even though static analysis is considered no longer sufficient for analyzing extreme dyna

mic event such as conductor break, it could provide the rough estimate on the possible 

critical dynamic loading. 

A.1.2 Probabilistic method 

Based on a series of full scale test (19 tests) on broken conductor and ground wire cases 

also some analytic studies, Ostendorp, M. (2000) developed a program called CASE using 

the probabilistic approach to assess the longitudinal loading and cascading failure risk on 

TL structure. 
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The coefficient utilized in the probabilistic method should reflect the whole mechanism 

of the TL and not just the component reliability. The full scale tests could be utilized in 

determining the probabilistic coefficients of the cascading failure, nonetheless, the number 

of tests done must be large enough in order to represent the real case. Also, probabilistic 

approach that work well in certain conditions needs to be adjusted for application in 

different condition, 

- General advantages : its simplicity on the application ; it is considering the probabilistic 

of occurrence, hence it is more economical than deterministic approach 

- General drawbacks : difficulty in defining probabilistic coefficients that represent realistic 

condition. 

A. 1.3 Dynamic method 

This method must be pursued when strong dynamic excitation might be triggered, such 

as conductor break, drop or unequal ice shedding (with or without wind). Regarding that 

conductor break is a complex nonlinear dynamic problem, the most suitable method to 

solve is by using numerical integration method. 

Study by Thomas, M.B. et Peyrot, A.H. (1982) pioneered the transient dynamic study for 

conductor break problem. At this period of time numerical integration method was not 

very well developed, especially for nonlinear system. In the study, convergency was only 

based on the force term. Supports were modelled as equivalent springs, hence interaction 

between support structure was not considered. The program CABLE 7 was created as the 

result of this study, the analysis was limited to linear elastic system. 

Studies by McClure started in late 80s (McClure, G. et Tinawi, R., 1989a.b), at this time 

numerical integration method was gaining popularity, more complete dynamic analysis tool 

was available, numerical damping inclusion was starting to be considered as an important 

factor. The commercial software ADINA was utilized. The wave propagation analysis 

was applied to the broken conductor problem, emphasized the importance of interaction 

between support and conductor, geometric nonlinearity was taken into account, improve 

considerably the understanding of dynamic phenomenon on conductor break. There is no 

attempt to model the structural damping in the conductor break problem, considering the 

short duration of the analysis, this is a justified choice. 
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Subsequent studies followed. Fekr, M.R. et McClure, G. (1998) expanded the problem to 

include the ice shedding, in here, only the conductor-spans were modelled. More complete 

model that partly included elasto-plastic beam element for the tower analysis was studied 

in (McClure, G. et Lapointe, M., 2003). Recently (Vincent, P. et al, 2002) introduced 

contact problem to replicate the impact of the conductor dropping on the ground. These 

studies were using the assumption that the broken conductor happened in the still air, 

main interest in the longitudinal loading only. The numerical integration was implicit using 

either Wilson-0 with 9 = 1.4 or Newmark-/? with 5 = 0.6 and a = 0.3025, both methods 

introduce numerical damping, the convergence were based on energy and displacement. 

In Haldar, A. et Veitch, M. (2009), the estimation of containment load for 230KV tower 

was studied. Similar methodology asstudies by McClure was used, no wind loading was 

considered in this recent study. 

- General advantages : flexible in modelling large scale, multi-span TL section; geometric 

and material nonlinearity could be included in the analysis if the data are available and 

if the software is robust enough: parametric study to know the importance of certain 

parameters could be systematically done without any difficulty, for example : to learn 

the importance of damping parameters to develop its upper and lower limit since the 

exact damping value is difficult to assess in real case. 

- General drawbacks : rely heavily on the stability of the numerical integration procedure ; 

might require burdensome calculation time; also, the amount of result produced could 

be overwhelming since it is a time domain analysis. 

A. 1.4 Full scale test 

Two full scale tests that were dedicated for longitudinal loading analysis are presented 

here. Finally, an interesting study that involved flexible towers is given here. 

In the 70s, Hydro-Quebec introduced a new type of tower which was designated for 735kV 

line (Souchereau, N. et al., 1978). The tower was named pylone a chainette or in English 

is known as cross-rope-suspension (CRS) tower. This type of tower is similar to guyed-V 

tower, with the difference in the cross-arms. Instead of having rigid latticed arms, the tower 

has flexible arms that consists of suspension ropes. To validate the structural design, a 

full-scale test line was built. As part of the dynamic study, the conductor break case was 
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studied. The main focus of the dynamic tests was more on galloping of conductors. Hence, 

no details was given on the conductor break study. 

Peyrot, A.H. et al. (1980) pursued full scale test on eight-span segment of an existing 

double circuit 138kV line, focused on the dynamic effect of conductor break, not studied 

failure containment because the towers were very rigid. 

(Vincent, P. et al, 2002) reported the result of full scale test done by Hydro-Quebec on a 

decommissioned single circuit 230kV line. Cases of conductor, ground wire, insulator and 

tower failure were pursued in still air, the emphasize was on accidental component failure 

and not on climatic loading. Comparison with numerical model was in good agreement 

but it is limited up to elastic range. 

In recent study by van Dyke, P. (2007), a series of tests for single conductor galloping 

induced by certain form of idealized ice accretions was pursued on real scale experimental 

line. From this work, values of conductor damping were also obtained. 

- General advantages : real structural damping value can be obtained, at the least it is 

applicable for certain type of structures; inherent geometric and material nonlinearity. 

- General drawbacks : Full scale test is an expensive method, only limited number of 

spans, limited varied parameter. 

A. 1.5 Reduced scale test 

Several examples of reduced scale models that studied the longitudinal loading are : Mozcr, 

J.D. et al. (1981); and Richardson, A.S. (1987). Another example worth mentioning is 

the study by Souchereau, N. et al. (1978) for the flexible supports. While the failure 

containment of towers was studied by Kempner, L. Jr. (1997). 

The large scale project of Hydro-Quebec for the CRS tower (Souchereau, N. et al., 1978) 

also pursued the reduced scale tests (scale 1/50) to validate the structural behaviour of 

the proposed tower. The same as the full-scale test, complete dynamic testing were done. 

Based on the summary of the result, it was concluded that the CRS tower behaved in a 

more preferable manner than ordinary rigid towers in sustaining longitudinal loads. 

Mozer, J.D. et al. (1981) analyzed reduced model with poles as supports, 1/30 scale factor. 

They discussed the difficulty in modelling the damping value, at first beaded chain was 
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used, finally solid copper wire was opted. A large number of case studies (56 cases) in va

rying pole types, insulator length, initial tension and span length was produced. Conductor 

break was done by simply cutting the conductor span between towers. Material nonlinea

rity was not modelled in this experiment. 

Richardson, A.S. (1987) exposed the result of a reduced scale test (scale 1/50 and 1/25) 

that was done back in 1976-1977. Seven different tests were pursued to simulate : broken 

conductor and ground wire, dropped insulator, ice shedding of conductor and ground 

wire, gallop of conductor and ground wire. The beaded chain was used here to replicate 

the conductor and this was suspected to provide excessive damping to the reduced model. 

Kempner, L. Jr. (1997) analyzed the impact load upon increasing the number of tower 

to assess the validity of the containment failure philosophy of Bonneville Power Admi

nistration (scale 1/23.23). He introduced a filtering technique for the experimental result. 

Simplified numerical verification was done but no detailed data was given. 

- General advantages : midway between expensive full scale test and complex dynamic 

model: inherent material and geometric nonlinearity when good similitude is achieved 

hence more realistic support-cable interaction could be obtained. 

- General drawbacks : intricateness in the damping value determination; similitude is 

difficult to achieve but not as difficult when wind is involved. 

Note : Damping value is always a problem because it is difficult to control. Adding to 

this, parametric study to pin point the importance of damping could not be done as in 

numerical study. 

A.2 Unexplored aspects 

From the previous studies described in the previous section, a number of important as

pects that characterize the structural failure specifically due to longitudinal loading have 

been addressed and a better understanding in this phenomenon has been achieved. Those 

aspects are : the importance of nonlinear dynamic analysis; the inclusion of geometric 

nonlinearity to solve large displacement problem; the importance of wave propagation in 

longitudinal loading analysis; the interaction between support and conductor; the effect 

of impact between the dropped conductor and the ground. 
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One thing to note is that most studies on dynamic behaviour of transmission line structures 

concerned more/only on the longitudinal loading. Hence, much as line designers start 

to have the awareness that the wind plays an important role in a failure event, to our 

knowledge, few studies are actually dedicated to complex or nonlinear dynamic due to 

wind loading, except for the report of the 1998 ice storm in Quebec, which is based on 

assessment of a real event. 

Hence, it could be concluded that from the list above, several points are not yet fully 

explored, those are : 

1. Turbulent wind : The fact that wind plays an important role in cascading failure. 

Studies that are done in the absence of the fluctuating wind overlooked an impor

tant factor. During ice storm, wind could cause transversal imbalance of ice loading 

if only the mean wind is regarded. Nonetheless, the fluctuating/turbulent would ma

gnify this effect also it will increase the dynamic effect. In case of extreme wind, it 

will perturb the line in transversal direction and may trigger cascade in transversal 

direction. 

2. Limit of material strength : Ductility, material nonlinearity. Dissipative capacity 

from the material of the structure... 

3. History of loading : It is true that the rupture of a TL component causes dynamic or 

shock loading. Nonetheless, what had happened before the rupture could also be an 

indication of what type of dynamic loading that might likely to cause the rupture. 

4. Random approach : Parametric study based on varied chosen parameters is very use

ful. However, it would only represent narrow sampling of the real condition. Consi

dering that weather caused loading is random in nature. Also to the fact that TL 

structure really vary, there is the necessity to develop an approach that consider this 

randomness without compromising the complexity of the problem. Hence, a com

plete nonlinear analysis, solved deterministically for a series of loading that has the 

same characteristic yet random would be an ideal option. 

A.3 Objective of the project 

The main objective of the present study is to understand better the structural behaviour 

of complex or nonlinear structures under wind loading. As discussed in Section A. 1.5, the 
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reduced scale experiment is difficult to do because so far there is no acceptable control in 

modelling the device in a reduced scale. The static method is not representing correctly 

the real phenomena. The probabilistic method would not be a good option for a new found 

solution, where no previous experience is available. The full scale field test is mostly too 

expensive. Therefore, it can be concluded that the dynamic numerical method is the best 

option to pursue the study. 

The drawbacks that might be encountered could be enlightened with the help of careful 

parametric study to narrow down possible problems. Also with the help of the progress 

made by previous studies, more realistic numerical model could be built. For the purpose 

of dynamic numerical study of TL structure due to climatic loading, we need to : 

1. Develop transient dynamic analysis for nonlinear TL structure. Further development 

need to incorporate material nonlinearity in the numerical model. For this we need 

to develop a modelling methodology that we are confident in. 

2. Develop loading : extreme longitudinal loading such as conductor break and ice 

shedding; more frequent longitudinal disturbances such as insulator or insulator 

hardware failure. An addition to these, to have a more realistic model : the wind as 

fluctuating random loading will be added. 

A.4 Project methodology 

The methodology consists of : the creation of the FE model of the TL structure and the 

implementation of the transient dynamic analysis; the generation of the climatic loading 

with the emphasize on the wind loading. 

A.4.1 Nonlinear model and transient dynamic analysis 

Nonlinear model that takes into account geometric and material nonlinearity inherent 

to TL structure will be assembled. To facilitate repetitive model creation, efficient and 

systematic procedure to create the input file will be developed. Finally, transient dynamic 

analyses that is most suitable to solve nonlinear dynamic problems such as turbulent wind 

loading and conductor break will be established using ADINA. 
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A.4.2 Loading 

A.4.2.1 Wind 

The need to model the wind. First step is to create a program that could digitally generate 

the random fluctuating wind speed that respect the designated wind spectra, incorporate 

the spatial and temporal correlation in the formulation. The use of digitized data is not 

a mere simplification, if real time fluctuating wind data are available, they could also be 

utilized for the analysis. 

A.4.2.2 Ice 

For the ice loading, the radial ice will be modelled. Possible ice shedding scheme will be 

considered, this includes unbalanced ice loading. An additional fact is that due to ice, the 

exposed area due to wind will bo increased. This will increase the dynamic force that may 

occur due to strong turbulent wind. No attempt will be made at the present to model 

non-uniform ice cross section. 
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Annexe B 

Random wind loading 

B. l Background 

The evaluation of wind-induced response of structures is often a necessity in the structural 
design procedures. The approximate static loading analysis proposed in building codes are 
not suitable to be applied to complex structures. Hence, the codes themselves recommend 
further analyses to be pursued when the evaluation of dynamic behaviour of the structure 
is of great importance. 

The dynamic analysis of structures can be performed by two methods, the spectral analysis 
and the time history analysis. The applicability of the spectral approach depends greatly 
on the degree of non-linearity of the structure. When a structure is highly non-linear, 
such as transmission line (TL) structure, for example, when large displacement of the 
structure is of concern, the only method available to analyse the structure is the time 
history analysis. 

By applying the time history analysis to a certain range of structural parameters, an 
accurate solution can be obtained to solve structural design problem that is of interest. 
The application of this series of analyses is also known as the Monte Carlo simulation 
method. 

The most important part of the Monte Carlo simulation methodology is to generate the 
sample function of the random (stochastic) process, in this case, the wind. The generated 
sample of the wind must be accurate enough in describing the probabilistic characteristics 
of the real wind, based on the specified wind-spectra. 

The purpose of having the wind speed in the time domain would be to do a transient 
dynamic analysis of TL due to wind loading. This is of interest because from this method, 
not only the maximum response of interest could be obtained but also the frequency 

143 



144 B . l Background 

distribution based on the nonlinear time domain analysis could be obtained and from 
here, frequency range that is within the range that could cause fatigue could also be 
detected. 

Digital wind speed data was chosen for the present analysis because first of all, direct 
measurement (in wind tunnel or on the field measurement) is expensive and mostly applies 
only on the corresponding structure. Secondly, wind spectra, from which digital wind speed 
could be generated, are widely available from literature and codes, also their applications 
in the structural designs are well accepted. Another reason is because reliable methods to 
digitally simulate wind speed are available. 

Principally there are two methods in the wind data generation, those are the ARMA/AR 
method and the Shinozuka-Deodatis method. The use of these two methods in the wind 
effect on structure analysis could be said relatively equal. However, since in the present 
study the wind generation program is not yet available and need to be written, it is neces
sary to choose a method to start with. To do this, a comparison between the fundamental 
features and drawbacks must be made. With the help from a recent study by Rossi, R. 
et al. (2004), which made a good review on both methods, the justification on which 
method to use was made. These two methods are defined below: 

1. ARMA/AR (Samaras, E. et al., 1985; Li, Y. et Karcem, A., 1990; Baran, A.J. et 
Infield, D.G., 1995): based on recursive definition; AR stands for auto-regressive, 
MA stands for moving average, AR is the special case of ARMA where the moving 
average MA is not used; utilized purely statistic consideration; ARMA is considered 
better than AR as it provides higher order approximation; require extra attention 
on the stability of algorithm, the time step utilized must be carefully chosen to 
ensure a stable result; the replication is better when turbulence content is high; 
the ability to simulate the spectra depends on the type of spectra and also on the 
correlation function; needed large memory space for calculation, but relatively short 
computation time. 

The ARMA/AR method was utilized in Sparling, B.F. et Davenport, A.G. (1998); 
Yasui, H. et al. (1999); Battista, R.C. et al. (2003). In these studies, the reason
ing in choosing this method was more based on previous studies that utilized the 
same method and considered successful rather than assessing its advantages and 
drawbacks. 

2. Shinozuka-Deodatis (Shinozuka, M. et Jan, CM. , 1972; Shinozuka, M. et Deodatis, 
G., 1991; Deodatis, G., 1996): based on the spectral representation method, usually 
used in conjunction with Cholesky decomposition; unconditionally stable: time step 
are calculated automatically (depends on the number of divisions of the spectra); the 
quality of the generated wind data could be refined by choosing higher number of 
frequency division (controllable quality); good in simulating higher frequency range; 
computationally expensive for large number of wind speed generation due to the 
repetitive decomposition of the spectral density matrix, hence, long computation 
time. 
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This method is chosen because of its superiority to simulate the spectra for higher 
frequency range (Keutgen, R., 1999; Rossi, R. et al.. 2004), straight forward in 
its implementation as well as its unconditionally stable algorithm towards different 
content of wind turbulence, as compared to ARMA method (recursive definitions). 

In the following section the details on the methods adopted for the digital simulation 
of wind data are given. That includes: the wind spectra from which the wind speed 
data in time domain will be generated; the method for the digital simulation; the process 
of creating the software WindGen for generating the wind speed data and finally some 
explanations on how to use WindGen. 

B.2 Wind forces applied to transmission line compo

nents 

Wind loading on structure depends on the wind speed, which is random in nature and could 
be defined as vector U that varies in time. For the purpose of calculation simplification, 
the wind speed is divided into two parts, the mean wind part and the fluctuating part (see 
figure B.l). The fluctuating part u is the along the wind component, v is across the wind 
component and w is the vertical wind component. Hence, the vector U is expressed as: 

U = tJ!+u)i + vj + wk (B.2.1) 

Along with time, the wind speed vary, see figure B.2. In part (a) of the figure, the dotted 
grey line is the mean wind speed U(10) = 35m/s, while the solid blue line represents the 
total wind speed along the time. The part (b) plots the fluctuating part of the wind speed. 

Figure B.l: Mean and fluctuating wind components 
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Figure B.2: Time history of wind speed: (a) Total wind speed U; (b) Turbulent wind part 

u, v or w 

The wind forces on conductor is varying along conductor span, horizontal correlation is 
important here as it has considerable influence on the propagation of the conductor force 
or the response propagated along the conductor span. While the wind forces along the 
tower height has important correlation in the vertical direction or along the tower height. 

The mean drag force is given by: 

1 
F(z) = ^paCd(z)A(z)U(z)2 (B.2.2) 

For the assumption of small turbulence and that the along-wind component is dominant, 
so that | u | > | u | > | i u | , the following equations express the fluctuating wind forces: 

The along wind fluctuating force: 

Fu{z, t) = Pa Cd{z) A{z) U{z) u{z, t) 

The across wind fluctuating wind force is: 

Fv{z, t) = \pa Cd(z) A{z) U{z) v(z, t) 

The vertical wind fluctuating wind force is: 

Fv(z, t) = \pa Cd{z) A(z) U(z) w(z, t) 

(B.2.3) 

(B.2.4) 

(B.2.5) 



B. Random wind loading 147 

The structural failure due to wind are basically due to two estimate events. Wind force 
due to very strong wind might surpass the capacity of the structure. While moderate wind 
force due to medium wind speed that happens quite frequently could cause the structural 
failure due to fatigue. 

B.3 Wind spectra 

To pursue the analysis of the wind-induced response of structures, it is essential to have 
a good model of the wind field. Generally, one event of turbulent wind could be regarded 
as an ergodic random stationary process. Random because the fluctuating wind will not 
be the same from one event to another. While ergodic and stationary terms would be 
explained based on the illustration given in figure B.3. 

Stationary means that the mean value of the random process at time tx can be computed 
by the instantaneous value of each sample function of the ensemble at time tx, summing 
the values and dividing by the number of sample functions. The auto-correlation can be 
calculated by taking the ensemble average of the product of instantaneous values at the 

x2(t) 

*1 (t) / / 

»T(s) 

Figure B.3: Ensemble of time history records of wind speed 

T(s) 

*3<t) 
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times, those are at tx and at tx + r. 

While ergodic defines the fact that for one stationary random process (sample function), 
the mean value and the auto-correlation function computed do not differ when compared 
to the calculation made over different sample function. 

For the application for structural engineering purposes, these time histories are expressed 
in a more uniform and simpler form. To do this, principally an ensemble of the time 
histories defining one wind field should be defined by its basic statistical properties, which 
consists of (Bendat, J.S. et Piersol, A.G., 2000): 

1. Mean and mean square value: represent the central tendency and the dispersion of 
the data, respectively. 

The mean value x of a quantity x(t) is: 

x = I f x(t)dt (B.3.1) 
T Jo 

While the mean square value is: 

—- 1 fT 

x2 = - x2{t)dt (B.3.2) 
•* Jo 

For an ergodic process, the true mean and mean square value can be obtained by 
letting T approach infinity. 

2. Probability density functions: represent the rate of change of probability with data 
value. For quantity x(t) this could be expressed as: 

p{x) = n^n (B.3.3) 

where P(x, W) is the probability that x(t) falls in the magnitude window W centered 
at x. 

3. Auto-correlation functions: a measure of the time-related properties (temporal cor
relation) in the data that are separated by fixed time delays, defined as: 

/

oo 

-oo -oo 
roc /•oo 

2 / Sxx(f) cos(2nfr)df 
Jo 

(B.3.4) 

where Sxx is the double sided auto-spectral density, / is the frequency, and r is the 
time lag. 
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4. Auto-spectra density functions: define the rate of change of the mean square value 
with frequency. For the range of frequency — oo < u < oo, the auto-spectra density 
function could be written as: 

Sxx{w) = T:GXX{(JJ) whenw > 0 
xxv ) 2 xxy ) _ ( B 3 5 ) 

SXx{-u) = SXX(UJ) 

where Gxx is the one sided spectral density for 0 < u < oo. 

For two different wind field, each as ensemble of stationary random process, the joint 
statistical properties of importance are: 

1. Joint probability functions: for two stationary records x(t) and y(t), it could be 
expressed as: 

^ = WW?w, (a3'6) 

where Wx and Wy are narrow intervals centered on x and y, respectively, and Nx>y 

is the number of pairs of data values that simultaneously fall within these intervals 
and N is the number of samples. 

2. Cross-correlation functions: similar to auto-correlation but correlate two different 
records and is expressed as: 

/

oo 
Sxy(f)cxp>2*tT df 

'7oo (B-3.7) 
= 2 / Sxy(f) COS(2TTfr)df 

Jo 

where Sxy is the cross-spectrum between point x and point y. 

3. Cross-spectra density functions: defines the spatial correlation between two different 
wind fields. For the range of frequency —oo < u < oo, the cross-spectra density 
function could be written as: 

Sxy{u) = 7.GXy{u) w h e n u / > 0 
1 
2 ^ - w - / - - ( B 3 g ) 

W) = SXV{U) 

where Gxy is the one sided cross-spectral density for 0 < u> < oo. 

4. Frequency response functions: gain and phase factors between the two records cal
culated from the cross or auto-spectral density function. This is expressed as: 

/

oo 
h(r) exp(-jut) dr (B.3.9) 

•oo 
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5. Coherence functions: a measure of the accuracy of the assumed linear input/output 
model. For two quantities, x(t) and y{t), the coherence function is given by: 

For all ui, the quantity 7 ^ satisfies 0 < ^2
y < 1. 

The wind spectra could be defined from full-scale measurements, wind-tunnel tests or 
numerical experiments. Literature in the subject of defining the wind spectra and the 
coherence functions is very vast, a good review of these vast studies could be found in Solari, 
G. et Piccardo, G. (2001). 

The wind spectra mostly utilized as defined in the following subsections are applicable in 
general for areas which correspond to the specified terrain type. If the terrain has certain 
type of obstacles that are not accounted for by the power law of the gradient speed and it 
might influence the fluctuation of wind speed, or if it is affected by the shielding effect of 
another body (e.g. in mountainous area), the spectra equations can no longer be utilized. 
Therefore, it is necessary to obtain the wind data from the field measurement or from the 
wind tunnel testing (Kolousek, V. et al, 1983). 

B.3.1 Kaimal spectra 

Based on uniformly stratified boundary layer (internal boundary layer). This type of 
spectra does not take into account the difference in height for the mean wind speed. 
Equations presented here are rewritten from Kaimal, J.C. et al. (1972). The PSD model 
was developed at z/L = 0, fitting well for range of 0.01 < 2rr%z) < 4.0. 

B.3.1.1 Along the wind spectra 

uz wSUlUl(u) _ 105 • 2wU 

2wal (1 + 3 3 ^ ) 5 / 3 
(B.3.11) 

The cross-spectrum of two continuous records could be expressed in the same equation 
(equations (B.3.18) and (B.3.19)) as the one from the Simiu spectra (Simiu, E., 1974) 
defined in the following section. 

B.3.1.2 Across the wind spectra 

w5„,v,(w) _ X1fk 
2nu2 (l + 9 . 5 ^ ) 5 / 3 

(B.3.12) 
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The cross-spectrum could be formulated using the Simiu formulation (Simiu, E., 1974). 

B.3.1.3 Vertical spectra 

vSWlWl(ui) 22ny 

2-nul (1 + 5.3-^7)5 / 3 
(B.3.13) 

2wU' 

For the vertical cross-spectrum, the formulations from Simiu (Simiu, E., 1974) could also 
be utilized. 

B.3.1.4 Cross-spectrum between u and w 

I uz 

^ % # = ~ , 1 4 " 4̂ (B-3.14) 
^ul ( l + 9 . 6 ^ ) 2 4 

The coherence function between SUl and SW2 was proposed in Minh, N.N. et al. (1999) 
using: 

KlW2{Mx,M2,u)) = exp 
1 S2

uim(u) 
{kUlU2{Mx, M2,u)AwlW2{Ml, M2,u)) 

2 SUIUI(UJ) SWlWl(u>) 
(B.3.15) 

B.3.2 Simiu spectra 

The wind spectra generally utilized for civil engineering purposes are the spectra formu
lated by Simiu that are described here. Different types of wind spectra is defined based on 
terrain type and geographical locations. These spectra are developed based on the Kaimal 
spectra, with three additional considerations as follows (Simiu, E., 1974): 

1. The one-dimensional spectral density approaches a finite value as u —>• 0; 

2. The product uS(z,u>) reaches a maximum at some value 0 < u>x < ws, in which u>s 

is the value of u beyond which ^ J M = 0.26 ( ^ = ^ y ) is valid; 

3. The relation: J0°° S{z,u)duj = ftu\ in which ft ~ 6.0 holds. 
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The proposed spectra differs from the similar expression by Kaimal, J.C. et al. (1972) in 
the ft term. That in Simiu spectra ft — 6.0 while in Kaimal spectra ft = 4.75. 

The complete series of spectra was given in Simiu, E. (1974). These include the along-, 
across- and vertical spectra, along with the corresponding cross-spectrum as follows: 

B.3.2.1 Along the wind spectra 

WSUIU1(Z,W) 2 0 0 ' 2^17(7) 

2™2 (1 + 5 0 2 ^ ) ) 5 / 3 
(B.3.16) 

where: 
the term . % . is also known as the non-dimensional Monin coordinate; 

2irU{z) ' 

u) is the frequency in rad/s; 
U(z) is the mean wind velocity at altitude z defined as: 

U(z) = \u>\n- (B.3.17) 
k ZQ 

where k = 0.4 and ZQ is the roughness length; 
u* is the shear velocity of the flow. 

A reasonable assumption of cross-spectrum for the purpose of engineering calculations 
is (Simiu, E. et Scanlan, R., 1996): 

Su"1U2(Mx,M2,uj) = y/S(zx,uj)S(z2,u)AUlU2(M1,M2,Lj) (B.3.18) 

where AU]U2(Mi, M2,u>) = Cohuu(Mx,M2,u>) is the coherence function and: 

AUlU2(Mi,M2)a;) = exp 
2u ,JC2(zx - z2)

2 + C2(yx - y2)
2 

2TT[U(ZX) + U(Z2)} 
(B.3.19) 

where: 
yx,y2 and 21,22 a r e the coordinates of points Mx and M2; Cy and Cz are the exponential 
decay coefficients, Cy=16, C2=10; the subscripts ux and u2 indicate that the two records 
are taken at points Mx and M2. 

B.3.2.1.1 Across the wind spectra The auto-spectrum of across wind could be 
written as: 

UjbVlVl{Z,U}) _ l°27rU(z) ( n . 
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The cross-spectrum for the across wind is expressed as: 

SVlV2{Mx,M2,u) = ^S(ZX,U)S(Z2,UJ)A. V1V2 (B.3.21J 

where: 

AVlv2{Mx,M2,u)) = e x p 
2usJC2

z{zx-z2)
2 + C2

y{yx-y2)
2 

2n[U(zx) + U(z2)} 
(B.3.22) 

and Cz=6.7, Cy=10.5, which is about 33% lower than the ones for longitudinal velocity 
spectra. 

B.3.2.2 Vertical spectra 

The auto-spectrum of vertical fluctuations up to about 50m could be estimated by the 
following formula: 

^ ^ ( Z . W ) _ °-OV2nU(z) 

2nu2 (I + IQ q? )5/3 
V 1 ^ U2-KU(Z)' 

(B.3.23) 

The cross spectrum of the vertical fluctuations at two points Mx and M2 of elevation z 
may be expressed as: 

SwlW2{Mx,M2,u) = Sw(z,u)AWlW2 (B.3.24) 

where: 

in which Cy=8. 

AwlW2(Mx,M2,u>) = exp 
uCyjyi -y2) 

2nU{z) 
(B.3.25) 

The Simiu spectra defined above, contained three components of the wind (along, across 
and vertical components) with corresponding spatial correlation . Nonetheless, these spec
tra do not take into account correlation between the wind components (generally it is 
considered that only correlation between along wind and vertical wind exists). When this 
type of correlation is of interest, spectra equation proposed by Kaimal, J.C. et al. (1972) 
or Solari, G. et Piccardo, G. (2001) could be utilized. 

The Simiu spectra slightly overestimate structural response for higher frequency range 
but they consider the effect of height. While the original spectra, Kaimal spectra, is more 
precise in defining the inertial subrange (lower frequency range) but did not include the 
effect of height as the atmosphere is assumed to be uniformly stratified. 
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B.3.3 Advanced definition of spectra 

The spectra defined in previous sections are suitable for general structural analyses. A 
more refined definition of wind spectra, which takes into account the turbulence component 
in it, v and w direction (3D), was proposed by Solari, G. et Piccardo, G. (2001), according 
to this study, 3D turbulence model is described by: 

1. The power spectral density function; 

2. The point coherence function: quantifies the cross-relation of different turbulence 
components in the same point M of the space; 

3. The space coherence function: quantifies the cross-correlation of the same turbulence 
components in different points Mx and M2 of the space. 

The general formulation for cross power spectral density function is: 

St„{Mx,M2,uj) = yJSt(zx,oj) Sv{z2,u)) Cohev(Mx, M2,UJ) 

(e. rj = u,v,w) 

where: 
u is the frequency, in rad/s 
Mx and M2 are the points with xx,yx,zx and x2,y2,z2 coordinates respectively 
Cohe^(Mi, M2,u>) is the coherence function and is expressed as: 

(B.3.26) 

Coh^(Mi,M2 ,cj) =sgn(r£r?)^/r^(21 ,u;)re r ;(22,u;)y /A£(Mi,M2 ,a;)A77(M1 ,M2 ,u;) 

(B.3.27) 

where: 

with: 

rir,(zi,u) = Cohtn{Mi,Mx,u}) 

r£(M1 ,M2 ,u;) = exp 
2 ^ v / £ r C V 2 e K - r 2 | 2 

2TIU{ZX) + U{Z2) 

in which Cc is the exponential decay coefficient and r = x,y,z, 

while: 
A t(M1 ,M2 ,o;) = Coh«(Af1,M2)w) 

finally: 

sgn(r£r)) = Ttr)/\Tin\ 

in which this is the sign function. 

From equation (B.3.26), auto and cross spectra of 3D turbulence can be defined. 

For the point coherence of turbulence components, it was mentioned in Solari, G. et 
Piccardo, G. (2001) that there is a general agreement in which u,v and v,w are not 
correlated (Tuv = Fvw = 0). 

(B.3.28) 

(B.3.29) 

(B.3.30) 

(B.3.31) 
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B.3.3.1 Auto-spectra 

The auto-spectra could also be written in a simplified form as: 

uSt(z,u) deuLt(z)/U(z) 

2nfttu
2

t 2TT[1 + 1.5de ^ L,(z)/U(z)}^ 
(B.3.32) 

where: 
du = 6.868, dv = dw = 9.434 
U(z) is the mean wind velocity 
Lt are the turbulent length of u, v, w respectively 
ftt is a non-dimensional coefficient defined as the turbulence intensity factor of u,v,w 
respectively. 

B.3.3.2 Cross-spectra 

In this section, several examples of cross-spectra are given. 

B.3.3.2.1 Two points, one turbulence component : For two points, Mx and M2, 
with turbulence component in direction u, the cross-spectrum is: 

SUlU2{Mx,M2,uj) = ^SUI{ZX,UJ) SU2{z2,Lu)Cohuu{Mx, M2,UJ) (B.3.33) 

B.3.3.2.2 One point, two turbulence components : For point Mx with two tur
bulence component, u and w, the cross spectrum is: 

Sulwl(Mx,Mx,to) = y/SUl(zx,uj)SWl(zx,uj)Cohuw{M1,M1,uj) (B.3.34) 

Equation (B.3.34) could also be expressed as: 

ujSuim{zx,zx,n) 1 \/u)SUi{zx,u) y/uSm(ZX,u) 

2nu2 Auw(zi) 2iraUl(zx)am(z2) ^ 1 + 0.4[nLti(2i)/(27r(7(2i))]2 

(B.3.35) 
where: 

a2 = fttu\; e — u,v,w (B.3.36) 

and: 
AUlWl(zx) = L l l ^ O / L ^ z ) ] 0 ' 2 1 (B.3.37) 

Replacing equation (B.3.35) into equations (B.3.27)-(B.3.30) and using equation (B.3.36), 
the point coherence is given by: 

TUlWl{zx,u) = = (B.3.38) 
1 1 Kuw ^l+0A[nLu(zx)/(2nU(zx))}

2 l } 



156 B.3 Wind spectra 

where: 

KulWi = Auim sJftUl(zx)ftWl(zx) (B.3.39) 

is a non-dimensional coefficient called point coherence scaling factor. 

B.3.3.2.3 Two points, two turbulence components : The cross spectrum for 
points Mx and M2 with turbulence components u and v is expressed as: 

SUlW2(Mx,M2,u) = y/SUl(zi,u) SW2(z2, u) Cohuw(Mx, M2,u) (B.3.40) 

and the coherence function is defined by: 

CohUU)(Mi,M2,w) = -y/TUiW1 (zx,w)ru2lU2(z2,u)\J kUlU2(Mx, M2,u)AWlW2(Mx,M2,ui) 
(B.3.41) 

From the above examples, it is clear that the spectra for different points in space could be 
easily obtained, given the necessary parameters. 

B.3.4 Generic spectra 

To anticipate other type of spectra, for example the ones defined from a specific field 
measurement or wind tunnel test, it is useful to introduce a general form of spectra equation 
like the one given in Tieleman, H.W. (1995): 

B.3.4.1 Auto-spectra 

Sct(z,oo) = u\ ^ -3- (B.3.42) 

where A and B are user defined coefficients. 

B.3.4.2 Cross-spectra 

The cross-spectra could be defined using equations (B.3.26). 
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B.4 Digitally generated wind speed 

B.4.1 Shinozuka-Deodatis 

In the early development of Shinozuka-Deodatis method (early 70s), the spectral represen
tation method is used in conjunction with Cholesky decomposition of the target spectral 
density matrix as part of the sample function generation procedure. Later on, an improve
ment by introducing a modal factorization method was made, this approach could provide 
good representation of the wind generation, however, when a large number of points should 
be calculated, the computational efficiency would diminish. This method was perfected 
in the mid-90s. Shinozuka, M. et Deodatis, G. (1991); Deodatis, G. (1996) extended the 
Shinozuka-Deodatis method by utilizing FFT techniques to improve the efficiency of the 
random process generation for multi-variate multi-dimensional random process as well as 
added the criteria to prevent aliasing. 

Using Shinozuka-Deodatis method, the generated wind speed data provided considerably 
accurate description of the probabilistic characteristics of the wind given in the wind 
spectra. To accommodate complex structure analysis such as transmission line, it is of 
importance to have these digitally generated wind speed data in multivariate system. 

B.4.2 Wind formulated in stochastic fields 

For the creation of WindGen, the wind generated is three dimensional (multi-dimensional) 
and applicable for many points generation (multivariate). 

B.4.2.1 Cholesky factorization 

Consider aset of m homogeneous Gaussian, n-dimensional processes (ff(x)\ j = 1, 2 , . . . , m) 
with mean zero and with the cross-spectral density matrix S°(tu), defined by: 

s&M s°X2H . . . . s?mM" 
52°iM S§2(w) . . . . S £ > ) IT3A„ 

s°ml(co) s°m2(") • • • • S S ^ M J 

Suppose there is a matrix H(u>) that possesses an n-dimensional Fourier transform and 
satisfies the equation: 

S°(u;) = H(w)HT*(a;) (B.4.2) 

S°(W) = 
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where superscript T indicates the transpose and * indicates complex conjugate of H(w) 
iespectivcly 

To find the matrix H(u/) in an efficient way, one can assume that H(w) is a lower triangular 
matrix 

" # u ( w ) 0 0 0 

H2i(u>) H22{LU) 0 
H(u/) = (B4 3) 

_HmX(u) Hm2(oj) Hmm(uj) 

By substituting this into equation (B 4 2), solutions arc obtained as 

• r\ ( \ 1 1/2 

Hkk(u>)= * 7 J . , fc = l , 2 , ,m 

where Dk(uj) is the fcth principal minor of S°(u>) with D0 being defined as unity, and 

B 4 4) 

5° 
H}k{u) = Hkk(u) 

where 

1,2, ,k-l j 

Dk{u) 
k = 1, 2, ,m, j = fc + 1, 

(B4 5) 

1,2, ,k-l,j 

CO QO 
° 1 1 ° 1 2 
CO CO 
° 2 1 ° 2 2 

CO CO 
° ) t - l l ° f c - 1 2 

CO CO 
°jl °j2 

cO CO 
° 1 fc-1 °lfc 
CO CO 
° 2 f c - l °2fc 

CO CO 

°fc-l,fc-l °k-lk 
CO CO 
°jk~l °]k 

(B4 6) 

is the determinant of a sub-matrix obtained by deleting all elements except the (1,2, ,k— 
1, j ) th row and (1, 2, , k — 1, fc)th column of S°(u) 
It is noted that the above solutions are valid only when the matnx S°(u>) is Hermitian 
and positive definite, as can be seen from equation (B 4 4) 

B.4.2.2 Simulating t ime history 

Based on the relation between S° and H, as defined is section B 4 2 1, the following relation 
can be written 

Uj{t) 
\/2Aou 

V2n 

J N 

] C Yl Hv,rn(Uml) tOs(LUmlt - 'djmiUmt) + <t)ml) ( B 4 7 ) 

m=\ 1=1 
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where: OJU is the cut-off frequency, that is the highest frequency to be considered, be
yond which the power spectral density function may be assumed to be zero for either 
mathematical or physical reason defined by(Shinozuka, M. et Deodatis, G., 1991): 

/ Sfofo(w)du = {1 - e) Sfofo{u)du 
Jo Jo (B.4.8) 

e«C 1 (e.g. e = 0.01,0.001) 

in which 5/0/0 is the power-spectral density function; 
and Nfr is the number of subdivisions in the frequency domain, this parameter largely 
influences the quality of the generated wind speed, taken as the power of two (e.g. Nfr = 
210 = 1024) the higher the value of N/r the better the quality but this requires larger 
computational effort, hence it is necessary to decide the Nfr; Au = oju/N/r and Np is the 
number of points, with: 

wmi = lAu + (m/Np)Auj (B.4.9) 

and: 

< W * m ) = tan" 1 I ^ ^ j j (B.4.10) 

and 4>mi are random number from the uniform distribution, in the range of 0 to 2n. 
Subsequent work by Deodatis, G. (1996) proposed the use of FFT to solve equation (B.4.7). 
The starting point is the equivalent formulation: 

fNfr-l 

u3(t) = - ^ 3ft I ^2 I J2 Hy^mi) exp[i{ltAu - djm + 4>ml)} J exp[+i{m/NptAuj)} 

(B.4.11; 
It is then possible to rewrite the term under the parenthesis in the following form: 

(B.4.12) 

A T / r - l 

^ HV]Tn{LOml) CXp[t(/iAw - dJm + 0m(] 
1=0 

Nfr-1 

= ^2 {Hvjm(LJ
Tn()exp[i(--djrn + 4)mi)} exp[i(ltAu))]) = Ajm{t) 

/=o 

which becomes discretized for the time domain 

Bijm = (Hv}m(umi) exp[i(-i? j rn + 4>ml)} 

Ajm(kAt) = J2 Bljm exV[i(lkAtAu)\ (B.4.13) 
1=0 

k = l,...,Nfr 

it is then important to notice that function Ajm(kAt) is periodic with period Tx = 2ir/Au 
and can be calculated efficiently using ID inverse FFT method. 
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At this point, it should be noted that when generating sample functions of the generated 
stochastic process according to (B.4.11), the time step At separating the generated values 
of fj(t) in the time domain has to obey the condition: 

27T 
At < (B.4.14) 

2CJU 

Considering that the period of the signal generated by equation (B.4.11) is T0 = Np2n/Aoj 
it is apparent that the first contained Np times in To from which follows the possibility of 
introducing the function: 

A]m(pAt), p = 0,...,Nfr-l 

AJTn(p-Nfr)At), p = Nfr,...,2Nfr-l 
hjm(pAt) = < 

k Ajm((p - (Np - 1) Nfr) At), P = (NP- l)Nfr, ...,NpNfr-l 

(B.4.15) 
Also to rewrite equation (B.4.11) as: 

j 

Uj(pAt) = ^ hjm(pAt)exp[i(mAu/Np)pAt)] (B.4.16) 
m=l 

which can be implemented efficiently as: 

uj{(k + s NfT)At) = J 2 ^ m | J2 Ajm{kAt) exp[-({m/Np){k + sNfT)AtAu)} 1 ; 

5 = 0 , l , 2 , . . . , i V p - l 

(B.4.17) 

More detailed descriptions and equations for multi-dimensional multivariate equations for 
the wind generation could be found in Hang, S. et al. (2005). 

B.4.3 Verification 

Basically what has been done in digital simulation of wind speed data is to obtain a 
time history record of the wind speed from the defined spectra. Once the time history is 
obtained, it is important to verify the generated wind data, whether or not it will match 
the target spectra and correlation functions. 

How well the generated spectra match the target spectra could depend on: 
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1. Type of spectra: a spectra that contains a sharp drop in the spectral ordinates near 
the zero frequency might be more difficult to replicate; 

2. Coherence function: the use of certain type of spectra, for example Kaimal spectra 
that does not have its own coherence functions might pose a problem for the cross-
spectra verification; 

3. Geometry of the coordinates where wind are generated, vertically distributed points 
is generally agree better in the generated functions than horizontally distributed 
points (proven with the guyed tower example and the UofWO mini conductor span 
verification); 

4. Cut-off frequency: a very high value of cut-off frequency might pose difficulty due 
to the long computation time. 

B.4.3.1 Auto-correlation function 

From the original spectrum, see equation (B.3.4). 

From the time history, to calculate the generated auto-correlation: 

RXX(T) = ^ [ x(t)x(t + T)dt (B.4.18) 
1 Jo 

B.4.3.2 Auto-spectrum 

The target spectrum is defined from a defined spectrum, chosen from the spectra given in 
section B.3. 

While the spectrum from the generated wind speed data could be calculated by finite 
Fourier transform technique and is defined by: 

Gxx(f) = \ E [| XT(f) |2] (B.4.19) 

where E[] is an ensemble average, for fixed / , over nd available sample records of Xr{f)2-

B.4.3.3 Cross-correlation function 

From the original spectra by using equation (B.3.7). 

From time history, to calculate the generated cross-correlation: 

Rxy{T) = ^ l x(t)y(t + r)dt (B.4.20) 



162 B.5 Summary of methodology for wind generation 

B.4.3.4 Cross-spectrum 

The target cross-spectrum is defined from a chosen cross-spectrum given in section B.3. 

While the spectrum from the generated wind speed data could be calculated by finite 
Fourier transform technique and is defined by: 

Gxy(f) = ^E[X^f)YT(f)} (B.4.21) 

where E\\ is an ensemble average, for fixed / , over nd available associated pairs of X*r{f) 
and Yr(f) computed from sample records of x(t) and y{t) each of length T. 

B.4.3.5 Implementation 

The steps to perform the FFT to find the generated verification functions could be found 
in Bendat, J.S. et Piersol, A.G. (2000). The understanding of these steps is necessary in 
order to understand the logic of the process. While the implementation was done in C + + 
or Matlab using their built in spectra and correlation functions. 

B.5 Summary of methodology for wind generation 

To generate wind data as a random process from the specified wind spectra, the following 
steps should be followed: 

1. Specify the type of wind spectra to be utilized, see section B.3; 

2. Define the locations and number of points Ap from the structure at which the wind 
forces will be applied, this will define the content of the spectral matrix S°. defined 
in section B.4.2.1, equation (B.4.1); 

3. With the previously defined type of spectra and the configuration of points, spectra 
equation (auto- and cross-spectra) as function of ui could be defined for every point; 

4. Define OJU and Nfr based from the definition given in section B.4.2.2; 

5. With the defined Au, calculate the spectral matrix S° for each increment of u and 
calculate the H for each increment of u using the method given in section B.4.2.1; 

6. With H for each incremental value of u and At known, apply the FFT technique 
defined in section B.4,2.2, equations (B.4.11) to (B.4.17), to obtain time history of 
wind velocity for each point; 

7. After the time history data for all of the points of interest are obtained, verification 
of the accuracy and the correlation between related points could be done by following 
steps defined in section B.4.3. 
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B.6 Creating and using WindGen 

B.6.1 Creating WindGen 

WindGen, a program written in C + + was developed in order to simulate fluctuation 
of wind speed based on a defined spectra. The programming was done in a summer 
project (Hang, S. et al., 2005). The graphical user interface (GUI) and part of the post
processing were developed later on. 

The components u(z,t), v(z,t) and w(z,t), which are the fluctuating part of the wind, are 
the product of WindGen. 

The features of WindGen: 

1. Able to model three-dimensional fluctuating wind components (it, v and w); 

2. Able to generate wind speed data from various types of wind spectra; 

3. Take into account the spatial and temporal correlation as well as correlation between 
turbulent components u and w; 

4. Able to produce multiple sets of data (batch) in one run; 

5. Post-processing option for the verification of wind speed data; 

6. Graphical user interface (GUI) for easy usage. 

B.6.2 Using WindGen 

The window for WindGen GUI is shown in figure B.4. To use the program, the user must 
choose the parameters accordingly then run the analysis. An example of wind field with 
the spatial correlation taken into account, produced by WindGen is shown in figure B.5. 

Parameters in WindGen GUI: 

1. Number of simulations: defines how many times the wind speed data set will be 
generated (batch); 

2. The user can choose between multiple input (multiple points) and single input (single 
point): 

3. Input file defines the file name that contains the coordinates of the points where the 
wind speed data will be generated; 

4. Configuration: 

(a) Wind dimension: 1 for 1 dimension (along the wind only, across the wind only 
or vertical only), 2 for 2D, and 3 for 3D; 
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(b) UJU: the cut-off frequency, usually defined by the limit of natural frequency of 
interest, for example, if the highest frequency of interest is 3 Hz, then the cut-off 
frequency of the wind spectra will be 3 Hz (18.85 rad/s); 

Note: this term could also be defined mathematically, but it would rather be 
excessive. 

(c) Number of frequencies defines the division of the spectra up to uu, this number 
is at least defined by the power of two (210 = 1024), to ensure that the spectra 
formed by the generated wind data replicate the original spectra; 

(d) Spectrum type: defines the type of spectrum to use: 

i. User: the value PSD as a function of frequency is defined by the user; 

ii. Solari-Picardo: the type of spectra that uses statistical properties of the 
wind, this spectra can model correlation between u and w; 

iii. Kaimal: type of spectra that is more precise in defining the inertial sub
range (lower frequency range) but did not include the effect of height for the 
mean wind speed as the atmosphere is assumed to be uniformly stratified; 

iv. Simiu: The wind spectra generally utilized for civil engineering purposes, 
slightly over-estimate lower frequency range but the overestimation is less 
than 5% for z0 > 0.30 m (Simiu, E. et Scanlan, R., 1996, p.59); 

v. Generic: the spectra equation from constants given by the user, see Hang, 
S. et al. (2005). 

5. For the output, the user defines the file name prefix and the folder where the files 
will be kept; 

6. Post processing is necessary to ensure that the wind speed data produced match the 
target spectra and correlation functions, to create this part, the user defines the divi
sion of the wind speed time history to do the spectra and correlation transformation 
using FFT (see Bendat, J.S. et Piersol, A.G. (2000)). 

The graphic plotted in figure B.6 illustrates the processing time necessary to run WindGen 
for one dimensional wind component for varied number of points. It can be seen that the 
time necessary to produce the wind data is increasing in a nonlinear manner. 
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B.7 Combining WindGen with ADINA 

After preparing the wind data as well as the FE model, the transient dynamic analysis of 
random wind loading on TL is ready to be pursued. To do this, the WindGen result must 
be integrated in the input file that contains the FE model. 

For ADINA input, the mean force would be calculated using (B.2.2) and entered as concen
trated forces on points (or nodes) with the same time history as the one used for pre-load 
analysis (time function 1). The fluctuating forces are entered as forces on points too, 
calculated by equations (B.2.3) and (B.2.4) without the term u(z,t). This term, which 
corresponds to the wind speed time history, would be entered as the time function of the 
loading in ADINA. 

To ensure an efficient analysis process, an effective scheme to combine WindGen and 
ADINA was created and implemented. The result from WindGen is formatted to be an 
ADINA input file (.in format) then it could be incorporated easily with the FE model. 
Another option would be to import the wind speed time function one by one, but this 
option is not recommended when a large number of points where wind are applied is of 
concern. 

number of points 
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B.8 Summary of Chapter B 

The theory of wind spectra and drag forces are defined in this chapter. The reasoning 
behind the choice of method as well as some brief description on the digitally generated 
wind speed have also been presented. Finally the creation and condensed explanation on 
the usage of WindGen, the wind speed software, are given here. 

The accuracy of WindGen was tested on two examples. The first was the wind generation 
based on a reduced scale for the verification of wind-tunnel test on one-span miniature 
conductor response due to turbulent wind, this example was presented during the 2006 
Colloque of the Chair NSERC/HQT (Gani, F. et Legeron, F., 2006). The second was the 
wind generation for typical site B terrain type for a real size transmission line guyed tower. 
In both cases, the results were satisfactory. 

Much as the preliminary results are very encouraging, there are several points that are 
necessary to be added and explored in order to ensure the robustness of this program for 
further study, those are: 

1. So far, the random number produced by C + + is considered to have good quality, 
however, it is necessary to verify the quality of the random data before pursuing 
with larger scale study; 

2. The spectra so far utilized are the Simiu spectra (guyed tower example) and the 
generic spectra (miniature conductor verification). The other type of spectra incor
porated in WindGen should also be reviewed in more details; 

3. The post-processing of WindGen is still limited to the auto-spectra and auto-correlation 
only. This makes the verification part for the cross functions rather arduous. The 
complete post-processing will certainly simplify the important task of the verification 
part. 
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C.l Background 

C.1.1 Solving nonlinear dynamic problems numerically 

In the present study, the nonlinear dynamic problem of transmission line (TL) structure 
exposed extreme climatic loading will be solved using numerical integration method. Since 
the structure is complex and consists of multi-degree of freedom (MDOF), it should be 
modelled using the finite elements. The methodology developed in this chapter contains 
details for transmission line structures. However, this methodology can equally be applied 
to the dynamic wind study of other type of complex and/or nonlinear structures. 

Equations of motion for multi-degree of freedom (MDOF) system subjected to external 
dynamic forces could be expressed as: 

M U + C U + K U = F(t) (C.1.1) 

where M is the mass, C is the damping, K is the stiffness of the structure, F(t) is the 
external force in time domain, while U, U, and U are the structural response: acceleration, 
velocity and displacement, respectively. 

To solve the problem using the finite element (FE) method, first of all, it is necessary 
to define the basic structural properties which includes the mass and the stiffness of the 
structure, in the form of matrices. This step is called discretizing the structure, which 
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is defining the structural properties in its finite element properties. In addition, proper 
boundary conditions must also be defined. Further explanation on creating the FE model 
is given in section C.2. Another property to define would be the damping, which will be 
explained in more detail in section C.3. 

The structural response could be obtained by solving the above equation of motions nu
merically. Basically there are two methods to solve them, by explicit and by implicit 
method. 

Explicit method for solving nonlinear dynamic problem is principally the same as in the 
linear dynamic analysis. This method is a conditionally stable algorithm. The response at 
time t + At is calculated using the response result of time t. The time step restriction is se
vere, around 0.551Tj, where Tj is the smallest period of the structure considered (Chopra, 
A.K., 1997). This is the requirement for linear problem. For nonlinear problem, the crite
ria must be applied at the most stiff condition of the structure (e.g. at maximum loading 
condition) to ensure that the time step is sufficiently small. 

The implicit method in nonlinear dynamic analysis is basically solving the equation of 
motions for time t + At incrementally. Hence, instead of satisfying equilibrium at each 
time step At, the equilibrium will be satisfied for every incremental time step. Since the 
problem wanted to be solved is a nonlinear problem, in using the implicit method, it is 
necessary to meet certain convergency criteria to ensure that the response obtained is 
accurate enough. 

The numerical integration method that will be utilized in the present study will be chosen 
based on the consideration of the problem at hand. This will be detailed in the following 
sections. 

C.l.2 Previous studies 

Since turbulent wind will be introduced in the present study and no study related to 
cascade of TL has discussed this aspect in detail, it is necessary to find important criteria 
specific to wind loading response on TL structure. Several studies that incorporated 
turbulent wind for the analysis of slender and/or flexible structure by transient dynamic 
numerical method such as Keutgcn, R. et Lilien, J.L. (1998, 2000); Yasui, H. et al. (1999); 
Sparling, B.F. et Davenport, A.G. (1998, 2001); Battista, R.C. et al. (2003) will be reviewed 
here. The discussion will be limited to the numerical model of the structure, review on 
the wind aspects will be given in Chapter B. 

The study by Yasui, H. et al. (1999) discussed the difference in structural response of a 
TL section due to turbulent wind analyzed using numerical dynamic analysis and spectral 
analysis. The details that they provided on their numerical model were not complete 
enough, nonetheless, it is obvious that they incorporated geometric nonlinearity as well as 
aerodynamic damping in their analysis. 
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A recent study by Battista, R.C. et al. (2003) conducted a dynamic numerical study 
that was based on modal analysis for turbulent wind analysis on TL section. Much as 
they realized the inherent nonlinearity of the TL structure, since they developed their 
own program to do the analysis, they have not taken into account the large displacement 
possibility in their calculation. 

The studies Keutgen, R. et Lilien, J.L. (1998, 2000) were pursued to understand better 
and to control the galloping phenomenon. The wind was modelled as turbulent wind, 
interest on gallop, hence ice accretion was also modelled, more details on drag coefficient 
of conductor due to non-uniform ice accretion. The supports were not modelled, since 
supports are supposed to be rigid. The cable element has 4DOF per node to include the 
torsional DOF, this is typical for studies on gallop, but would not be an immediate interest 
for cascading failure analysis. Numerical integration using implicit H H T - Q method (0.05 < 
a < 0.1), convergence of energy <k displacement using Newton-Raphson (Full Newton) 
iteration. The aerodynamic damping is utilized, in some cases, structural damping value 
applicable to the validated experiment was available but no mention in the inclusion of 
this damping term in the numerical model. One of the final purpose is to add their study 
as one part for cable analysis of a commercial program MECANO. 

Sparling, B.F. et Davenport, A.G. (1998, 2001) studied the structural response of guyed 
telecommunication tower under wind loading. The wind was modelled as turbulent wind. 
The structures of interest is very flexible in vertical direction (slender). This is rather 
different than TL structure which has considerable flexibility in the horizontal direction 
due to conductor or ground wire spans. They utilized the implicit numerical integration 
Newmark-/? average acceleration method, using Full-Newton iterative procedure. The 
adopted Rayleigh damping to model the structural damping. The details on aerodynamic 
damping and wind drag forces were provided. In their analyses, the structure stays intact, 
no failure or rupture modelled. This study developed their own program for the analyses. 

C.1.3 Choosing the appropriate numerical integration method 

The two group of studies that incorporated random wind loading, described in the first 
section of this chapter and the studies in conductor break by McClure, G. et Lapointe, 
M. (2003), all of them utilized implicit integration approach. Even though it should be 
noted that they utilized different methods in this kind. The explicit method for solving 
nonlinear dynamic was opted for several reasons that apply specifically to the problems 
they solved. 

C.l .3 .1 Conductor break problem 

This type of dynamic loading is categorized as wave propagation problem due to the 
possibility of a large number of natural frequencies of the conductor span to be excited 
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by the longitudinal loading. This of type of problem could be solved efficiently using 
explicit method (Paultre, P., 2005). Nonetheless, in Bathe, K.J. (1996), it was detailed 
that even though explicit method could be effective, the choice of integration parameters 
are considerably simpler in using the implicit method, by using the following formulations: 

If the critical wavelength is presented by Lw, the total time for the wave to travel past a 
point is: 

where the wave speed is c w \jEj p with E is the elasticity modulus and p is the density 
of the cable. By the assumption that n time steps are necessary to represent the travel of 
the wave, hence: 

At = ^ (C.1.3) 
n 

and the effective element length of a finite element should be: 

Le = cAt (C.1.4) 

The equations given above were developed for linear system but it was mentioned in Bathe, 
K.J. (1996) that it will also be applicable to nonlinear system. Also, another advantage 
in using implicit method is the flexibility in modelling using nonuniform meshes. This is 
extremely useful because for conductor spans, the span lengths mostly would not be all 
similar. Therefore, for practicality, the conductor spans is usually discretized by dividing 
each span into certain number of elements. In addition, this could mean that spans that 
are critical could have more elements while the spans that are less critical could have less 
elements. By having these flexibilities in modelling, a more effective computation scheme 
could be achieved. 

C.l .3 .2 Turbulent wind loading 

This is considered as a long duration analysis, this type of analysis is not intended for 
explicit analysis due to the requirement of very small time step. Also, in solving a dynamic 
problem of a structural system that could experience considerable change of stiffness during 
the loading period due to its nonlinearity, these strict requirements would need the time 
step to be considered at the stiffest condition. Hence, this would mean even smaller time 
step. As the result, the computational burden will be enormous. 

Another reason is the limitation in modelling damping for explicit method. In order to 
calculate efficiently, this method allows only diagonal damping matrix with value near to 
zero to be introduced in the calculation process(Bathe, K.J., 1996). While for turbulent 
wind analysis, the probable necessity to model the aerodynamic damping for wind from 
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arbitrary angle of attack will require a non-diagonal damping matrix. This will cause the 
explicit method to loose its efficiency as compared to implicit method. 

C.l .3 .3 Choosing the integration method 

Based on the transient dynamic studies described previously, the present study will use 
the implicit method. However, since for this method, several algorithms are available, it 
is necessary to identify which algorithm is the most suitable for the problem of interest. 

This aspect will be explained in more details in section C.5. To get familiar with ADINA 
and to identify possible obstacles in modelling more complex problems, a series of pre
liminary analyses with simple one-span conductor were pursued (Ashby, M., 2006). The 
conductor was chosen to be analyzed in more details because from all of the TL com
ponents, it is the most difficult part to model. This is due to the continuous nature of 
the conductor span, this could provoke instability in the model if not modelled correctly. 
Also, its inherent geometric nonlinearity and possibility in large magnitude displacement, 
would require more attention in the integration method and choosing the parameters. 
Some parts of these preliminary studies are given here to illustrate the application of the 
corresponding theory. 

C.2 Finite element model of TL 

C.2.1 Discretization 

What would be modelled for the numerical study and the degree of refinement of the model 
meshes depend on the problem at hand. When the tower is of concern, the tower should 
be modelled in more details, while the other part could be modelled as additional stiffness 
or mass. While for a guyed tower, sometimes, the interest would be to study only the 
guys, hence, a more detailed model should be developed for the guy cables. Also, it could 
be the conductor that is of interest, detailed model of the conductor and its attachment 
should be taking care of in details. 

The size of the model, that is how many spans of the TL section will be modelled depends 
more at the type of the problem to be solved, dynamic or static problem. Effect of adjacent 
spans is considered to be sufficiently represented by four to six spans only for static analysis. 
Nonetheless, for transient dynamic analysis, such as the propagating failure of TL, more 
spans should be modelled. 

For all of the TL components modelled in this study, the mass of the elements are modelled 
as lumped mass. The use of the lumped mass assumption has the advantage of forming 
a diagonal matrix for the global mass matrix. Therefore, the calculation process will be 
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more efficient and faster. Nonetheless, it should be noted that the application of this 
assumption is, in general, calculated only approximately, and if a coarse finite element 
mesh is utilized, the obtained solution may be inaccurate (Bathe, K.J., 1996). 

For complex and large model, direct input using graphical user interface (GUI) is not 
recommended. Therefore, input file is preferred because in here, a systematic listing of 
what have been put inside the model is available. In a series of similar analysis, it would 
be useful to keep track on the differences between parameters. Another advantage is to 
have more flexibility in alterations of input data and assigning loadings. 

C.2.2 Type of elements 

For FE modelling, the TL components: the tower, conductors, insulators, ground wires and 
accessories are modelled accordingly, depends on the problem to be solved. Since this study 
is aimed at the global dynamic behaviour, the interaction between cable spans (conductors 
and ground wires) and supports (towers) is important to be modelled. However, to model 
each TL component in details could cause excessive calculation burden. Hence, large scale 
model of the TL with several simplifications without losing the important characteristics 
of the interaction between TL components is the most suitable one. Therefore no excessive 
detail is necessary. 

C.2.2.1 Conductor and ground wire 

The mechanical behaviour of conductor suspended by insulators, supported by towers is 
similar to simple suspended cables but somewhat more complex due to the effect of the 
flexibility of adjacent spans, the towers and the insulators. 

The conductor span could be levelled or inclined, depends on the terrain condition. The 
geometrical shape of a suspended conductor is catenary. For simplification, the conductor 
profile could be calculated using parabolic approach. This approximation is considered 
valid up to sag to span ratio R — 0.125 (Irvine, H.M., 1981). However, for heavily inclined 
spans, parabolic approach would give erroneous result. 

The conductor choice and configuration depends on the TL optimum design needs. Details 
on these process will not be discussed here. The conductor could be three-phase (AC) or 
two-phase (DC), single conductor per phase or bundle conductors per phase. 

The ground wire? helps protects the TL from the lightning. Its design usually follows what 
would be the requirements for the conductors. 
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Figure C.l: FE model of multiple-span conductor 

C.2.2.1.1 Modelling the conductor and ground wire 

The conductor and ground wire considered in the first phase of the study are in bare 
condition. To facilitate the discussion in this section, the conductor and ground wire will 
be simply referred as cable. No ice loading is taken into account yet. The geometric 
configuration of the suspended cable is catenary. 

Since ADINA is not a program that serves specifically for cable analysis, detailed cable 
data such as initial cable coordinates and initial strains must be prepared in advance. To 
calculate the cable coordinates, the rigid catenary formulation could be utilized. The non 
inclusion of the elastic part in using this approach, will be adjusted by ADINA during the 
dead-load analysis. 

The important thing in preparing the cable element input is to ensure that the discretiza
tion will produce elements with same length. This is necessary for analysis that might 
consist of wave propagation problems, to ensure more uniformly distributed cable ten
sion along the span, also to facilitate the calculation of loading of nodes in the case of 
distributed loading. Another important thing in preparing the input data for cable is to 
allow the cable inclination in the case of unlevelled span. 

Conductor is modelled using 2-node 3DOF cable/truss tension only element with initial 
strain. Kinematics of large displacement with small strain are utilized here. Temperature 
effect is not taken into account at the present. 

Multiple-span conductor are connected at the bottom ends of the insulator string and at 
the suspension insulator (dead-end support). Example of a multiple span FE model is 
provided in the figure C.l, part (C) shows an entire three-span model, part (B) shows the 

http://tf.fi/
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numbering of the elements, which is continuous from span to span, and part (A) shows 
the detail of the insulator and conductor connectivity. 

The ground wire is modelled with the same method as the conductor. 

C.2.2.2 Insulator 

Principally, based on their function there are two types of insulators: 

1. Insulator string: an insulator set, complete with all fittings and accessories to support 
a conductor or bundle conductors at its lower end (IEC term), see figure C.2(a); 

2. Tension insulator or dead-end insulator : an insulator which transmits the entire line 
conductor tension to an overhead line support, see figure C.2(b). 

C.2.2.2.1 Modelling the insulator : For insulators, previous study by McClure, 
G. et Lapointe, M. (2003), which utilized the same FE program as the present study, 
modelled them as two-node truss element with initial strain and they also mentioned that 

(a) 

(b) 

Figure C.2: Types of insulators (Ducouret, X., 2005) 
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it is possible to model them as beam element. Insulators could also be modelled as springs, 
this method of modelling was detailed in Desai, Y.M. et al. (1995). 

The insulator may also influence the dynamic behaviour of the transmission line in a double 
pendulum-like manner, when coupled with the attached conductors, this was discussed 
by Battista, R .C et al. (2003). 

In the present study, insulator was successfully modelled as truss element or as end-released 
beam. 

For insulator string, in reality it has limit in its inclination angle. At the present, this 
detail has not been taken into account. 

C.2.2.3 Supports 

Supports for TL structures are in the form of towers. Based on material type, generally 
the material are: steel, concrete and wood. For steel, the structure could be as truss tower 
or tubular pole. For concrete and wood, mostly would be as tubular pole. 

It is to be noted that wood is usually utilized for distribution lines and not for transmission 
lines. 

Based on the mechanism of how the tower stands, there are basically two types of towers: 

1. Self-supporting tower: A tower that has sufficient rigidity on its own, for examples, 
see figure C.3(a), (b) and (d); 

2. Guyed tower: A tower that needs additional supports from the guy cables to ensure 
its rigidity, an example is shown in figure C.3(c). 

According to their function within a TL section, they could be grouped as: (i) intermediate 
tower, located on an essentially straight line section of the line; (ii) angle tower, located at 
a section of line where the trace substantially changes in direction; (iii) tension tower, a 
tower with tension insulator sets; (iv) dead-end tower, a tower that is designed to terminate 
the line section; and (v) anti-cascading tower, a tower designed to resist large magnitude 
longitudinal load to prevent the propagation of cascade. 

C.2.2.3.1 Modell ing the support : 

1. Simply fixed: for preliminary studies where the importance of basic parameters are 
important to be assessed, the assumption that the supports are simply fixed would 
be helpful; 

2. Equivalent spring : the supports are modelled using linear spring elements. The 
equivalent stiffness is calculated by applying concentrated force in the direction where 
the stiffness wanted to be measured (x, y and z direction). Then the stiffness value, 
corresponding mass and damping value could be calculated using the corresponding 
natural frequency. It is calculated using: 
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0>) (c) (d) 

Figure C.3: Types of towers (Hydro-Quebec, 2006) 

F = ku (C.2.1) 

u=y/k/m (C.2.2) 

c = 2 ( m w (C.2.3) 

3. Complete tower 

(a) Detailed model: The main tower leg and tower arm members are modelled as 
beam-column elements (two-node beam element). While the diagonal brace are 
modelled as ordinary truss elements. The main purpose is to stabilize planar 
joints and mechanisms. This method of modelling, truss-frame modelling, has 
been widely used in the static analysis of lattice tower; 

(b) Simplified model: Equivalent beam-column element to model the lattice tower. 
To reduce the calculation effort, an idealized beam-column model is developed 
by taking into account equal static stiffness of the truss tower, also the equiv
alent mass. More details on this theory could be found in Kahla, N.B. (1995). 
From the data of the complete lattice tower, a partial model, represent one 
panel section of the tower, is built. From here, specific unit loads that repre
sent the axial, shear, bending and torsional loads of the beam-column model 
counterpart, are applied. Then, the equivalent beam-column properties are de
rived. For a given loading condition, the displacement in direction i at node j 
is calculated using the equation: 

% = E ^ (a24) 

P=I y 

where p is the number of elements in the panel; Fp is the force in the element 
p caused by the loading; u^p is the force in element p due to a unit load in 
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direction i at node j ; Lp is the length of element p and Ap is the cross-section 
of element p. 

C.2.3 Boundary conditions and constraints 

Type of fixity for the towers are the pin fixities for ends for lattice tower and ends of 
conductor spans, fixed ends for tubular towers or poles. Special fixity type that assigns no 
rotations are used for conductor span to suppress non-existing rotational DOF, to avoid 
warnings and to ensure stability in the in the calculation process. 

Applied constraints are required in numerical model to define connectivity between two 
different type of element groups that are regarded as two different substructure. This is 
usually needed due to certain simplifications. For example in the guyed tower model using 
equivalent beam column method, illustrated in figure C.4, the connectivity between the 
guy cables and the tower mast, is defined by rigid link. This is the special constraints 
equations established automatically by the program between two nodes: a master node 
and a slave node (ADINA R&D Inc., 2004). 

three-dimensional 
equivalent 
beam-column 

three dimensional 
cable element 

Figure C.4: Rigid link connectivity for equivalent beam-column guyed tower model (Kahla, 

N.B., 1995) 
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C.2.4 Loading 

C.2.4.1 Mass proportional loading 

The mass proportional loading is utilized to know the final equilibrium condition under 
dead load only. This could be important for TL structure since it consists of suspended 
cables (conductors, ground wires and guy cables where applicable) with prescribed initial 
strain, hence the effect to the supports dead load might influence the initial strain given to 
the cables. Once the structure is modelled, it is crucial to verify if the final cable tension 
under dead load achieve the desired magnitude of tension. 

C.2.4.2 Wind loading 

Considered as external loading, divided into two parts, the mean part and the fluctuating 
part which is time dependent. Applied as concentrated loading to facilitate calculation of 
the wind forces, this is explained in more details in Chapter B. 

C.2.4.3 Ice loading 

The ice could be treated as external load (additional loading) or internally by adding the 
density of conductor. At the present, the ice modelling has not been reviewed in detail. 
Nonetheless, based on the current experience, for ordinary uniform ice loading (with or 
without wind), it is possible to have incrementing ice loading by manipulating the time 
function or stay with the more conservative assumption that the ice loading remains the 
same. In the case of ice shedding, it would be simpler to assume non incrementing ice 
loading. 

C.2.4.4 Longitudinal loading 

The longitudinal load is caused by the conductor break and it is simulated by element 
death option in ADINA. If contact surface is not modelled, element death is assigned to 
the entire elements of the broken span to avoid having the uncontrolled effect of the fallen 
conductor, this was done in McClure, G. et Lapointe, M. (2003). 

C.2.4.5 Impact loading 

In real event of conductor break, the impact between the broken conductor and the ground 
delays (slows down) the effect of large magnitude longitudinal loading reaching the sup
ports. There for the longitudinal loading experienced by the support is not as severe. By 
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considering this impact effect, a more realistic analysis could be obtained. In ADINA, this 
can be modelled by adding contact surface to replicate the ground. This part of modelling 
will need to be further understood for the present study. 

C.2.5 Eigenvalue analysis 

In transient dynamic analysis, the eigenvalue analysis is necessary for several purposes: 

1. To check any abnormalities in the model; 

2. To help deciding whether the meshing is refined enough; 

3. To assign structural damping value to the lowest modes of interest (see section 
C.3.4.1.1); 

4. To help defining the cut-off frequency for the digitally simulated wind speed (see 
chapter B); 

5. To analyze which natural frequency is excited based on the structural response due 
to certain dynamic loading in FFT analysis. 

The preferable solution method is subspace iteration. Based on the experience of the 
present study, this is the most powerful method to obtain natural frequencies. This applies 
especially for complicated structure such as the assembly of TL structure that consist of 
the tower and the conductors. In using the subspace iteration method, it is recommended 
to perform Sturm sequence check to ensure that the required lowest natural frequencies are 
calculated (Bathe, K.J., 1996). Basically, the use of Sturm sequence check is to measure 
convergence of the calculated eigenvalues using the approximations obtained from the p 
smallest eigenvalues, for more details, see Bathe, K.J. (1996). Finally, it is necessary 
to assign enough vectors for the number of vectors used simultaneously so that Sturm 
sequence check is actually activated by ADINA. 

C.2.5.1 Convergency on natural frequency: 

The criteria for a sufficient meshing of a FE model representing a continuous system could 
be developed from its convergency in its natural frequency. To establish these criteria for 
a suspended cable, a series of analysis were pursued for one-span conductor. The cable 
model was discretized with varied number of elements nel = 5,10,20,40, 80,100, 200. 

The conductor type Bersfort ACSR was used for the calculation, the conductor data are 
the following: 
- Span length, £ = 500 m; 
- Area, A = 747.1 mm2; 
- Elasticity modulus, E = 67,6 GPa; 
- Weight per unit length, wc = 10.728 N/m; 
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- Ultimate tension, Tu = 180.10 kN; 
- Horizontal tension, H = 45.025 kN. 
The convergency of the three lowest symmetric in-plane natural frequencies is shown in 
figure C.5. While figure C.6 shows the convergency based on the three lowest symmetric 
out-of-plane natural frequencies. These two types of frequencies (in-plane symmetric and 
out-of-plane symmetric) are chosen because for the wind loading, these frequencies will 
likely be excited. From these figures, it could be observed that when nel — 5, the meshing 
is coarse and the third symmetric natural frequencies were not represented well. While 
when nel > 20, a good convergency is achieved. 

The complete result of the natural frequency convergency analysis is shown in table C.l, 
with UJX, to»5 and u;9 represent the three lowest out-of-plane modes, while u;4, w6 and ux0 
represent the three lowest in-plane modes. 

Also, for a simple suspended cable, comparison can be made with the parabolic shape 
approach, see table C.2. It can be seen that starting from nel = 40, the difference between 
the theoretical calculation and the numerical result is very small, less than 1%. Hence, 
for the example worked out here, it can be concluded that the meshing is sufficient when 
nel > 40. 

Finally, it should be noted that the natural frequency convergency could bo helpful in 
deciding the refinement of model mesh. However, this method of discretization could be 
less severe than the criteria for the wave propagation problem. It is necessary to verify 
that the most severe criteria is met when trying to pursue the study on the mechanism of 
TL failuie due to climatic loading. 

Table C.l: Convergency of modes by number of elements 
w„ (rad/s) 

Mode shape 

nel = 5 

nel = 10 

nel 20 

nel = 40 

nel = 80 

nel = 100 

nel = 200 

n = 1 

OP-S 

0.8803 

0 8695 

0 8668 

0 8662 

0 8660 

0 8660 

0 8659 

n = 2 

IP-AS 

1 8372 

1 7519 

1 7306 

1 7253 

1 7240 

1 7238 

1 7236 

n — 3 

OP-AS 

1.8455 

17594 

1 7379 

1 7325 

17312 

1 7310 

1 7308 

n = 4 

IP-S 

2 2121 

2 1377 

2 1152 

2 1093 

2 1078 

2 1077 

2 1074 

n = 5 

OP-S 

2 9676 

2 6927 

2 6199 

2 6018 

2 5973 

2 5968 

2 5961 

n = 6 

IP-S 

3.1045 

2 9017 

2 8463 

2 8325 

2 8290 

2 8286 

2 8281 

n = 7 

IP-AS 

4.1489 

3 6863 

3 5144 

3 4716 

3 4609 

3 4596 

3 4579 

n = 8 

OP-AS 

4 1542 

3 6905 

3 5182 

3 4752 

3 4645 

3 4632 

3 4615 

n = 9 

OP-S 

29 5040 

4 7702 

4 4380 

4 3540 

4 3331 

4 3306 

4 3272 

n = 10 

IP-S 

61.7729 

4 7902 

1.4633 

4 3804 

4 3598 

4 3573 

4 3540 

Note OP-S is the out-of-plane symmetric mode, OP-AS is the out-of-plane asymmetric mode, 

IP-S is the in-plane symmetric mode; IP-AS is the in-plane asymmetric mode 
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Table C.2: Comparison of u>n of the numerical result with the parabolic theory 

n w„ % difference with theory 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

nel = 40 

0.8661 

1.7253 

1.7325 

2.1093 

2.6018 

2.8325 

3.4716 

3.4752 

4.3540 

4.3804 

nel = 200 

0.8659 

1.7236 

1.7308 

2.1074 

2.5961 

2.8281 

3.4579 

3.4615 

4.3272 

4.3540 

theory 

0.8638 

1.7276 

1.7276 

2.0966 

2.5914 

2.8280 

3.4552 

3.4552 

4.3191 

4.3512 

nel = 40 

0.2708 

0.1361 

0.2847 

0.6063 

0.4018 

0.1589 

0.4725 

0.5783 

0.8088 

0.6712 

nel = 200 

0.2461 

0.2343 

0.1857 

0.5158 

0.1789 

0.0030 

0.0733 

0.1823 

0.1895 

0.0645 

C.3 Damping 

In a vibrating structure, damping dissipates the energy of the vibration. Basically, for TL 
dynamic analysis, damping can be categorized into three types: (i) structural damping, 
which is the inherent damping within the structure; (ii) aerodynamic damping, which oc
curs due to wind-structure interaction; and (iii) local or added dampers, which is additional 
dampers that is intended to increase the damping capacity of the structure. 

C.3.1 Structural damping 

Structural damping is the damping capacity that exists within the structure itself to 
dampen out vibration. This includes the internal damping, hysteretic damping and local 
damping at the connections. The sources that could contribute to the structural damping 
are numerous, some of them are the internal friction between joints or connection, the 
nonlinearity of material, the geometric nonlinearity and the formation of plastic hinges. 
The structural damping value differs, depends on the type of structures. 

For transmission line structures, the damping value is low. Little is known on the exact 
range for the structural damping value of TL structure. Since TL is composed mainly 
of conductor spans and supports, it would not be reasonable to assume that the whole 
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Table C.3: Structural damping value at limit states (CECM-Comite technique 12 «Vent», 

1987) 

Material of the structure 

Steel 

Assembled with: 

- ordinary bolts 

- high strength bolts 

- weld 

Internal friction contribution 

Lattice structure 

Concrete 

- without crack, prestressed con

crete 

- with crack (ordinary reinforced 

concrete) 

Internal friction contribution 

Wood 

Base 

value 

0.05 

0.03 

0.02 

0.04 

0.10 

0.15 

ss 

Additional 

value 

0.02 

0.02 

0.02 

system would have the same structural damping value. For example, the supports would 
typically have higher damping value than the conductors. 

Table C.3 contains the logarithmic decrement of structural damping recommended by 
European Convention for Constructional Steelwork. The damping ratio is ^ = S/(2n). 

Studies by Glanville, M.J. et al. (1996) and Denoon, R.O. et Kwok, K.C.S. (1996) provided 
the examples of the field measurements for damping value of towers, that is ranging from 
0.3% to 1.1% for lattice tower and 0.8% for the concrete tower. Nonetheless, their studies 
do not specifically apply to TL towers. Other studies that utilized structural damping 
value, adopted a certain damping ratio that they applied to their study directly, without 
discussing how those values are obtained. 

For example; Desai, Y.M. et al. (1995) adopted 1% for structural damping of cables for 
gallop analysis, no discussion was found on the choice of this value. McClure, G. et 
Lapointe, M. (2003) took 2% for bare cables and 10% for iced cables based on their previous 
numerical studies. Sparling, B.F. et Davenport, A.G. (1998) utilized 0.5% for guyed 
communication tower, they did not mention either why they used this value. Another 
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Figure C.7: Conductor self-damping ACSR conductor (Diana, G. et al, 2000) 

study used & = 1% for their primary mode frequencies of towers and for conductors 
£c = 0.4% (Yasui, H. et al., 1999) . 

Structural damping in conductor is usually named as the conductor self-damping. This 
value, especially in the higher frequency range, is a great interest in the aeolian vibration 
study. In figure C.7, the self-damping of an ACSR conductor from experimental result 
of a laboratory span is plotted with the frequency and vibration amplitude. Here, the 
h = £, defined as 5/(2TT) where 5 is the logarithmic damping decrement. From this type; 
of plotting, the structural damping of conductor at the lower range of frequency could be 
obtained. It could be concluded from this figure that for the low frequency range, the 
conductor self-damping is very low. In van Dyke, P. (2007), where conductor spans of 400 
to 450 m were studied for galloping phenomenon, the structural damping was found to be 
in the range of S = 0.65 to 3.40 x 10"9 for mode 1 and S = 1.30 to 8.00 x 10~9 for mode 2. 

Even though it would be preferable to have a source that adopted their value based on 
field measurement, from the previous studies and the recommendation by CECM-Comitc 
technique 12 «Vent» (1987), it could be concluded, that structural damping value of less 
than 1% would be reasonable for dynamic studies of TL. Nonetheless, it would be more 
reasonable to assume lower damping value for conductors. 

C.3.2 Aerodynamic damping 

This type of damping exists due to the interaction between wind and structure. The mag
nitude of aerodynamic damping depends on the wind speed and the vibration amplitude 
of the structure. 
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Similar study on dynamic behaviour of transmission line by Yasui, H. et al. (1999) included 
this type of damping in their analysis and one of their conclusion is about aerodynamic 
damping that they considered to be more influential for conductors oscillation. While the 
study by Battista, R.C. et al. (2003) did not mention the use of aerodynamic damping in 
their research. 

To express the aerodynamic damping in mathematical formulation, first of all, the wind 
drag forces must be described. The instantaneous drag force per unit height is (Holmes, 
J.D., 1996): 

D(z, t) = 0.5 Pa [U(z, t) - x(z, t)}2 A{z) Cd (C.3.1) 

Writing the wind velocity in the form: 

U(z,t) = U(z) + u{z,t) (C.3.2) 

where p is the air density, U{z) is the mean wind velocity at height z, u(z,t) is the 
fluctuating wind velocity, x(z,t) is the element velocity, A(z) is the exposed area, Cd is 
the drag coefficient. 

Total drag force can be expressed as: 

D(z, t) * l- Pa[U(z)2 + 2U(z) u{z, t) - 2U(z) x{z, t)] A{z) Cd (C.3.3) 

In writing the drag force as the sum of a mean component and the fluctuating components, 
as in equation C.3.3, the first two terms in the square bracket are independent on the tower 
velocity x(z, t) and the last term is dependent of it. 

Assuming that u(z, t) and x(z, t) are much less than U(z) and neglecting second-order 
terms involving product and squares of u(z,t) and x(z,t). 

A(z) is equal to the product of the tower element width w(z) times the tower element 
length AL and the solidity ratio 8S. 

Thus the damping force per unit length is proportional to the element velocity, x(z,t), 
with a coefficient expressed as: 

c{z) = pa Cd Ss U{z) w{z)AL (C.3.4) 

For the conductors or other cables (ground wire and guy cable), similar equation would ap
ply with different value of Cd and solidity ratio c5s = 1, that is Sparling, B.F. et Davenport, 
A.G. (2001): 

cc = pa Cd dc ALC U{z) N{6, a) (C.3.5) 
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where dc is the cable diameter, ALC is the cable element length, 0 is the vertical angle 
formed by the chord line and the horizontal and a is the horizontal angle from the mean 
wind vector to the vertical cable plane (measured in a clockwise direction) and: 

N{0, a) = \/sin2 0 + cos2 0 sin2 a (C.3.6) 

Nominal values for conductor aerodynamic damping were also available in van Dyke, P. 
(2007), the aerodynamic damping was found to be in the range of 8aero = 0.95 to 1.98 x 10~2 

for mode 1 and 8aero = 0.27 to 2.02 x 10~2 for mode 2. 

C.3.3 Local damping 

Excessive vibrations, especially the high amplitude ones are necessary to be minimized if 
not suppressed in order to ensure the structural performance of TL. This can be done by 
adding local dampers to increase the damping capacity of the structure in order to better 
dissipate the dynamic energy caused by external disturbances. 

An example of a damper utilized to efficiently reduce certain conductor vibration prob
lem is Stockbridge damper, which is effective to mitigate aeolian vibration, Stockbrigde 
damper works as a tuned mass damper. 

At the present, no local damping is considered in the numerical analysis. Therefore, no 
details on the formulations is given in this section. 

C.3.4 Modelling damping 

In analyzing transient dynamic problems of TL, the inclusion of damping terms could be 
important for certain types of problems. For example, for conductor break in still air, the 
inclusion of aerodynamic may be of limited interest. However, if the TL is exposed to 
turbulent wind, the inclusion of aerodynamic damping terms is a must. Even though the 
damping mathematical model itself is often doubted to be accurate, taking into account 
the damping terms in a numerical model can help in creating a more realistic TL numerical 
model. 

The methods of incorporating certain damping terms in the numerical model largely de
pends on the FE software utilized. If the software is well developed, the user will have 
more options in adding damping terms in the numerical model based on the problem re
quirements. For ADINA, several options to model the damping are available, and based on 
the type of damping that are described in the previous subsection, table C.4 summarizes 
the damping modelling that can be applied to the numerical model. At the present, only 
two types of damping: the structural damping and the aerodynamic damping have been 
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Table C.4: 

Method 

Rayleigh 

damping 

Concentrated 

dampers 

Linear and 

nonlinear springs 

Numerical 

damping* 

Modelling damping in numerical model 

Structural 

damping 

V 

V 

V 

V 

Aerodynamic 

damping 

V 

V 

V 

Local 

damping 

y/ 

V 

Note: *Numerical damping is special for numerical model, 

the purpose is to filter out spurious higher modes that exist 

due to discretization, see section C.5 for more details. 

modelled, the details are given in the following subsections. The additional damper (LCD) 
model will be developed later on, when required. 

C.3.4.1 Modelling structural damping 

C.3.4.1.1 Modelling Rayleigh damping : Due the varied sources of damping, it 
would almost be impossible to define mathematically each of the energy dissipating mech
anisms. Hence, it is usually represented in a highly idealized manner. Also, since it could 
not be defined with certainty, it is not unreasonable to assume that they also remain con
stant with time. One of the widely utilized simplified representation of structural damping 
is Rayleigh damping, which is based on the mass and the stiffness of the structure. 

The Rayleigh damping matrix is expressed as: 

CRayleigh = « M + ft K 0 (C.3.7) 

From here, the damping ratio for the n th mode is written as: 

^n 2w„ + 2 
(C.3.8) 
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The coefficients a and ft can be determined from the specified damping ratio £2 and £_, for 
the i th and the 7th modes respectively. Expressing equation (C.3.8) for these two modes 
in a matrix form leads to: 

— u. 
w, l 

— w, 
(C.3.9) 

These two algebraic equations can be solved to determine the coefficients of a and ft. 
If both modes are assumed to have the same damping ratio £, which is a reasonable 
assumption, then: 

a 

ft 

= £• 

= £ 

2 

wt 

wt 

UJtUj 

+ u3 

2 

+ U)3 

(C.3.10) 

where: Cfiayieigh is the Rayleigh damping matrix; M is the mass matrix; K 0 is the initial 
stiffness matrix; ui is the natural frequency, n defines the; number of mode, i & j define 
the range of natural frequency considered substantial in calculating the damping ratio; a 
& ft are the damping constants; £ is the damping ratio. 

In ADINA, the Rayleigh damping could be applied based on element groups. For TL 
structure, this modelling feature allows the assignment of different damping value for each 
element group. Since TL is composed of supports, conductors, insulators and perhaps 
some other hardware, it would be more realistic to assume that each group has different 
damping value. To do this, a systematic modelling of the TL must be utilized to ensure a 
clear division between element groups. 

To assign different damping values per element group, it is necessary to build separate 
models: one model of the tower and one model of the conductor span. From here, the 
natural frequencies of the individual tower and the individual conductor span are obtained. 
Then, using equation (C.3.10). the Rayleigh damping constants a and ft are calculated. 

The Rayleigh damping calculation by element groups is rather complex. The need to adopt 
this method must be justified based on the problem at hand. Also, it is still a question 
whether the application of Rayleigh damping calculated based on the initial state of the 
structure would be effective for a highly nonlinear system such as TL structure. 

C.3.4.2 Modelling aerodynamic damping 

As summarized in table C.4, the aerodynamic damping could be modelled in ADINA as 
concentrated dampers, as linear or nonlinear spring. 
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At the present, aerodynamic damping modelled for the TL components are calculated 
based on equations (C.3.4) and (C.3.5). The aerodynamic damping value calculated arc 
entered as concentrated dampers on element nodes. This is the simplest method that is 
considered sufficient since the second order terms are ignored. If later on the second order 
terms of the aerodynamic damping is considered necessary, non-linear spring could be 
utilized because this type of element could model the velocity response term in its square 
terms. 

The aerodynamic damping would be calculated for the TL components that are exposed 
to the fluctuating wind. To illustrate the procedure to calculate aerodynamic damping, 
two examples are given below one for cable element, the other is the tower panel section. 

C.3.4.2.1 Example of aerodynamic damping calculation for tower mast : The 
aerodynamic damping value will be calculated for one panel section of a tower mast shown 
in figure C.8 (the dotted lines are for bracing at the adjacent side of the panel section) 
exposed to perpendicular wind; the solidity ratio of the panel is 5 = 0.2; panel length is 
AL = 3 m and it is uniform along the tower mast, width of tower mast is 1 m; air density 
p = 1.2 kg/m3; drag coefficient Cd = 2.9 (according to IEC-60826 (2003) for 5 = 0.2): 
mean wind speed at the node height z = 10 m is U(1Q) — 25 m/s. Using equation (C.3.4), 
the aerodynamic damping value for one panel section is: 

c(10) = 1.2 • 2.9 • 0.2 • 25 • 1 • 3 = 52.20 Ns/m 

Note: In this example, AL = 3 m because the panel section is assumed to be uniform 
along the tower height. Also, if the tower mast has non-uniform bracing pattern (e.g. more 
dense at the top), the solidity ratio must be calculated for every panel that has different 
solidity ratio, for this, the drag coefficient will also differ. 

C.3.4.2.2 Example of aerodynamic damping calculation for conductor : Given 
one non-inclined (levelled) span with perpendicular wind, the span length £ = 650 m; hor
izontal tension H = 25% • Tu = 28.975 kN, for 40 elements for each span, the element 
length £ei = 16.29 m; conductor diameter dc = 20.4 mm; air density p = 1.2 kg/m3; 
conductor drag coefficient Cd = 1.0; mean wind speed at the node height z — 10 in is 
(7(10) = 25 m/s. Hence, using equation C.3.5, the aerodynamic damping calculated for a 
node at z = 10 m is: 

cc = 1.2 • 1.0 • 0.0204 • 16.29 • 25 • 1.0 = 9.97 Ns/m 

with 9 — 0 for levelled span and a = 90 for perpendicular wind, using equation (C.3.6): 
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Figure C.8: One panel section of a tower mast 

Note: For cables, that includes the conductors, ground wires and guy cables, as continuous 
system, they are usually modelled using same length elements, hence, ALC is equal to the 
element length. For detailed modelling or if height difference for each node is significant, 
the mean wind utilized for the aerodynamic damping value must be calculated according 
to the height. 

C.4 Nonlinearity consideration 

To better replicate the prototype TL, nonlinearity must be incorporated in the numerical 
model. How well the actual nonlinearity can be represented in the model depends mainly 
on the software capability. Nonetheless, the degree of nonlinearity to be incorporated need 
to be justified based on the problem to be solved and the availability of detailed data. 

C.4.1 Types of nonlinearity 

C.4.1.1 Geometric nonlinearity 

Due to the inclusion on initial strain in modelling the conductor and the flexibility of the 
suspended conductor, the dynamic problems such as the conductor break or extreme wind 
loading, required to be solved in assuming large displacement oscillation. When this is 
of concern, the kinematics of large displacements and small strain should be utilized. In 
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Figure C.9: Example of tension only stress-strain curve 

ADINA, for this kind of kinematic formulation, the strain measure is the Green-Lagrange 
strains, while for stress, the second Piola-Kirchhoff stresses are utilized. 

Also, it is necessary to assign tension only truss element, like the one shown in figure C.9, 
to ensure the stability of the numerical integration. This type of stress-strain curve could 
be considered as material nonlinearity due to the suppression of compression, but the real 
material nonlinearity, which will be discussed in the next section, is not yet taken into 
account. In this simplified stress-strain curve, the limit of tension is not defined. Based 
on preliminary studies, it is observed that if the maximum tension is not limited, the 
cable could stretch beyond realistic limit due to some extreme loading. Hence, it could be 
concluded that the inclusion of more realistic material nonlinearity is essential. 

C.4.1.2 Material nonlinearity 

C.4.1.2.1 Material nonlinearity for conductors 

To model the transmission line in a more realistic manner, material nonlinearity must be 
included. To add this type of nonlinearity in the numerical model, detailed data must be 
available, either from the codes or literature or from experiments. 

Material nonlinearity is inherent in conductors, it is measured usually in terms of the 
elongation. Principally there are two types of conductor elongation, the one caused by the 
plasticity of the conductor material and the one caused by the change in the temperature. 
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Altongement, % 

Figure C.IO: Stress-strain curves of an ACSR conductor (Asselin, J.M., 2006) 

The elongation caused by the material plasticity is divided into two types: (i) the short 
term or instantaneous elongation and (ii) the long term elongation or creep. An example 
of a stress-strain curve of a composite conductor (aluminium-steel material, ACSR) is 
given in figure C.IO. The effect of temperature is actually a type of loading. If perfectly 
elastic material is utilized, an extreme change of temperature will not cause a permanent 
elongation of the conductor. 

The material nonlinearity of conductor depends on its type: all aluminium, alloy-aluminium 
or aluminium reinforced conductor. Table C.5 is summarized from by Binette, L. (2006). 
In here, it can be observed that different type of conductor correspond to different material 
nonlinearity, loading, span designation and utilization. 

To take into account the material nonlinearity such as the stress-strain curve given in 
figure C.IO, the plastic multi-linear material model must be utilized. For truss element, 
the stress-strain curve description is limited to seven input points (ADINA R&D Inc., 
2004, Theory and Modelling Guide). Therefore, a reasonable simplification of the real 
stress-strain curve must be formulated. 

C.4.1.2.2 Material nonlinearity for towers : For the simplified tower model, where 
the elements are all beam-column elements, the inclusion of material nonlinearity depends 
on the type of the beam element utilized. Material nonlinearity could be added to the 
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Table C.5: Structural and material properties of typical conductors (Binette, L., 2006) 
Name AAC AAAC ACAR ACSR AACSR 

Description All Aluminum- Aluminum Aluminum Aluminum-

Aluminum Alloy Conductor Conductor Alloy 

Conductor Conductor Alloy Steel Conductor 

Reinforced Reinforced Steel 

Reinforced 

Cross-

section 

medium thin to 

medium 

Ultimate 160 to 200 250 to 300 200 to 250 

tension Tu 

(kN) 

Ice loading thin 

capacity 

(thickness) 

Designated very short medium medium 

span 

length 

Plastic large small 

elongation 

capacity 

Thermal large large 

elongation 

capacity 

Utilization Countries N/A 

with no ice 

storm 

200 to 350 300 to 800 

medium to thick to 

thick very thick 

small 

large 

Countries 

with light 

ice storm 

medium 

medium 

long 

small 

medium medium 

Mostly in Crossings 

North and TL 

America with high 

reliability 
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Figure C.l l : Stress-strain curve of steel (http://ocw.mit.edu/) 

numerical model. For circular and rectangular section, nonlinear elastoplastic beam ele
ment could be used with large displacement, small strain kinematic. For non-circular and 
non-rectangular section or user defined section, nonlinear elastic or elastoplastic beam can 
be modelled using moment-curvature beam element. For most utilized tower: lattice steel 
tower, the steel material nonlinearity, shown in figure C. l l could be used. 

C.4.1.2.3 Material nonlinearity for accessories : Insulator could be modelled 
with nonlinear elastic material. This detail could be obtained if experimental result is 
available. Further consideration of this part will be pursued. 

C.4.2 Convergency for nonlinearity 

Convergency is required in static and dynamic implicit nonlinear analysis. It will help the 
structure reaching its equilibrium position due to certain loading case through incremental 
equilibrium, calculated iteratively. 

C.4.2.1 Convergence methods 

There are three available convergency methods in ADINA: the Full Newton. Modified 
Newton and BFGS. 

http://ocw.mit.edu/
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An example of one span conductor incremental loading was analyzed for mid-span in-plane 
loading up to very large loading. It was concluded that Full Newton is the best iterative 
procedure since it is the most powerful. The disadvantage of Full Newton method is that 
it takes longer time to proceed with the calculation per iteration. Nonetheless, the number 
of iterations needed to reach convergence is smaller than Modified Newton or BFGS. 

The following paragraphs give the brief summary of the convergency methods: 

C.4.2.1.1 Full Newton : It is the most powerful, with large computational effort, but 
less iterations, the tangent stiffness matrix is updated for every iteration. It is expressed 
as: 

(+Atj^(i-l) ATJ(I) _ t+Af-p _ f + Atp(i-l) 

(C.4.1) 
t+At-rj(i) _ t+Atjj(i-i) + A(/W 

C.4.2.1.2 Modified Newton : It requires less computational effort, it could be ef
fective in transient dynamic analysis, more iteration could be necessary as compared to 
Full Newton method, the stiffness matrix is only updated when required, which is based 
on an accepted equilibrium configuration. The equations to use: 

T K A U W = t+AtK - '+ A i F ( l - : i ) 

(C.4.2) 
t+Atjj(i) = t+AiTj(t-l) + £jj(i) 

with the initial conditions (+A tF ( 0 ) = *F; ( + A 'U (°) = fU and r corresponds to one of the 
accepted equilibrium configurations at times 0, At, 2At,.. ., or t. 

C.4.2.1.3 Broyden-Fletcher-Goldfarb-Shanno (BFGS) : The effectiveness is in 
between Full Newton and Modified Newton. It is effective for transient dynamic analysis 
and it provides an approximation of the secant matrix from iteration (i — 1) to (i). 

The iterative procedure are as follows: 

t+Atj£*(i-l) ATjM = * + A t R — t+A'p(*-l) 
(C.4.3) 

t+A«jj(t) _ t+At-rj(t-l) + o(x) AXJ(I) 

where (i) is the number of iteration and ft^ is an acceleration factor obtained from line 
search in the direction U ^ such that: 

1 J < S T O L (C.4.4) 
AUWT[ t + A tR -t+At F(^J) 
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Modified Newton and BFGS are considered effective for transient dynamic analysis. The 
line search could also be applied to Full and Modified Newton approach. 

Note: The iterative procedure with line searches (equation (C.4.4)) in ADINA is necessary 
to be set. Usually the effect between using and not using line searches is more obvious 
when dealing with static problems. Also, ADINA will stop running if convergence is 
not reached at certain points if the iterative procedure is not used. However, it would 
be preferable to set this iterative procedures to a certain degree of accuracy, that would 
indeed be necessary to find out further the sensitivity of the response upon this setting. 
Full Newton method is the most powerful of the three methods provided in ADINA, it can 
handle problems that could not reach convergence by using the other two types of iterative 
procedure (a problem of incremental static loading of one span conductor was analyzed 
up to very high load, it was concluded that Full Newton worked best). Nonetheless, for 
nonlinear transient dynamic analysis, the use of BFGS could also be effective (see section 
7.4.3 ADINA R&D Inc. (2004, Theory and Modelling Guide)). 

C.4.2.2 Convergence criteria 

For an effective use of the iterative procedure defined previously, realistic criteria should 
be utilized for the termination of the iteration. At the end of each iteration, the solution 
calculated must be checked to see whether it has converged within the prescribed tolerances 
or diverged. The value of the tolerances must be set accordingly for sufficiently accurate 
result without too much computation effort. Also, the criteria must be chosen so that it 
will solve the problem effectively when the convergence is achieved. 

The convergence criteria utilized in ADINA is based on: displacement, force, energy, 
energy & displacement, energy & force. 

C.4.2.2.1 Displacement convergence : For translation configuration at time t + At, 
it is necessary to require that the displacement at the end of each iteration be within a 
certain tolerance from the real translation solution. 

Displacement convergence criteria for the translational degrees of freedom is: 

II A U « ||2 

DNORM 
< DTOL (C.4.5) 

Displacement convergence criteria for the rotational degrees of freedom is: 

II AUW ||2 

DMNORM 
< DTOL (C.4.6) 
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C.4.2.2.2 Force and moment convergence : In this criterion, the displacement 
term does not enter the termination criterion. 

Force and moment convergence criteria for the translational degrees of freedom is: 

| | '+A< R __ M t+AtTT(t-l) _ /~.t+AfTj( '-l) _ M-Atp(i-l) II 

1 RNORM " 5 R T ° L ( C 4 - 7 ) 

Force and moment convergence criteria for the rotational degrees of freedom is: 

\\t+*t r> _ * /p+A«f j ( i - l ) _ (~it+AfTj(i-l) _t+At p ( i - l ) || 
11 1£ < RTOL (C.4.8) 

RMNORM 

C.4.2.2.3 Energy convergence : In this criterion, the force and displacement terms 
are both utilized. This will help to ensure that the solution obtained a good convergence 
from both terms. 

Energy convergence criterion for all degrees of freedom: 

A U ( * ) T [ t + A f R - M t + A t U ( i - 1 ) - C t + A t U ( i _ 1 ) - ( + A t F ( ' _ 1 ) ] 

A U ( l F [ t + A f R _ t F ] 
< ETOL (C.4,9) 

In the present study, the convergence based on energy and displacement was chosen. 
Because for the type of loading of interest (wind loading, or harmonic loading) where 
large amplitude oscillation of the cable/conductor is likely to happen, it is important to 
have two criteria of convergence, those are the energy and the displacement. 

Using only the energy method, it will not converge for problem involving large amplitude 
displacement because when the energy convergence is satisfied, the displacement may still 
be far from convergence. For other type of problems, where changes in displacement is 
not large but the changes in force is large, the use of energy and force convergence would 
be more effective. 

C.5 Transient dynamic analysis using implicit method 

As mentioned earlier, explicit method will not be utilized in this study. Implicit method is 
unconditionally stable for linear dynamic system. The choice of time step must be made 
wisely, depends on the type of the structure. Usually, it is recommended that the time 
step used is approximately 1/10 of the lowest global period that was considered important. 
This rule roughly applies too on nonlinear dynamic problems. 
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The general equation of motions in solving with implicit method is: 

M f + A t U + C t + A t U + <KU = < + A i R - ( F (C.5.1) 

Iterative procedure based on the chosen convergence criteria has to be utilized to help the 
system to reach equilibrium at each incremental time step. It, is to note that compared to 
non-linear static analysis, the convergence of a dynamic analysis is much faster, because the 
inertia forces tend to smooth out the effect of the geometric and/or material nonlinearities. 

C.5.1 Types of implicit methods 

Types of implicit methods mostly utilized and available in ADINA will be defined here. 

C.5.1.1 Newmark-/? 

This method could be considered as the most utilized numerical integration method, es
pecially to solve linear dynamic problems. 

The equation of motions as defined by equation (C.5.1) can be solved with the following 
assumptions (Bathe, K.J., 1996): 

t+At-rj = *u + [^ _ S) tjj + 5 t+A<u] A* (C.5.2) 

i+Atu== t u + <TJAt + i - a ) 'U + a ' ^ ' U At2 (C.5.3) 

where a and 6 are the parameters to obtain the integration accuracy: 
- 5 = 2 a nd a — | : tinear acceleration method, this is similar to explicit method, condi

tionally stable for At < 0.551T/; 
- <5 = | and a = \: average acceleration method; 
- 8 — 0.6 and a = 0.3025: introduces numerical damping. 

C.5.1.2 Wilson-^ 

In this method, a linear variation of acceleration from time t to t + At is assumed. 

The algorithm utilized is (Bathe, K.J., 1996): 

Mt+eAtXJ + Ct+eAt£l + Kt+0AtXJ = l+eAtR (C.5.4) 
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where: 
t+eAtR = 'R + 0 (t+AtR - (R) (C.5.5) 

- 0 = 1.0 is equal to linear acceleration method; 
- 0 > 1.37 provides unconditionally stable algorithm and introduces numerical damping, 

usually 9 = 1.4 is utilized. 

C.5.2 Sinusoidal dynamic loading 

To check the adequacy of the numerical integration methods, simplified dynamic sinusoidal 
in-plane and out of plane concentrated loading at mid span, also distributed loading were 
studied. The method utilized is Newmark-/3 average acceleration method with Full New
ton iterative procedure for energy and displacement convergence. Parametric studies by 
varying the load magnitude and the frequency magnitude were pursued to get a basic 
estimate on how the cable will behave under extreme wind loading. 

The problem presented here was one simple span conductor Bersfort ACSR with the same 
data as given in section C.2.5.1, discretized in 80 elements, with structural damping ratio 
for mode 1 and mode 10, set to be £i = £i0 = 0.1 %, formulated with Rayleigh damping. 

C.5.2.1 Varied excitation frequency 

The mid-span node vertical peak-to-peak in-plane displacement amplitude at steady-state 
due to varied excitation frequency is shown in figure C.l2, while the case of out-of-plane 
mid-span sinusoidal loading is given in figure C.13. These figures show the plotting be
tween mid-span displacements at steady state vs. the excitation frequencies. The peaks 
observed in the figure happened when the excitation frequency matches one of the lowest 
in-plane symmetrical modes. The result showed that from varied frequency excitation, one 
frequency for every analysis, the first corresponding mode have the largest amplitude in 
the response. This will help in verifying the response due to random wind loading where 
the frequency content varies and excite the structure at the same time. 

C.5.2.2 Varied loading magnitude 

By analyzing the mid-span concentrated sinusoidal dynamic loading at fixed excitation 
frequency LU = uiXip = 2.1078 rad/s which correspond to the 1st in-plane symmetric mode 
for the in-plane case and ID — UIXOP — 0.8660 rad/s the effect of geometric nonlinearity 
could be observed from the increasing response that show rather nonlinear curves, sec 
figures C.14 and C.15. 
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Figure C.12: In-plane peak-to-peak displacement of mid-span with P = 100 • sin (art) 
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Figure C.13: Out-of-plane peak-to-peak displacement of mid-span with P = 100 • sin(art) 
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C.5.3 Comparing different implicit methods 

It is good to introduce numerical damping into the numerical algorithm to filter out the 
higher spurious modes. Nonetheless, the amount of numerical damping must be justified. 
Too much numerical damping will give poor accuracy to the lower modes contribution 
and also does not represent the real structural response characteristic. The excess of 
numerical damping will not affect much in short duration dynamic analysis. However, 
for long duration analysis, this would be an important issue. It is therefore necessary to 
know the numerical damping characteristics for different numerical integration schemes 
for the dynamic problem of interest. The studies to compare the effectiveness of numerical 
integration schemes have been done, for example by Xie, Y.M. (1996); Bornemann, P.B. 
et al. (2002). However, their problem of interest were nonlinear single degree of freedom 
problems. Hence, even though they provide some guidelines, the application on multi-
degree of freedom (MDOF) problem must be taken with caution. 

To understand better the comparison between different implicit schemes, three implicit 
methods, two using Newmark-/? algorithm and one using Wilson-0 method, were analyzed. 
These options are made because these are the available implicit methods in ADINA. 

The three implicit methods are: 
- Newmark-/? (8 = 0.5, a = 0.25) known as the average acceleration method ; 
- Newmark-/? (<5 = 0.6, a = 0.3025) this method introduces numerical damping in the 

algorithm; 
- Wilson-# (0 — 1.4) this method introduces numerical damping in the algorithm.-
The comparison was made for solving mid-span concentrated sinusoidal loading with the 
same conductor data as the one given in the previous subsection. The in-plane loading 
function is P = 500 • sin(1.5T) N. 

Part of the time history response of the mid-span node are given in figures C.16 and C.17. 
The results showed that even though at transient state, the response from these three 
methods are very similar, especially for the first 5 seconds, see figure C.16, Newmark-/? 
(8 = 0.6, a = 0.3025) and Wilson-^ provided excessive amount of numerical damping at 
steady state, see figure C.17. While from these two methods that introduce numerical 
damping, Newmark-/5 (8 = 0.6, a = 0.3025) seemed to provide more numerical damping 
than the Wilson-# method. 

The example was based on simple sinusoidal loading function. Also, since it is only based 
on one loading case, it could be not very conclusive. However, this result could provide help 
in deciding whether an certain implicit method is appropriate for long duration turbulent 
wind analysis. From this example, it can be concluded that Newmark-/^ (6 = 0.6, a = 
0.3025) and Wilson-^ (0 = 1.4) should be utilized with caution for long duration analysis 
because it contains rather high amount of numerical damping in its algorithm, hence it 
will underestimate the structural response at steady state. 

More detailed analysis to compare the effectiveness of various implicit numerical approach 
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in solving nonlinear dynamic problem of MDOF system is therefore necessary. The aspects 
of convergence should be regarded with more attention. The comparison between the 

Tlme(e) 

Newmark-bela (d8lta=0 5, alpha*0 25) Newmark-beta (deK»=0 6. alpha=0 3026) - - - Wilson-lhela (thela=1 4) 

Figure C.16: Comparison between 3 implicit methods in transient state 

Timet*) 

- Newmark beta (delta=0 5. alpha=0 26) Newmark-beta (delta=0 6, alpha=0 3026) - - Wilson-lhela (thela=1 4) I 

Figure C.17: Comparison between 3 implicit methods in steady state 
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Rayleigh damping model and the use of direct numerical damping would also be in the 
interest. This is important because so far, when Newmark-/? average acceleration method 
is used, since it introduces no numerical damping, usually the Rayleigh damping is utilized 
to replace the numerical damping. Also, the effect on different cases of loadings would be 
of great interest. One thing to note is that the types of methods that could be verified 
depend largely on the available FE program. Since what we have right now is only ADINA, 
the comparison could only be made between Newmark-/? and Wilson-0. The H H T - Q , a 
method that becomes more popular these days could not be compared at the present. 

From the discussion given in this example, it could be concluded that the use of numerical 
integration method must be justified according to the problem needed to be solved. The 
influencing aspects must be studied more in details. 

C.6 Postprocessing for analysis 

The postprocessing is an important part in the dynamic study of TL for the purpose of 
result analysis. At the present study, the postprocessing rely not only on ADINA. The 
use of other supporting programs are found to be essential too. 

C.6.1 Directly with ADINA 

Some of the postprocessing that are helpful in the present study and can be done directly 
with ADINA are: 

1. Reaction of the supports: this could help in verifying the convergence of the struc
tural response; 

2. Shear and moment diagram: this could help in identifying which part of the structure 
that will likely to experience the earliest rupture; 

3. Fast Fourier Transform (FFT) important to analyze the structural response due to 
random loading. Single frequency excitation might excite several natural frequency 
that has certain relation. Multiple frequency such as the wind loading will excite 
quite a number of natural frequencies. 

C.6.2 Using the help of other program 

To plan a numerical study that consist of large scale model for several series of analysis 
in transient dynamic, it is crucial to think in advance of how to proceed the study in an 
efficient and effective manner. ADINA is a multi-purpose FE program, its main attraction 
is its strength in the non-linear dynamic analysis. For the post-processing part, this 
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program offers quite a number of choice: plotting the time history, reactions, FFT analysis. 
Nonetheless, it is rather limited to one run of analysis. Comparison between several 
different runs could not be done directly. Also, if some statistical properties of the response 
is of interest, ADINA does not provide it. The results such as the time histories could be 
exported in the form of text file. 

The two programs mostly utilized to help the post-processing of ADINA results are Mi
crosoft EXCEL and Matlab. Since the text file produced by ADINA is not directly read
able by EXCEL, a program that transfers data from ADINA to EXCEL was created to 
ensure fast and systematic postprocessing. The type of post processing done by EXCEL 
are: plotting graphic of comparison between several different runs and to calculate the 
statistical properties of the structural response. 

In finding the failure mechanism, with a large model and the long period of analysis it 
could become prohibitive to keep all of the structural response for the analysis process. 
Hence, it is crucial to find an efficient and effective method in order to capture all of the 
important characteristic of possible cascading failure. 

C.7 Summary of methodology for transient dynamic 

analysis of TL 

The ability to create numerical model of overhead transmission line in an efficient and 
systematic way has been obtained. From the preliminary studies and the worked examples, 
the confidence to pursue more complex analysis such as wind random loading, is gained. 
The next step is to incorporate material nonlinearity in the numerical model and more 
complete climatic loadings. 

In short, the methodology to pursue a transient dynamic analysis of TL model are: 

1. Define the geometry of the the TL section to be studied and loading data; 

2. Assemble the model, define damping properties; 

3. Do some preliminary analyses to see if the model is correct: (i) dead load analysis: 
(ii) cases of static loadings; (iii) eigenvalue analysis; 

4. Do the transient dynamic analysis with the chosen integration method and param
eters. 
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Annexe D 

Additional mode shapes from 

Chapter 4 

Figure D 1 Two-phase guyed tower first out-of-plane conductor mode shape, 

fcond(lop) = 0.12 Hz 

209 
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Figure D.2: Two-phase guyed tower: first in-plane conductor mode shape, fCOnd{lip) = 

0.34 Hz 

Figure D.3: Two-phase guyed tower: second transverse tower mode shape, ftowi^r) = 

2.81 Hz 
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Figure D 4 Three-phase guyed tower second transverse tower mode shape, ftowilr) — 

1 72 Hz 

Figure D 5 Three-phase guved tower second transverse tower mode shape, ftou-i^i) — 

2 74 Hz 
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April 29-M«v 2. 2009 Austin. Texas 
Home > SEI Draft Schedule > 

SEI Draft Schedule: Thursday | Friday | Saturday | All Days 

View Sessions by Author 

SEI Draft Schedule 

Design and Analysis of Bridges 

Moderator: Dennis R. Mertz - University of Delaware 
Track: Bridge & Transportation Structures 
Date: Thursday, April 30, 4:00 PM-5:30 PM 

A Novel Approach to Analyze Existing Bridges Efficiently 
See the Abstract 
Necati Catbas-Presenter, Burak Gokce 

LARGE-SCALE LABORATORY WAVE FLUME EXPERIMENTS ON HIGHWAY BRIDGE SUPERSTRUCTURES EXPOSED 
TO WAVE FORCES 
See the Abstract 
Christopher Bradner, Christopher Higgins, Daniel Cox, Thomas Schumacher-Presenfer 

Numerical Investigation of River Ice-Bridge Pier Interaction 
See the Abstract 
Feng Xiong-Presenter, Gang Xu 

Three-dimensional wind correlation: Estimations from in-situ measurements 
See the Abstract 
Ferawati Gani-Presertfer, Louis-Philippe Parent, Frederic Legeron, Stoyan Stoyanoff, Pierre Van Dyke 
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Honorary Chair's Welcome 

As Honorary Chair of the Canadian Society for Civil Engineering Conference 2011,1 welcome you to our conference in your 
nation's capital' Engineers have a pivotal role in shaping national and international policies that influence sustainable cities 
and development How' Whether it is through better design, better planning or developing new techniques to maintain our 
existing civil infrastructure, engineers are directly involved in creating sustainable solutions. Our conference theme, 
"Engineers - Advocates for Future Policy", provides the opportunity for us to come together to hear how engineers are 
working to shape policies. See you in Ottawa1" 

Marie Lemay 
CEO 
National Capital Commission 
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Chair's Welcome 

On behalf of the Local Organizing Committee, I am delighted to invite you to attend the Annual Conference of the Canadian 
Society for Civil Engineering in Ottawa from June 14-17, 2011. The conference will be held at the Westm Hotel in downtown 
Ottawa The theme of the conference, "Engineers - Advocates for Future Policy", will provide a broad forum for the 
presentation and discussion of the role of engineers in shaping national and international policies in all areas of civil 
engineering In addition, the Construction, Hydrotechnical, and Mechanics and Matenals Divisions will all hold specialty 
conferences. 

Situated at the heart of the National Capital Region, Ottawa is nch in culture, history and recreational opportunities Over 
one million people live and work on both sides of the Ottawa River and the conference site is just steps from the Rideau 
Canal - a UNESCO World Hentage Site. In addition, the region is known for its many cycling and walking paths, hiking in the 
beautiful Gatineau Park and the vibrant Byward Market. 

A varied presentation format is designed to encourage participation from both the public and pnvate sectors. Distinguished 
keynote speakers, an industrial exhibition and several practical professional development courses will be highlighted. As 
well, there will be engineering tours to local sites of special interest. Our social evening will feature a unique "capital" dining 
and entertainment experience. We look forward to welcoming you in Ottawa from June 14-17, 2011 

Mark you calendars now' 

Linda Newton, CD, PhD, MCSCE 
Chair, CSCE Ottawa 2011 
Defence Construction Canada 
161 Launer Ave W, Suite 301 
Ottawa, ON, KIP 5J3 
Tel 613-949-5861 
E-mail lindd newton^gxicc cdc gc ca 
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Extracted f rom: http://www.csce.ca/2011/annual/Technical-Program 

1. General Conference 

The objective of the conference is to provide a forum for the presentation and discussion of recent 
developments in all areas of civil engineering and an opportunity for national and international delegates 
from the industry as well as research and academic institutions to interact and share views, learn about 
new and innovative technologies in the different areas of civil engineering. In view of the conference 
theme, a special invitation is being sent out for papers relating to how engineers can play a larger role in 
setting policies for continuous infrastructure renewal and sustainable design. Submission of papers is 
invited on the following topics: 

• geotechnical engineering 
• structural engineering 
• environmental engineering 
• transportation engineering 
• policy making: infrastructure renewal, sustainable design, climate change & mitigation, public 

security 

In addition, the submission of papers on one or more of the following is also encouraged: 

• case studies 
• civil engineering history 
• codes of practice 
• cold and arctic regions engineering 
• emerging technologies 
• geomatics and remote sensing 
• municipal engineering 
• information technologies and computer applications 
• climate change mitigation measures 

Technical Program Chair 

Dr Roberto M. Narbaitz, P.Eng. 
Department of Civil Engineering 
University of Ottawa 
Email: narbaitz(Siuottawa.ca 

Tel: 613-562-5800 ext 6142 

http://www.csce.ca/2011/annual/Technical-Program
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Ferawati Gani 
Curt iculum vita. 

Coordonnees 

Depaitement de genie civil, 
2500 boul de I'Umversite, 
Sherbrooke, Quebec, J IK 2R1 
Tel 819 446-4588 
ferawati gani@usherbrooke ca 

Specialites 

Education 
2006-present 

2002-2004 

1997-2001 

Experience 

2009-present 

2008-2009 

2005-present 

2006-2008 

2005 

2003-2004 

clement-fini interaction vent-structure , lignes aeriennes de transport d'energie electriquc , 
dynamique transitoire, simulation de vent numerique, pylone haubane, mesure de vent 
in situ , dynamique des cables, charpente metalhque, structure de concentrateur solaire, 
essais en souffierie 

Doctorat es sciences appliquees (Ph D ) speciahte en genie civil 
Chaire de recherche HQT/RTE sur les lignes de transport d'energie electrique 
Universite de Sherbrooke, QC 
These Reponse dynamique des structures sous charges de vent 
Directeur de recherche Frederic Legeron 
Date d'echeancier tres bientot 

Maitrise es sciences appliquees (\1 Sc A ) speciahte en geme civil 
Universite d'Ottawa, ON 
These Parametric excitation of stay cables (selectionnee pour le pnx de these) 
Directeur de recherche Hiroshi Tanaka 

Baccalaureat es sciences appliquees (B Sc A) speciahte en genie civil 
Universitas Tarumanagara, Jakarta, Indonesie 

Speciahste en structure (temps partiel) - Legeron St-Georges, Sherbrooke, QC 
Aider a conceptualiser 1'ingenierie preliminaire des ponts ferroviaires, elaborer le design 
des structures de support de concentrateur solaire, developper le design des tours hauba-
nees des hauteurs jusqu'a 100 in, pour la prise de mesure du vent optinnser des structures 
de tours eohennes 

Professeure temporaire en structures - Universite de Moncton, NB 
Enseigner des cours en structures a des etudiants de 3 f eme et 4 6 m e annee en genie civil 
(concepts et analyses des structures, charpentes metalliques) et a des etudiants de 2 e m o 

cycle en genie (introduction aux methodes d'mgemerie 2) 

Assistante de recherche - Universite de Sherbrooke (LdeS) QC 
Superviser des travaux des stagiaires, aider des nouveaux etudiants dans leurs chetni-
noments d'etudes en methodes numeriques, parliciper, presenter et aider a organiser les 
colloques annuelles de la chaire 

Auxihaire de cours de Structures de lignes aeriennes electriques - UdeS 
Aider a elaborer des problemes de devoirs et d'exatnens , ainsi que les cot nger , annuel 
des sessions d'exercises, encadrcr des etudiants 

Ingemeure junior - Buckland & Taylor Ltd Vancouver, CB (hiver) 

Assistante de recherche - Universite d'Ottawa, ON 
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P u b l i c a t i o n s F Gam et F Legeron (2010) « Dynamic response of transmission lines guyed towers 
under wind loading » Revue canadienne de genie civil, 37(3), p 450 - 464 

F Gain et F Legeron « Influence of nonlinearity on the response of smgle-degiee-of-
freedom systems under extreme wind » bientot soumis a la revue Journal of Wind 
Engineering and Industrial Aerodynamics 

Articles dans des comptes rendus de conferences 

F Gani et F Legeron « Ductility of single-degree-of-freedom system under extreme wind 
loading », Eurodyn 2011 8 t h International Conference on Structural Dynamics, Leuven, 
Belgique, 4 - 6 juillet 2011, 8p 

F Gam, F Legeron et R Norman « Refinement of design for a parabolic truss structure 
for solar concentrating photovoltaic tracker system », Assemblee generale annuelle et 
congres SGCC 2011, Ottawa, ON, 14 - 16 jum 2011, lOp 

S Langlois F Gain et F Legeron (2010) « Wind loading on transmission line conductors 
comparison between industry documents, field measurements and advanced methods », 
EDM International Confeience on Overhead Lines Design, Construction, Inspection, and 
Maintenance, Fort Collins, CO, E-U, 29 mais - 1 avril 2010, p 219 - 233 

F Gam, F L&geron et M Ashby (2009) « Turbulent wind loading studies on transmission 
line structures », 2009 Electrical Transmission and Substation Structures Conference, Fort 
Worth, TX, E-U, 8 - 1 2 novembre 2009, p 423 - 434 

F Legeron et F Gam (2009) « Dynamic wind effects on transmission line structures », 
International Seminar on Modeling and Identification of Structures Subjected to Dynamic 
Excitation Emphasis to Transmission Lines Bento Gontjalves, Brezil, 12 - 14 juillet 2009, 
lOp 

F Gam, L -P Parent, F Legeron, S Stoyanoff, et P Van Dyke (2009) « Three dimensional 
wind correlation Estimations from in-situ measurements », ASCE Structures Congress 
'09 Austin, TX, E-U, 29 avnl - 2 mai 2009, p 58 - 67 

F Gam et F Legeron (2007) « Dynamic analyses of guyed towers for transmission line 
structures Wind loading and parametric excitation », 7 t h International Symposium on 
Cable Dynamics, Vienne, Autnche, 10 - 13 decembre 2007, CD-ROM 8p 

M Ashby, F Gam et F Legeron (2007) « Spatial correlation of turbulent wind loading 
on overhead-line crossing », 7 t h International Symposium on Cable Dynamics, Vienne 
Autnche, 10 - 13 decembre 2007, CD-ROM 8p 

Bourses bourse de la chaire H Q T / R T E , bourse industrielle MITACS-FQRNT 

Logiciels ADINA, Matlab, SAP 2000 SAFI, ANSYS, Latex, MS Office, C I t , AutoCad 

Aptitudes linguistiques 

anglais, frangais et bahasa Indonesia 

Sur le site-web 

ht tp ' 'www audeladeshgnes com 'reseau-transport-electncite-quebec-epreuves-grand-froid-
4920 

ht tp //audeladeshgnes tumblr com post/998054959 rcncontre-avcc-une-etudiante-en-thesc-
de-doctorat 

Sherbrooke, 4 avnl 2011 
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