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ABSTRACT

The majority of transmission line failures that have occurred in the past have been 

attributed to High Intensity Wind (HIW) events in the form of tornadoes and downbursts. 

A numerical model is developed in the current study to assess the performance of 

transmission lines under tornado wind loads. The tornado wind field used in the study is 

based on a Computational Fluid Dynamics (CFD) analysis that was developed and 

validated in a previous study. Using field measurements, the CFD data is used to estimate 

the wind fields for F4 and F2 tornadoes. A three-dimensional nonlinear finite element 

model is developed, and includes a simulation for the towers and the lines. The wind 

forces associated with the tornado fields are calculated and later incorporated into the 

numerical model. A comparison is carried out between the forces in the members 

resulting from both the F4 and F2 tornado wind fields, and those obtained using 

conventional design wind loads. The study is further extended to represent the first 

comprehensive investigation that assesses the effect of varying the relative location of the 

tornado to the tower on the structural performance of the transmission line system. The 

structural behaviour of the tower under the critical loading cases is described. The 

nonlinear numerical model is also modified to assess the dynamic behaviour of the 

transmission line system resulting from the translation motion of the tornado. Dynamic 

analysis is performed using two different tornado paths. The study reveals the importance 

of considering tornadoes when designing transmission line systems.

KEYWORDS: tornado, finite element, transmission line, transmission tower, wind load, 

dynamic analysis, free vibration.
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1

CHAPTER 1 

INTRODUCTION

1.1 General

Electricity plays a vital and essential role in our daily life. Almost all business and 

activities depend on having a reliable source of electricity. Transmission lines are 

responsible of carrying electricity from the source of production to the end users. Failure 

of transmission lines can have devastating social and economical consequences, so it is 

imperative to understand how failure occurs, and how to prevent it. The structural 

components of a transmission line system are the towers, the conductors, the ground 

wires, and the insulator strings. The main characteristic of the towers is that they are 

always slender and flexible, which makes them vulnerable to strong wind loads.

Fig. 1-1 Self-supported Transmission Tower Structures
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With respect to structural behaviour, transmission towers can be classified as either self- 

supported or guyed towers, which depends on how they are attached to the ground. Fig. 

1-1 and Fig. 1-2 show skeletons of self-supported and guyed towers, respectively. Self- 

supported towers are most commonly used, however, guyed towers are more economical. 

Both types are typically made of steel. Conductors are attached to the towers via 

insulators strings. For lightning protection, the ground wires are attached directly to the 

top of the towers. The current study focuses on the guyed transmission towers.

1.2 Background

More than 80% of all weather-related failures of transmission line systems are believed to 

be related to High Intensity Wind (HIW) events like tornadoes and downbursts (Dempsey 

and White 1996). Li (2000) reported that 90% of transmission line failures in Australia 

are caused by HIW events. Ishac and White (1994) reported that of all the populated
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areas in Canada, southwestern Ontario experiences the highest rate of tornado incidences, 

about two tornadoes per 10,000 (km2) every year, and most of transmission line failures 

in this area are caused by tornadoes. 92% of these tornadoes were F2 or less on the Fujita 

scale. Despite these facts, the codes of practice, design guidelines, and utilities design 

methodologies are based on the loads resulting from large-scale synoptic events with 

conventional boundary layer wind profiles. Conventional wind profiles are characterized 

by a monotonic increase in velocity with height, which is different than wind profiles 

attributed to tornadoes where the maximum wind speed occurs near the ground. In 

addition, a significant vertical wind component exists in the tornado wind profile. The 

complexity in analyzing transmission line structures under HIW arises from the fact that 

tornadoes are very localized events with relatively narrow path width. Due to the 

localized nature of tornadoes, the forces acting on the tower and the conductors vary 

based on the location of the event relative to the tower. The behaviour of the lines is quite 

complicated. As a result, the ASCE No.74 guideline (1991) recommends that the tornado 

loads on the lines should be neglected because of such complexity. However, the 

probability of transmission lines being crossed by a tornado is high as reported by Ishac 

and White (1994).

Tornadoes are rotating wind vortices with high wind speeds affecting relatively narrow 

paths as defined by Fujita (1981). They originate from convective clouds that generate 

rotating columns of air (Twisdale 1982). Fujita scale (Fujita and Pearson 1973) is the 

most widely tornado scale used now. The scale categorizes the tornadoes between F0 to 

F5 based on maximum wind speed, path length, path width, and damage. The size and 

intensity o f tornadoes cannot be measured in the field by traditional recording stations
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due to the severity and the localized nature of these events. Photographic analysis using 

videos of moving objects in tornadoes, Doppler radar, and damage investigations are the 

only available methods to estimate the tornado wind speeds (McCarthy and Melsness 

1996). This explains the lack of full scale data for tornadoes in the literature. Recently, 

field measurements were recorded by Wurman (1998) and were introduced by Sarkar, et 

al. (2005) for the 1998 Spencer South Dakota F4 tornado and by Lee and Wurman (2005) 

for the 1999 Mulhall F4 tornado. Doppler radars are used to obtain the tornado field 

measurements but the recorded data is not very accurate for the near ground region. 

Laboratory simulations of tornadoes are used to obtain the behaviour in the near ground 

region and to provide characteristics about the tomado-like-vortices phenomena. The first 

laboratory attempts were made by Ward (1972) by developing the Ward-type simulator. 

Tornado simulators were developed over time and led to the creation of Tornado Vortex 

Chambers (TVC), which provide a good simulation of the characteristics inside a 

tornado. However, the results from the laboratory simulation are sensitive to the applied 

boundary conditions. Numerical simulations can be done using fluid dynamic software 

which provides a good assessment of the flow field near the ground.

The tornado wind field used in this study is obtained from a three-dimensional 

Computational Fluid Dynamic (CFD) simulation conducted by Hangan and Kim (2008). 

Hangan and Kim (2008) studied the swirl ratio effect on tornado vortices in the relation 

of Fujita scale, where, the swirl ratio is the ratio between the tangential and radial 

velocity at the computational domain boundaries. The CFD simulation was conducted 

using the commercial program FLUENT (FLUENT Inc. 2005). The simulations of 

tomado-like vortices included the formation of a laminar vortex at low swirl ratio,
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followed by turbulent vortex breakdowns and vortex touch downs at higher swirl ratio 

values. The simulation was initially conducted using a swirl ratio S = 0.28. This is the 

same swirl ratio applied in the experimental program conducted by Baker (1981) using a 

Ward-type vortex chamber. The results of the CFD analysis with S = 0.28 were validated 

by Hangan and Kim (2008) through a comparison with Baker’s experimental results. The 

numerical analysis was then extended by Hangan and Kim (2008) by considering values 

of S = 0.10, 0.4, 0.7, 0.8,1.0 and 2.0, respectively. An extensive study was conducted by 

Hangan and Kim (2008) to estimate the proper swirl ratio that should be applied to the 

numerical model in order to obtain good matching between the numerical results and the 

F4 tornado field measurements. Hangan and Kim (2008) introduced a geometry scale and 

a velocity scale which can be applied to CFD results to develop velocity fields simulating 

F4 tornadoes. No field data measurements are available in literature for F2 tornadoes. 

This is despite the fact that 86% of categorized tornadoes are associated with F2 

tornadoes or less as stated by the ASCE No. 74 guidelines (1991). In the current study 

procedures are employed to estimate a velocity field for F2 tornadoes from the CFD data. 

Many research studies and hydro companies conducted valuable research in the area of 

the transmission line behaviour under wind loads. The majority of the research was 

focused on assessing the response of transmission line components separately to large 

scale boundary layer wind events. Very few attempts have been made in the literature to 

investigate the behaviour of transmission line systems under HIW events. The modelling 

and assessment of the behaviour of transmission lines under downburst loading was 

conducted by Shehata, et al. (2005) and Shehata and El Damatty (2007). In this study, a 

three-dimensional finite element model simulating the towers and a two-dimensional
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model simulating the conductors were developed to assess the structural performance of 

transmission towers under downburst loading. An extensive parametric study was 

conducted in the same investigation to evaluate the critical downburst loading cases and 

downburst parameters. The study was extended later to investigate the structural 

performance of the tower under these critical downburst loading cases. The failure of a 

transmission tower during a downburst event, which occurred in Manitoba, Canada in 

1996, was assessed by Shehata and El Damatty (2008). In this study, a numerical scheme, 

which included a failure model, was developed to study the progressive collapse of the 

guyed tower. Shehata, et al. (2008) extended the numerical model by including an 

optimization routine. This model is capable of predicting the critical downburst 

parameters and the corresponding forces. The failure of a self supported lattice tower 

under modelled tornado and microburst wind profiles was investigated by Savory, et al. 

(2001). The mathematical dynamic tornado wind model used in this study is based on the 

model developed by Wen (1975) where the tornado force can be obtained per unit height 

of the obstacle at any given time. Only the horizontal wind profile corresponding to F3 

tornado on the Fujita scale was used in the analysis without considering the vertical 

component of the tornado wind. The turbulence component associated with the tornado 

and the downburst wind loading was neglected. The tower members were modelled as 

three-dimensional truss elements. The dynamic analysis was done for the tower alone 

including the self weight of the towers and the conductors, without modelling the 

transmission lines. The structure’s response showed initial quasi-static response before 

failure under excessive tornado wind loads. The failure observed in this study under 

tornado loads was a shear failure, which is similar to field observations. Very little
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research is available in the area of the dynamic response of transmission structures under 

tornado winds. Loredo-Souza and Davenport (1998) investigated experimentally in wind 

tunnels the transmission line failures in strong wind events. The experimental work 

compared successfully with the theoretical predictions obtained from the statistical 

method using influence lines. The study shows how the dynamic behaviour of the lines is 

affected mainly by the value of the aerodynamic damping which can be as high as 60% of 

the critical damping. The aerodynamic damping is directly proportional to the wind 

velocity and inversely proportional to the line mass. The study concluded that the 

background response is indeed the main contributor for the total fluctuating response, 

however, the resonant component can be also important depending on the line 

characteristics and wind velocities which may lead to smaller value of the aerodynamic 

damping. Therefore, the study proves the importance of turbulence in the dynamic 

response o f the lines and shows the important role of the aerodynamic damping. Darwish, 

et al. (2009) modified the two-dimensional nonlinear finite element model of the 

transmission lines developed by Shehata, et al. (2005) to study the dynamic 

characteristics of the conductors under turbulent downburst loading. The modified model 

accounted for the large deformations and the pretension loading, and was used to predict 

the natural frequencies and mode shapes. In this study, the turbulence component was 

extracted from full scale data and added to the mean component of the downburst wind 

field developed by Kim and Hangan (2007). The study concluded that the resonant 

component due to the turbulence is negligible due to the large aerodynamic damping. In 

addition, the study discussed the effect of the pretension force on the natural period and 

mode shapes of the conductors. Loredo-Souza and Davenport (2003) reviewed the
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influence of the design procedure for the establishment of wind loading on transmission 

tower response. Davenport’s gust response and statistical method, using the influence 

lines procedure for estimating wind loading on transmission structures, were compared. 

The second approach accounts for the effect of the higher mode. Based on the tower 

response conducted in this research, Loredo-Souza and Davenport (2003) concluded that 

the dynamic response of transmission towers is strongly dependent on the turbulence 

intensity and both the structural and aerodynamic damping of the towers.

1.3 Objective of the Study

The main objectives of the current study are summarized below:

1- Develop a numerical model to analyze the structural behaviour of transmission 

line system under F4 and F2 tornado wind fields.

2- Assess the effect of varying the tornado characteristics such as size and location 

relative to the tower of interest on the structural performance of the transmission 

structures.

3- Develop a numerical model to conduct the dynamic response of transmission line 

system under tornado loading.

1.4 Scope of the Thesis

This thesis has been prepared in ‘Integrated-Article’ format. In the present chapter, a 

review of the studies related to transmission lines and tornadoes are provided. The 

objective of the study is provided. The following three chapters address the thesis 

objectives. Chapter five presents the conclusion of the study together with suggestions for

further research work.
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1.4.1 Finite Element Modelling of Transmission Line Structures under Tornado 

Wind Loading

The objective of chapter 2 is to develop a numerical model that can be used to analyze 

transmission line systems under F4 and F2 tornado wind loads. The chapter starts with a 

summary about the CFD model developed by Hangan and Kim (2008) to simulate F4 and 

F2 tornadoes. A procedure to scale the CFD results to match full scale F4 and F2 

tornadoes is illustrated. The tornado wind fields are converted into forces acting on the 

transmission line components. A three-dimensional nonlinear finite element model is 

developed to simulate the towers, the conductors, the guys, the insulator strings, and the 

ground wire. The tornado forces are incorporated into the finite element model. To assess 

the importance of considering tornado loading in the design of the transmission lines, the 

developed model is used to calculate the internal forces in the tower under different 

tornado configurations. These forces are compared to those used in the initial design of 

the tower under normal wind loads.

1.4.2 Behaviour of Transmission Line Structures under Tornado Wind Loading

In chapter 3, a comprehensive parametric study is conducted to assess the effect of 

varying the tornado location relative to the tower of interest on the structural performance 

of the transmission line system. The same model developed in chapter 2 is used. A 

comparison is carried out between the results of F4 tornadoes, F2 tornadoes, downbursts 

and the design capacity of the tower members. The results are used to evaluate the critical 

loading cases for the tower of interest. The behaviour of the tower under the critical 

loading cases is described.
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1.4.3 Dynamic Behaviour of Transmission Line Structures under Tornado Wind 

Loading

Chapter 3 assesses the dynamic response of the transmission line system under moving 

tornadoes. The F4 tornado wind field discussed in chapter 2 is used in this study. A three- 

dimensional nonlinear finite element model is developed to simulate the transmission line 

system. A set of free vibration analyses are conducted to evaluate the natural periods and 

mode shapes of the line components. A numerical model is developed to conduct the 

nodal loading functions for two main dynamic loading cases. Finally, the dynamic 

response of the towers and the lines under translation F4 tornadoes is described.
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CHAPTER 2

FINITE ELEMENT MODELLING OF TRANSMISSION LINE STRUCTURES 

UNDER TORNADO WIND LOADING1

2.1 Introduction

Localized severe wind events in the form of tornadoes, downbursts and microburst are 

referred to as “High Intensity Wind (HIW) events”. Such events are believed to hold 

responsibility for more than 80% of all weather-related transmission line failures 

worldwide (Dempsey and White 1996). Despite this fact, the codes of practice and design 

for transmission line structures are based on the wind characteristics resulting from large- 

scale synoptic events. The vertical profile of the boundary layer wind of a large-scale 

event is characterized by a monotonic increase in velocity with height. Such a profile is 

different than the velocity profiles of tornadoes. In addition, a significant vertical velocity 

component exists in the case of tornadoes. The current study focuses on assessing the 

response of transmission line structures to tornado loading.

The complexity in analyzing transmission line structures under HIW arises from the fact 

that the forces acting on the tower and the conductors vary according to the location of 

the event relative to the tower. This is due to the localized nature of these events. Also, 

depending on the location of the event relative to the tower, various spans of conductors 

can be subjected to different, and in some cases, uneven distribution of wind loads. This 

can lead to a resultant longitudinal force (parallel to the conductors) acting on the tower 

cross arms. Tornadoes are one of the HIW events. They are short-lived, localized, surface 

vortex flows that originate from thunderstorms. They have a severe rotating column of air

1 A version of this chapter has been submitted to the Journal Wind and Structures
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that extends from the clouds to the earth. The tornado path width can reach up to 500 (m); 

therefore, field measurements are difficult to obtain and are poorly defined (Hangan and 

Kim 2008). Recently, field measurements were introduced by Sarkar, et al. (2005) for the 

1998 Spencer South Dakota F4 tornado and by Lee and Wurman (2005) for the 1999 

Mulhall F4 tornado. Doppler radar was used to obtain the tornado field measurements. 

However, the recorded data is not very accurate for the near ground region (for height 

less than 50 (m)) (Hangan and Kim 2008). Due to the complexity and difficulty of 

obtaining full-scale data, especially for the near ground region, laboratory simulations are 

used. These include the Tornado Vortex Chambers (TVC), in which tornadoes are 

represented as vortices. The TVC’s provide a good simulation of the characteristics 

inside a tornado, but the results are sensitive and are affected by the applied boundary 

conditions (Hangan and Kim 2008). For the near ground region, numerical simulations 

can be done using fluid dynamic software, such as the commercial program FLUENT 

(FLUENT Inc. 2005). Numerical simulations can provide a good assessment of the flow 

field near the ground.

Few studies related to the behaviour of transmission lines under HIW events are available 

in the literature. The modelling and assessment of the behaviour of transmission lines 

under downburst loading were conducted by Shehata, et al. (2005) and Shehata and El 

Damatty (2007). The failure of a transmission tower during a downburst event, which 

occurred in Manitoba, Canada in 1996, was assessed by Shehata and El Damatty (2008). 

The failure of a self supported lattice tower under tornado and microburst wind profiles 

was investigated by Savory, et al. (2001). The analysis was done for the tower alone,
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without modelling the transmission lines, and without considering the vertical velocity 

component.

In the current study, the numerical model developed by Hangan and Kim (2008) and the 

field data recorded by Sarkar, et al. (2005) are used to estimate the wind velocity profile 

for both F4 and F2 tornadoes. Both an axisymmetric and a three dimensional profile are 

considered. The spatial variation of those wind fields are described in this paper. A 

nonlinear finite element model is developed, simulating the structural behaviour of the 

towers and the conductors. The nonlinear behaviour of the conductors, including the 

pretension and sagging effects, is included in the model. The velocity profiles mentioned 

above, associated with F4 and F2 scale tornadoes are incorporated into the finite element 

simulation. Details of the numerical model are described, including steps conducted to 

estimate the wind loads. A case study for a guyed transmission line system is considered. 

Forces that develop in selected members of the tower due to both the F4 and F2 tornadoes 

are evaluated. They are compared to the corresponding forces associated with normal 

wind loads, based on the ASCE No. 74 guideline (1991).

2.2 Tornado CFD Numerical Model

The velocity wind field associated with tornadoes used in this study is obtained from a 

three-dimensional Computational Fluid Dynamic (CFD) simulation conducted by Hangan 

and Kim (2008). The CFD simulation was conducted using the commercial program 

FLUENT (FLUENT Inc. 2005). The simulations of tomado-like vortices included the 

formation of a laminar vortex at low swirl ratio, followed by turbulent vortex breakdowns 

and vortex touch downs at higher swirl ratio values. A schematic of the computational
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domain is shown in Fig. 2-1. In this figure, r0 and ho are the radius and height of the 

computational domain, respectively.

Z

r o

Fig. 2-1 Computational Domain for the 3-D Simulations of Tornadoes

The boundary conditions applied in the CFD analysis are shown in Fig. 2-1. At the inlet, 

a boundary layer profile is assumed for the radial velocity, Vr, and the tangential velocity, 

Vt , that are described by Eq. (1) and (2), respectively:

Vr(z)=V0 x (z/z„)7 (1)

Vt( z ) = 2 x S x V r ( z )  (2)

Where: V0 = reference velocity, z0 = reference height and S (swirl ratio) =  0.5 Vt/Vr 

In the simulation, values of 0.3 m/sec and 0.025 m were assumed for V0 and z0, 

respectively. More details about the CFD simulation including the applied turbulence 

model can be found at Hangan and Kim (2008).

The simulation was initially conducted using a value of S = 0.28. This is the same swirl 

ratio applied in the experimental program conducted by Baker (1981) using a Ward-type
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vortex chamber. The results of the CFD analysis with S = 0.28 were validated by Hangan 

and Kim (2008) through a comparison with Baker (1981) experimental results. The 

numerical analysis was then extended by Hangan and Kim (2008) by considering values 

of S = 0.10, 0.4, 0.7, 0.8, 1.0 and 2.0, respectively. It should be noted that the CFD 

analysis is conducted at steady-state manner and, therefore, the resulting velocity field 

has no variation with time. The velocity field resulting from the CFD analysis Vm(r, 0, z) 

has a three dimensional spatial variation and is given as a function of the cylindrical 

coordinates r, 0 and z.

An averaging data is conducted along the circumference, eliminating the variation of the 

velocity profile with 0, and leading to an axisymmetric set of data Vm(r, z). Both the 3-D 

and the axisymmetric set of data are used in the analysis conducted in this study. It 

should be noted that the velocity field Vm(r, 0 ,z) has three velocity components: the 

radial Vmr (r, 0 ,z), the tangential Vmt (r, 0 ,z) and the axial Vma (r, 0 ,z). Similar 

components exist for the axisymmetric velocity profile.

2.3 F4 -  Tornado Wind Field

Full scale data for the F4 tornado, which occurred in Spencer, South Dakota, USA, in 

May 30,1998, was recorded by Wurman (1998) using the “Doppler on Wheels” system 

(DOW). This set of tornado field measurements was also presented by Sarkar, et al. 

(2005). The measurements predicted that the maximum tangential velocity had a 

magnitude of 142 (m/sec) and occurred at coordinates r = 158 (m) and z = 28 (m), where 

r is the radial distance relative to the tornado centre and z is the vertical distance relative 

to ground. An extensive study was conducted by Hangan and Kim (2008) to estimate the 

proper swirl ratio that should be applied to the numerical model in order to obtain good
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matching between the numerical results and the F4 tornado field measurements. Also, the 

proper length scale ratio (Ls) and velocity scale ratio (Vs), to be applied to the CFD data 

in order to simulate the F4 tornado, were obtained in this study. Hangan and Kim (2008) 

found that the values of S = 2, Ls = 4000 and, Vs = 13 provided a very good match 

between the scaled CFD data and the field measurements, in terms of the radial profile of 

the tangential velocity. These scaling factors are applied to the 3-D and the axisymmetric 

data to obtain 3-D and axisymmetric velocity fields simulating F4 tornadoes.

The magnitude and location of the maximum values of the three velocity components of 

the axisymmetric velocity field are provided in Table 2-1, where, negative values are 

towards tornado center and downward. The tabulated values indicate that the radial and 

axial components are significantly less than the tangential component. The ratio between 

the maximum radial and maximum tangential component is about 1:2. Also, it can be 

noticed that the maximum values of the three components occur at three different 

locations.

Table 2-1 Peak Values and Corresponding Location for the Velocity Components for F4
and F2 tornadoes

Tornado Direction
Velocity
(m/sec)

r
(m)

z
(m)

Peak Tangential 142 158 28

F4 Peak Radial -79 273 7

Peak Axial 62 246 158

Peak Tangential 78 96 19

F2 Peak Radial -49 146 6

Peak Axial 37 171 127



19

In order to gain an insight into the F4 tornado wind field, various vertical profiles for the 

tangential velocity component of the axisymmetric data are provided in Fig. 2-2. As 

shown in the figure, the vertical profiles are provided at various radial distances “r”.

-*~ r=  12 (m) 
- * - r =  24 (m) 
-* -r  = 50(m) 
-«- r= 100 (m) 
-* -r  = 158 (m) 
-* -r= 200 (m) 

r = 275(m) 
— r= 300 (m) 
~^-r = 400(m) 
-* -r = 500(m) 
~*~r = 750 (m)

Fig. 2-2 Vertical Profile of Tangential Component for Different Radial Distances from
Tornado Centre (F4 Tornado)

The following observations can be drawn from the plot:

- For radial distance r < 300 (m), the profile is different than the conventional 

boundary wind profile, which is typically characterized by a monotonic increase 

o f the velocity with height. For values of r > 300 (m), the tornado profile becomes 

similar to the boundary layer profile.

- For very small values of r, the vertical location of the peak values becomes very 

close to the ground. The vertical location of the peak value increases with the 

increase of r. At r = 200 (m), the peak value occurs at a height of about 50 (m).



20

The absolute maximum tangential velocity of 142 (m/sec) occurs at r = 158 (m) 

and z = 28 (m), agreeing with the values given in Table 2-1.

-♦ -Tangential 

-• -R a d ia l 

-rér* Axial

-80 -60 -40 -20 0 20 40 60 80 100 120 140 160

Velocity (m/s)

Fig. 2-3 Variation of the Three Velocity Components of F4 Tornado along the Height
a tr  = 158 (m)

The vertical profiles of the radial and the axial components, corresponding to the location 

of maximum tangential velocity V = 142 (m/sec), are plotted in Fig. 2-3. The vertical 

profile o f the tangential component is provided in the same figure for comparison. The 

following observations can be drawn from this figure:

- The peak value of the radial component occurs very close to ground.

- At a height z < 30 (m), the radial component has a negative value, i.e. acts in an 

inward direction. Beyond this height (i.e. for z > 30 (m)), the radial component 

acts along the outward direction.
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The axial component acts in an upward direction.

Fig. 2-4 Variation of the Three Velocity Components of F4 Tornado along the Height
a tr  = 100 (m)

The near-to-centre velocity profile indicates the occurrence of vortex instability in this 

region. As a demonstration, the vertical profile of the tl'pe velocity components for r = 

100 (m) is provided in Fig. 2-4. The peak radial velocity is located near the ground and 

has a negative value (inward). The direction of the radial component changes along the 

height from inward to outward. This component almost vanishes for heights greater than 

70 (m). Also, the direction of the axial component varies along the height. It acts in an 

upward direction near the ground and switches to a downward direction at an elevation of

50 (m).
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An assessment of the difference between the axisymmetric and the 3-D CFD data is 

conducted. This is done by plotting the variation of the velocity components along the 

circumference direction for selected values of r and z. This variation is compared to the 

corresponding value obtained from the axisymmetric data, which is an average value 

along the circumference. It is noticed that the variation of the 3-D data within the 

circumference is relatively small. No significant difference is shown between the peak 

points and the axisymmetric value along the circumference.

As a demonstration, the variations of the tangential component along two circumferences 

are shown in Fig. 2-5. The two circumferences are located at a radial distance r = 158 (m) 

and correspond to elevations z = 28 (m), and 10 (m), respectively. The plot shows the 

relatively small variation of the velocity values compared to the mean (axisymmetric) 

value. For z = 28 (m), the 3-D data varies between 139 (m/sec) and 145 (m/sec), while 

the corresponding axisymmetric value is 142 (m/sec).

“ ♦ “ Z = 28 (m) 
H *-Z=10(m )
—— Axisymmetric 
— Axisymmetric

Fig. 2-5 Variation of the Tangential Velocity Component along Two Circumferences
a tr  = 158 (m)
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Similarly, the variation of the radial component along the circumference is shown in Fig.

2-6 for radial distance r = 158 (m) and z = 5 (m). The difference between the 3-D values 

along the circumference to the mean (axisymmetric) value, shown in Fig. 2-6, is 

relatively small.

“♦ “ Z = 5 (m)

—— Axisymmetric

Fig. 2-6 Variation of the Radial Velocity Component along Two Circumferences at r =
158 (m)

2.4 F2-Tornado Wind Field

Unfortunately, no field data measurements are available in literature for F2 tornadoes. 

This is despite the fact that 86% of categorized tornadoes are associated with F2 

tornadoes or less as stated by the ASCE No. 74 guidelines (1991). With the lack of field 

data, the following procedure is employed to estimate a velocity field for F2 tornadoes 

from the CFD data:

1- Based on the ASCE No. 74 guidelines (1991), the gust wind speeds of F4 and F2 

tornadoes are 116 (m/sec) and 70.2 (m/sec), respectively. Accordingly, the ratio

116
between the F4 and the F2 gust wind speed is =  1.65.
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2- The field measurements of F4 tornado predicted a maximum tangential velocity 

o f 142 (m/sec). Accordingly, an estimate of the maximum tangential velocity for

142
the F2 tornado is — -  =  86 (m/sec).1.65

3- As reported in Section (3), a velocity scale ratio Vs = 13 is established between 

the CFD data and the field measurements. This scale factor is applied to the set of 

data corresponding to various swirl ratios of 0.1, 0.4, 0.7, 0.8, 1, and 2. The 

maximum tangential velocity associated with the scaled values of different swirl 

ratio data is compared to the value of 86 (m/sec) estimated for the F2 tornadoes.

4- The comparison indicates that a swirl ratio S = 1 gives the best agreement with 

the maximum tangential velocity 86 (m/sec) estimated for the F2 tornadoes.

5- Accordingly, the set of data associated with S = 1 is used to simulate F2 

tornadoes, together with the previously established scale factors Vs = 13 and Ls = 

4000.

The peak values of the three components of the resulting wind field and their locations 

are provided in Table 2-1. Similar to the F4 wind field, the peak value of the three 

components occur at different locations.

The F2 tornado velocity profile has the same characteristics as the F4 profile described 

earlier with different values. Also, the locations at which the peak values occur are 

different between the F2 and F4 tornado fields. As a demonstration, the vertical profiles 

of the three velocity components for r = 100 (m) and r = 50 (m) are provided in Fig. 2-7 

and Fig. 2-8, respectively.
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2-7 Variation of the Three Velocity Components of F2 Tornado along the Height at
r = 100 (m)

-Tangential

-Radial

— ér- Axial

-40 -30 -20 -10 0 10 20 30 40 50 60 70 80

Velocity (m/sec)

Fig. 2-8 Variation of the Three Velocity Components of F2 Tornado along the Height at
r = 50 (m)
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2.5 Evaluation of the Tornado Velocity Components at Arbitrary Location in the 

Tower and Conductors

The plan view of a transmission tower is shown in Fig. 2-9. The following steps are 

conducted to evaluate the tornado velocity components at the arbitrary point “a” shown in 

the figure:

1- The centre of the tower (point 0) is considered the origin of the set of axes 

used in the analysis. The location of the centre of the tornado relative to the 

centre of the tower is defined by the polar coordinates R and 0. An assumption 

is made regarding the location of the tornado and, consequently, the values of 

R and 0. Knowing R and 0 and the coordinates of point “a”, the coordinates 

Rfa and 0fa, shown in Fig. 2-9, can be evaluated. They present the polar 

coordinates of point “a” relative to the centre of the tornado. In the view of the 

geometry of the tower, the vertical coordinate of point “a” is known and is 

identified by the variable Zfa.

2- Based on the established value for the length scale Ls = 4000, the following 

equations can be used to obtain the model coordinates Rma and Zma 

corresponding to Rfa and Zfa, respectively.

Rma =  Rfa / 4000 

Zma = Zfa / 4000

Meanwhile, the model coordinate 0ma remains the same as the full scale value

0fa-
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3- Knowing Rma, Zraa and 0ma, the 3-D set of data can be used to obtain the model 

radial velocity Vn„a, tangential velocity Vtma, and axial velocity Vama 

components. However, the values of Rma, Zma and 0ma might not coincide with 

any of the coordinate values at which the CFD data is provided. Accordingly, 

a three-dimensional linear interpolation scheme is conducted between the 

CFD data points to obtain the values of Vm«, Vtma and Vama.
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4- Based on the established velocity scale Vs = 13, the corresponding full scale 

velocity Vax , Vrd and Vtn are given by :

V AX = Vama X 13 

Vrd = Yrma X  13 

Vtn = Vtma X  13

The evaluation of the velocity components is conducted in a similar way for the 

axisymmetric data, with less computational effort since the variation with “0” is 

eliminated.

2.6 Description of the Transmission Line System

Manitoba Hydro transmission tower type A-402-0 is chosen as a generic guyed tower to 

study the behaviour of transmission towers under F4 and F2 tornado loads. A photograph 

of the considered line system is provided in Fig. 2-10.

Fig. 2-10 Transmission Line System (Source: Manitoba Hydro Company, Canada)
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The tower is supported using four guys, which are connected to the tower using two cross 

arms orthogonal to the conductors cross arms, located at an elevation of 35.18 (m). Four 

conductors hang between every two consecutive towers, two from each side, with an 

average span of 480 (m). The conductors are connected to the tower using insulators that 

are allowed to swing in two perpendicular planes.

Fig. 2-11 Geometry of the Modelled Guyed Tower Type A-402-0.

One ground wire is attached to the top of the towers for lightning protection. The 

geometry of the towers is shown in Fig. 2-11. The total height of the tower is 44.39 (m),
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with conductors attached at an elevation 38.23 (m). The material and geometric 

properties of the conductors, ground wire, guys, and insulators are provided in Shehata, et 

al. (2005).

2.7 Finite Element Modelling of Transmission Line/Tower

The tower, conductors, ground wire, guys, and insulators are modelled using the finite 

element commercial program SAP2000 (CSI 2008). Details of the model are discussed 

below.

2.7.1 Tower Modelling

A two-nodded non-linear three dimensional frame element with three translation and 

three rotational degrees of freedom per node is used to model the tower members. Each 

tower member is modelled using one element. Rigid connections are assumed between 

the tower members. This assumption is used to simulate the multi-bolted connections that 

are capable of transferring moments. The global coordinate system used in the simulation 

is shown in Fig. 2-12. The Y axis is along the direction of the conductors, the X axis is 

perpendicular to the conductors, and the Z axis is the vertical direction. Five towers and 

the in-between conductors and ground wire are included in the model. The middle one is 

the tower of interest and the other 4 towers are considered to simulate the exact stiffness 

of the entire system. The model includes three cable spans from each side of the tower of 

interest. It was shown by Shehata, et al. (2005) that such a number of cable spans 

provides an accurate prediction for the cable reactions transferred to the middle tower.
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Fig. 2-12 Three Dimensional Tower Model with Global Coordinate System

2.7.2 Conductors, Ground Wire and Guys Modelling

The conductors, the ground wire and the guys exhibit a highly nonlinear behaviour. A 

non-linear three dimensional cable element is used to model these components. This 

element uses an elastic cable formulation to simulate the behaviour of slender cables 

under the effects of self-weight, pretension force, and external wind loading. Tension 

stiffness, sagging, and the geometric nonlinearities, resulting from large deformations and 

the P-delta effect, are included in the element formulation. The cable element has two 

nodes with three translation degrees of freedom at each node. The target pretension force 

of the cable is defined, and then nonlinear iterations are conducted to achieve this target 

pretension force. The stiffness matrix of the cable is calculated at the end of this load
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increment. This stiffness matrix takes into account the tension stiffening resulting from 

the pretension force. The subsequent load increment involves the application of the 

tornado wind loads. Each cable span is divided into thirty cable elements.

2.7.3 Insulator strings modelling

Each insulator acts as a three dimensional pendulum. The insulators are modelled using 

two-nodded three dimensional truss elements with three translation degrees of freedom at 

each node. One element is used to model one insulator. An intermediate hinge is assumed 

at the connection between the insulators and the tower cross arms, allowing the insulators 

to rotate freely in two perpendicular planes.

2.8 Evaluation of Forces on Transmission Tower and Cables

The steps conducted to evaluate the tornado forces acting on the tower and the conductors 

associated with the tornado wind field are discussed below.

2.8.1 Forces Acting in Horizontal Plane

The wind force acting on a nodal point of the tower in a certain direction “ i “ is 

calculated using the following equation provided in the ASCE No. 74 guidelines (1991).

Fwi= \ p a (Zv Vi?G CrAi (3)

Where Fw/ is the wind force in “ i ” direction (N), pa is the air density = 1.225 (kg/m3); Zv 

is the terrain factor; K is the tornado velocity component in “ i ” direction (m/sec); 

A, is the projected area of all the elements connected to the considered node and 

perpendicular to the “ i ” direction; G is the gust response factor and 6>is the drag force 

coefficient. The value of G, and Zv, are taken equal to 1 as recommended by the ASCE 

No. 74 guidelines (1991). A value of Cf equal to 1 is assumed for the conductor as
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specified in the ASCE No. 74 guidelines (1991) and ANSI (1993). For the tower, the 

values of O are obtained from Table 2.6-1 of the ASCE No.74 guidelines (1991).

Fig. 2-13 Typical Horizontal Diaphragm of Transmission Tower

Fig. 2-13 shows a typical horizontal diaphragm of a transmission tower. The steps 

conducted to calculate the tornado forces acting on the nodal points a, b, c, and d are 

presented below:

1. The tangential V t n  and Radial V r D components of the wind load are evaluated at 

points a, b, c, and d as illustrated before.

2. The velocity components V rd and V tn are resolved to evaluate the velocity 

components Vx and Vy acting along the cartesian coordinates for the four points a, 

b, c, and d.

3. Average velocities Vx’ and Vy’ are calculated for the four points along the X and 

Y directions, respectively.
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4. In view of Eq. (3), the force Fx and Fy acting along X and Y directions are given

by:

F x - \p a (V x' /  Cfx Ax (4)

Fy= -  P a (Vy f “ Cfy Ay (5)

Where Ax and Ay are the projected area of all the elements connected to the 

considered node and perpendicular to the X and Y directions, respectively. The 

force coefficients Cfx in the X direction is calculated using the average of the 

force coefficients at the windward nodes of each direction. A similar step is done 

for the Y direction to calculate Cfy.

5. The forces Fx and Fy are distributed between the windward and leeward faces 

using the shielding factor K, given in NBCC (1990).

6. The force components on the windward and leeward faces are distributed between 

the nodes on each face based on the projected area served by each node.

A similar procedure is used to obtain the nodal forces acting on the conductors, ground 

wire and guys.

2.8.2 Forces Acting in Vertical Plane

The tower is divided into a number of segments; each segment is bound by two 

consecutive horizontal diaphragms of the tower. The sequence of distribution of loading 

depends on whether the vertical velocity is acting upward or downward.

For the downward case, the upper face of the segment is considered the windward face, 

while the lower face is considered the leeward face. The calculations start by evaluating 

the force acting on the top segment. First, the vertical forces acting on the top of the
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tower are calculated using the same procedures employed for the evaluation of the 

horizontal forces, with the exception of using the axial velocity instead of the radial and 

tangential velocities. These top forces are distributed between the upper and lower face of 

this top segment using the shielding factor “K”. The calculations proceed by considering 

the second top segment. The forces acting on the lower face of the top segment are now 

considered as the total force acting on the second top segment. Distribution takes place, 

once again, between the upper and lower face, as conducted for the top segment. The 

same steps are conducted progressively for various segments until the ground level is 

reached. For the upward case, the same steps are conducted, starting from the ground 

level until the top of the tower is reached. In this case, the lower face of the segment is 

considered as the windward face, while the upper face is considered as the leeward face. 

The nodal vertical forces Fz for the conductors, the ground wire and the guys are 

calculated by applying Eq. (4).The value C& is replaced by Ch =1.0  and Ax by Az , 

which is the projected area of the lines in the plane perpendicular to the Z-direction.

2.9 Steps of Analysis

The following steps are conducted to evaluate the response of a tower due to a specific 

tornado configuration:

1. The tower, the conductors, the ground wire, and the guys are modelled as 

described in Section (2.7). In addition to the tower of interest, two towers from 

each side of this specific tower are considered in the numerical model. The model 

includes five towers and six bays for each conductor, spanning between the five 

towers and the end hinged supports (see Fig. 2-14 for illustration). Each tower
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member is modelled using a frame element, while thirty cable elements are used 

to model each conductor and ground wire span.

Tower of interest

Fig. 2-14 Transmission Line System

2. The CFD data of the tornado model (either F4 or F2) is retrieved and stored.

3. A tornado configuration, i.e. its location relative to the centre of the tower of 

interest, is assumed based on selected values for the parameters R and 0 shown in 

Fig. 2-9.

4. The procedure described in Section (2.5) is adopted to evaluate the tangential, 

radial, and axial velocity components at the nodal point of the tower of interest, 

and of the nodal points of the conductors, the ground wire and the guys as well.

5. The horizontal and vertical forces acting on the nodal points are evaluated using 

the procedures outlined in Section (2.8).

6. A set of nonlinear analysis is conducted for the transmission line as described 

below. The internal forces that develop in various members of the tower of 

interest due to the considered tornado configuration are evaluated.

2.10 Case Study

The transmission line system described in Section (2.6) is analyzed under tornado loading 

following the procedure outlined in the previous section. Two sets of analysis are
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conducted using both the axisymmetric and the 3-D F4 tornado data. A comparison is 

carried out between the internal forces developing in selected members of the tower using 

these two sets of data. Another set of analysis is conducted using the 3-D F2 tornado data. 

A comparison is conducted between the internal forces associated with the F4, F2 

tornadoes and those resulting from normal wind loads evaluated based on the ASCE No. 

74 guidelines (1991).

For the two tornado scales (F2 and F4), three analyses are conducted using a fixed value 

for the distance R and three different values for the angle 0 of 0°, 45°, and 90°, 

respectively. The values of R are taken equal to 158 (m) and 96 (m) for the F4 and F2 

tornado, respectively. These values correspond to the location leading to the peak 

tangential velocity value at the tower of interest.

2.11 Results of the Analysis

The results of the nine conducted nonlinear analysis are presented for some selected 

members of the tower of interest. As shown in Fig. 2-11, the tower is divided into three 

zones. The tower zone is located below the supporting guys. The cross arms zone and the 

ground wire zone are located at the upper part of the tower. For the tower and the ground 

wire, the results are presented for one chord and two diagonal members, labelled as 

diagonal (1) and diagonal (2), respectively. Diagonal (1) and diagonal (2) are members 

located in plans parallel and perpendicular to the transmission line, respectively. The

results o f the analyses are provided in Table 2-2. For each set of analysis, the absolute
/

maximum (tension) or minimum (compression) values resulting from the three “0” 

configuration are provided for each member. The values of “0” corresponding to these 

critical values are given in Table 2-2.
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Table 2-2 Axial Forces in Selected Tower Members

Member F4 Tornado 
(Axisymmetric CFD)

F4 Tornado 
(3-D CFD)

F2 - Tornado 
(3-D CFD) ASCE*

No. Type Axial Force 0° 
(kN)

Axial Force 0°
___ (kN)______________

Axial Force 
(kN)

Axial Force 
(kN)

F318 Chord

Tower F368 Diagonal (1) 
Zone

F359 Diagonal (2)

-657 0 -638 0 -75 34

-61 0 -59 0 -3 3

-106 90 -95 90 -6 1

F437 Upper Chord 

U F422 Lower Chord

516 90 468 90 59 17

-400 90 -362 90 -44 31

Cross F U 8  Upper Chord 
arms u  
Zone 2

9

§ F538 Lower Chord

46 45 52 45 30 25

-67 45 -72 45 -40 39

F593 Chord
Ground

Wire F608 Diagonal (1) 
Zone

F514 Diagonal (2)

-70 0 -72 0 -18 2

8 0 5 0 1 1

17 0 17 0 5 1

ASCE* : The reported values represent the absolute peak forces

The internal forces reported in the table, associated with normal wind loads, are 

calculated using 10 (m) reference wind velocity of 32.6 (m/sec), which is believed to be 

the wind speed used in designing this transmission line according to Manitoba Hydro, 

Canada. The following observations can be drawn from the results reported in the table: 

The difference between the results obtained using the 3-D and the axisymmetric 

data is small. It does not exceed 15% for all the reported cases.

- The F4 tornado leads to internal forces that are significantly higher than those 

resulting from the F2 tornado. This indicates that it might not be practical to 

design the tower members to resist an F4 tornado. It is known that F2 accounts 

for 86% of categorized tornadoes.
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- The F2 tomado produces internal forces that are higher than those calculated 

under normal wind loads.

- For chord members located in the main body of the tower (tower zone and ground 

wire zone), the peak forces occur at 0 = 0°, i.e. when the tangential components of 

the tomado wind field are parallel to the line direction.

For diagonal members located in the main body of the tower (tower zone and 

ground wire zone), the peak values for diagonal (1) and diagonal (2) occur when 

the tangential components of the tornado wind field are parallel to the member 

vertical plane.

- For some members in the cross arm zone, the peak forces occur at 0 = 45°. This 

configuration produces unbalanced forces on the conductor spans adjacent to the 

tower, leading to a resultant longitudinal force in the conductors. Such a force 

leads to an out-of-plane bending effect in the cross arms, which creates large force 

in the chord members in this region. Similar behaviour was reported by Shehata 

and El Damatty (2007) when they studied the tower behaviour under downbursts.

2.12 Conclusions

A numerical scheme for evaluating the response of transmission line structures to tornado 

loading is developed in this study. The tornado wind field is based on a Computational 

Fluid Dynamic (CFD) model that was developed and validated experimentally in a 

previous study. The CFD data, together with the tornado field measurements and the 

information provided in the design codes, are used to establish the wind field associated 

with F4 and F2 scale tornadoes. The procedure used to obtain the wind loads due to the 

tangential, radial, and axial velocity components of the wind field is described. A three
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dimensional finite element model for a transmission line system is developed. The model 

focuses on evaluating the response of one of the guyed towers of the system to tornado 

loads. The model includes a simulation for the tower of interest, in addition to two towers 

and three spans for the conductors, and the ground wire from each side of the tower of 

interest. The analysis is carried out in a nonlinear manner by including the effects of 

conductors’ pretension, sagging, secondary moment, and large deformations.

A set of analysis is conducted under F4 scale tornado assuming that the tornado is located 

at the position leading to maximum tangential velocity at the tower of interest. The 

analysis is carried out using both axisymmetric and three-dimensional sets of tornado 

fields. The analysis is also repeated using a three-dimensional F2 tornado field, where the 

tornado is also assumed to be located at the position leading to maximum tangential 

velocity at the tower of interest. The following conclusions can be stated from the 

analyses conducted in the study:

- The vertical profiles of the F4 and F2 tornado wind fields have patterns that are 

different than the conventional boundary wind profile.

- The internal forces obtained from the analysis conducted using three-dimensional 

CFD data do not significantly differ than those obtained using the axisymmetric 

CFD data. The maximum difference is less than 15%.

- The peak values of the axial forces in the tower of interest are sensitive to the 

relative location between the centre of the tornado and the tower.

- The internal axial forces under F4 tornado are significantly higher than those 

resulting from the F2 tornado.



41

- The peak values of the axial forces resulting from the F2 tornado wind field are 

higher than the values resulting from normal wind load with reference velocity 

32.6 (m/sec).

In light of these findings, it can be concluded that it is important to consider the tornado 

loading acting on towers and lines when designing a transmission line system.
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CHAPTER 3

BEHAVIOUR OF TRANSMISSION LINE STRUCTURES UNDER TORANDO

WIND LOADING2

3.1 Introduction

Localized severe wind events, in the form of downbursts and tornadoes, are referred to as 

“High Intensity Winds (HIW)”. Such events are responsible for more than 80% of all 

weather-related transmission line failures worldwide (Dempsey and White 1996). Despite 

this fact, the wind loads specified in the design codes for transmission line structures are 

based on large-scale wind storms. The wind fields associated with HIW have different 

profiles and unique characteristics compared to the boundary layer wind fields of large- 

scale events. Accordingly, wind loads due to HIW are different than those associated 

with the large-scale events. The research presented in this study is part of an extensive 

research program conducted at the University of Western Ontario, Canada, developed to 

understand the behaviour of transmission line structures under HIW. The current study 

focuses on assessing the behaviour of guyed transmission towers under tornado wind 

loading.

The development process of HIW, which usually occur during thunderstorms, was 

described by McCarthy and Melsness (1996). A tornado was defined by, Fujita (1981), 

as a rotating wind vortex moving at high speeds, affecting a relatively narrow path. 

Despite the many failures of transmission towers resulting HIW events, research studies 

related to this subject have been limited. Previous studies can be classified into two 

categories: a) Studies conducted to identify the wind field associated with HIW, and b)

2 A version of this chapter is being prepared for publication in the Journal o f Wind and 
Structures
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Studies conducted to assess the structural response of transmission lines during HIW. 

Fujita and Pearson (1973) classified tornadoes based on their intensity and size. The 

intensities are defined by the gust wind speed, and the sizes are defined by the path length 

and width. The rating ranges from the smallest size, “FO”, to the largest, “F5”. Field 

measurements for tornadoes were conducted by Sarkar, et al. (2005) and Lee and 

Wurman (2005) for two different F4 tornadoes. Due to the difficulty of obtaining full- 

scale data, especially for the near ground region, laboratory simulations are used. These 

include Tornado Vortex Chambers (TVC), in which tornadoes are represented as 

vortices. The TVC’s provide a good simulation of the characteristics inside a tornado, but 

the results are found to be sensitive and to be affected by the applied boundary 

conditions. For the near ground region, numerical simulations can provide a good 

assessment for the flow field. A Computational Fluid Dynamics (CFD) simulation for a 

small-scale tornado model was conducted by Hangan and Kim (2008) using the 

commercial program FLUENT (2001). The obtained wind field was validated in view of 

the experimental program conducted by Baker (1981) using a Ward-type vortex chamber. 

The failure of a self supported lattice tower under tornadoes and downburst wind profiles 

was investigated by Savory, et al. (2001). The tornado wind profile used in this study is 

based on the model developed by Wen (1975). The chosen tornado corresponded to F3 

Fujita scale. The dynamic analysis was conducted for the tower alone, without modelling 

the transmission lines, and without considering the vertical velocity component of the 

tornado field. Hamada, et al. (2009) developed a numerical model for the analysis of 

transmission lines under tornadoes. The model included a simulation for the towers and 

the conductors. The wind field resulting from the Hangan and Kim (2008) simulation was
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included in this numerical model. Due to the localized nature of HIW, the corresponding 

wind loads acting on the tower and the conductors vary significantly with the location of 

the HIW event relative to the tower. Various tower members can have different critical 

HIW locations that lead to maximum forces in these members. This was also shown in 

the studies conducted by Shehata and El Damatty (2007) and Shehata, et al. (2005) to 

assess the behaviour of guyed transmission lines under downburst loading.

In the current study, the numerical model developed by Hamada, et al. (2009) is used to 

conduct an extensive parametric study to assess the behaviour o f a guyed transmission 

tower under tornado loading. The model includes a simulation for the tower of interest in 

addition to a number of adjacent towers and the in-between conductors. The parametric 

study is conducted by varying the location of the tornado relative to the tower of interest. 

A nonlinear finite element analysis is conducted under the tornado loads associated with 

each tornado location. The maximum and minimum internal forces obtained from the 

entire analyses are determined for all the tower members. The parametric study is 

conducted using both the F2 and F4 tornado fields. The Chapter begins by briefly 

describing the applied tornado wind fields. This is followed by a brief description of the 

finite element model. Results of the parametric study are presented, and then used to 

describe the structural behaviour of the tower under tornado loading. The results of the 

parametric study are then used to assess the sensitivity of the members’ peak forces with 

the parameters defining the location of the tornado. Finally, the main conclusions 

obtained from the study are summarized.
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3.2 F4 and F2 Tornado Wind Field

A Computational Fluid Dynamics (CFD) simulation for a small-scale tornado model was 

conducted by Hangan and Kim (2008) using the commercial program FLUENT (2001). 

The simulation was first conducted using swirl ratio S with a value of 0.28, which is the 

same swirl ratio applied in the experimental program conducted by Baker (1981) using a 

Ward-type vortex chamber. The experimental results were used to validate the CFD 

model. The numerical analysis was then extended by Hangan and Kim (2008) by 

considering values for S = 0.10,0.4, 0.7,0.8,1.0 and 2.0, respectively.

By comparing the numerical results to the field measurements, Hangan and Kim (2008) 

estimated that the F4 tornado corresponds to a swirl ratio S=2. The proper length “Ls = 

4000” and velocity scale “Vs = 13” factors between the numerical and the full-scale data 

were also established in the same study. In the study conducted by Hamada, et al. (2009), 

it was established that a swirl ratio S = 1 provides a good simulation for the F2 scale 

tornadoes. As such, the wind fields of fully developed F4 and F2 tornadoes can be 

estimated from the CFD data corresponding to S = 2 and S = 1, respectively, after scaling 

the data using the length “Ls = 4000” and velocity scale “Vs = 13” factors. The velocity 

profiles vary with space in a three dimensional manner, and are presented as functions of 

the cylindrical coordinates r, 0 and z, measured relative to the tornado centers. The 

tornado wind fields have three velocity components; the axial component Vma(r, 0, z), the 

radial component Vmr(r, 0, z), and the tangential component Vmt(r, 0, z). In addition to the 

three-dimensional wind field, an axisymmetric wind field for a F4 tornado is generated 

by averaging the three velocity components along the circumferential direction, and 

eliminating the variation of the velocities with 0.
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3.3 Finite Element Modelling of Transmission Line System

The transmission line system simulated in the current study is a generic guyed tower used 

in Manitoba Hydro transmission line systems. The chosen guyed tower is labelled as 

Type A-402-0. The tower height is 44.39 (m) and is supported by four guys attached to 

the tower, with two cross arms at an elevation 35.18 (m) relative to the ground. Two 

conductors are connected to the towers cross arms using a 4.27 (m) insulator at a height 

of 38.23 (m). One ground wire is connected to the top of the tower. The conductors and 

ground wire span is 480 (m). The conductors and ground wire sag is 20 (m) and 13 (m), 

respectively. Fig. 3-1 shows a schematic of the transmission line system. The geometric 

and material properties of the conductors, ground wire and guys are provided by Shehata, 

et a/. (2005).

The simulated transmission line system consists of the tower of interest and two towers 

from each side, which are included in order to properly simulate the rigidity of the 

system. As shown in Fig. 3-1, the model includes five towers with six bays for 

conductors and ground wire. Such a number of bays was recommended by Shehata, et al.
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(2005), in order to accurately account for the forces transferred from the conductors to 

the tower of interest. The transmission line system is modelled using the numerical finite 

element commercial program SAP 2000 (CSI2008).

Fig. 3-2 Geometry of the Modelled Guyed Tower Type A-402-0

As shown in Fig. 3-2, the tower is divided into seven zones. Zones 1 to 5 are located 

below the supporting guys. Zone 6 represents the cross arm area of the conductors and 

the guys. Zone 7 is the upper part of the tower, which supports the ground wire.
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The tower members are modelled using two nodded three-dimensional frame elements. 

Each member is modelled using one element, with three translation and three rotational 

degrees o f freedom per node. Rigid connections are assumed between the tower members 

in order to simulate the multi bolted connections used in the construction of the tower. 

Three-dimensional nonlinear cable elements are used to model the conductors, the ground 

wire and the guys. Conductors and ground wires exhibit highly nonlinear behaviour, due 

to their large spans and slender cross sections. The cable element nonlinear formulation 

includes the effects of tension stiffness, sagging and geometric nonlinearity, resulting 

from large deformations and the P-delta effect. More details regarding the cable element 

formulation are provided by Hamada, et al. (2009). The insulators, connecting the 

conductors to the tower cross arms, are modelled using two-nodded three-dimensional 

truss elements, having three translation degrees of freedom at each node.

3.4 Evaluation of the Tornado Velocity Components and Forces on Transmission 

Tower and Cables

The set o f axes used in the analysis are shown in Fig. 3-3. As shown in the figure, the 

origin of the axes is located at the centre of the tower of interest. The Y-axis is along the 

direction o f the lines, the X-axis is perpendicular to the lines, and the Z-axis is parallel to 

the vertical direction. The polar coordinates R and 0 are used to define the location of the 

centre of the tornado relative to the tower of interest. The procedure used to evaluate the 

tornado velocity components at an arbitrary location in the transmission line are 

described in details by Hamada, et al. (2009).
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The following equation provided in the ASCE No. 74 guidelines (1991) is used to 

evaluate the wind forces acting on the tower and the conductors’ nodes in a certain 

direction “i”.

Fwi= \ p a (Zv V ^ G  Cf Ai (1)

Where Fm is the wind force in “ i ” direction (N), pa is the air density = 1.225 (kg/m3); Zv 

is the terrain factor; V,- is the tornado velocity component in the “ i ” direction (m/sec); 

Aj is the projected area of all the elements connected to the considered node and 

perpendicular to the “ i ” direction; G is the gust response factor; and £>is the drag force 

coefficient. The value of G, and Zv, are taken equal to 1 as recommended by the ASCE 

No. 74 guidelines (1991). A value of Cf equal to 1 is assumed for the conductor as 

specified in the ASCE No. 74 guidelines (1991) and ANSI (1993). For the tower, the 

values of Cf are obtained from Table 2.6-1 of the ASCE No.74 guidelines (1991). The 

evaluations of wind forces on the tower and the lines are described in details by Hamada, 

etal. (2009).

3.5 Parametric Study

The parametric study is conducted by carrying out a large number of static analyses. The 

Self weight of the towers and the lines are considered in the analysis. Each analysis 

corresponds to a specific location for the tornado, defined by the polar coordinates R and 

0, as shown in Fig. 3-3. The analyses are conducted in a quasi-static manner despite the 

convective velocity of the tornadoes. This is justified by the fact that, the applied tornado 

field is scaled such that the maximum tangential velocities for the F4 and the F2 

tornadoes are equal to those observed in the field, which include both the local and 

convective velocity components. As such, the effect of the convective component is
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accounted for implicitly in the tornado field. The conducted parametric study consists of 

three parts. Part one assesses the behaviour of the transmission line under both the 

axisymmetric and the 3-D F4 tornado wind field. In the second part, the behaviour is 

assessed under the F2 tornado wind field. In the third part, the analyses are conducted 

under both the F4 and the F2 tornadoes, while simulating the middle tower alone, i.e. 

without including the conductors. This is done in order to assess the importance of 

considering the conductors in the analysis and design of transmission lines.

3.5.1 Transmission Line System under F4 Tornado Wind Field

Two sets of analyses are conducted, using both the axisymmetric and the 3-D F4 tornado 

data, respectively. The tornado wind field has a maximum tangential velocity of 142 

(m/sec), which occurs at a radius r = 158 (m) and a height z = 28 (m). The maximum 

radial velocity is 79 (m/sec) and occurs at a radius r = 273 (m) and a height z = 7 (m).
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Fig. 3-3 Tornado Parameters Employed in the Parametric Study

The vertical velocity component fluctuates between upward and downward directions at 

different regions of the tornado wind field, with a maximum upward value of 62 (m/sec).
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Table 3-1 Results of the Parametric Study Due To F4 Tornado Wind Fields

M e m b e r F 4 T o r n a d o  (A x isy m m etr ic) F 4  T o r n a d o  (3 -D )

N o . T y p e M a x im u m  A x ia l F orce M in im u m  A x ia l F o rce M a xim u m  A x ia l F orce M in im u m  A x ia l F o rce

(kN) Tornado (kN) Tornado (kN) Tornado (kN) Tornado
F14 Chord 127 R = 100 R =  200 R =  100 -427 R =  200

0  = 240 0  = 90 0 = 210 0  = 90

Z o n e  1
F43 Diagonal (1) 18 R = 2 0 0 R =  200 R =  200 R  = 200

6  = 135 6  = 336 6  = 135 6 = 315
F45 Diagonal (2) 11 R =  100 R  = 200 R  = 200 -38 R = 200

0 = 240 0 = 1 2 0 0  = 315 0 = 90
F86 Chord 164 R = 100 R =  200 R =  200 -440 R =  200

0 = 210 0 = 90 0 = 180 0 = 0.0

Z o n e  2
F 105 Diagonal (1) 85 R = 200 R  = 200 R =  200 -61 R =  200

0 = 1 5 0 0  = 330 0 = 150 0  = 330
F100 Diagonal (2) 46 R  = 200 R =  200 R =  200 -33 R =  200

0 = 300 0 = 120 6  = 300 0 = 1 2 0
F 1 4 Ï Chord 363 R  = 200 R =  200 R =  200 -678 R =  200

0 = 180 0 = 330 0 = 180 0 = 0.0

Z o n e  3
F183 Diagonal (1) 71 R  = 200 R =  200 R =  200 -59 R  = 200

0 = 1 5 0 6 = 330 0 = 150 6 = 330
F I  72 Diagonal (2) 14 R =  200 R =  200 R  = 200 -16 R =  400

0 = 0.0 0  = 270 6  = 330 0 = 1 2 0
F231 Chord 444 R  = 200 R =  200 R =  200 -763 R =  200

0 = 1 8 0 6  = 330 6  = 180 0 = 330

Z o n e  4
F285 Diagonal (1) 48 R  = 200 R =  200 R =  200 -37 R =  300

0 = 300
■J J

0  = 150 0  = 330 0 = 135
F275 Diagonal (2) 73 R =  200 R =  200 R  = 200 -68 R =  200

0 = 300 0  = 120
/ J

0  = 300 0  = 90
F318 Chord 324 R  = 200 R =  200 R =  200 -698 R =  200

6  = 180 0 = 330 6 = 180 0  = 330

Z o n e  5
F368 Diagonal (1) 66 R  = 200 R  = 200 R =  200 -71 R = 200

0 = 1 5 0 6  = 330 0  = 135 0  = 330
F359 Diagonal (2) 97 R =  200 R =  200 R  = 200 -96 R =  200

0  = 300 0  = 90 6  = 300 0  = 90
F215 Chord 94 R  = 200 R  = 200 105 R  = 200 -153 R =  200

6  = 135 6 = 270 6  = 135 0  = 315
F398 Diagonal CD 115 R  = 400 R  = 300 104 R  = 300 -14 R =  500

1 0  = 300 6  = 45 0  = 300 0 = 30
F406 Diagonal (2) 40 R  = 300 R =  300 44 R =  200 -118 R =  300

0 = 1 2 0 0 = 300 0 = 120 0  = 300

F437 Upper Chord
687

R = 300 R =  500
659

R =  300 R  = 300

Z o n e  6 0 = 1 2 0 OW+P.S. * 6 = 135 0  = 225
o F422 Lower Chord R =  200 R  = 300 R =  200

-443
R = 300

6
0 = 300

-469
0  = 120

6
6  = 300 0 = 120

u F I  18 Upper Chord
81

R =  500 R  = 500
85

R =  500
-45

R  = 400

1■ 0 = 90 0 = 270 6 = 90 6  = 276

¡áo F538 Lower Chord
84

R = 400 R  = 400
82

R =  400
-128

R =  400
o

0 = 270 0 = 90 0  = 300 0  = 90

F 5 9 Î Chord 86 R  = 200 R  = 200 86 R =  200 -87 R =  200
0 = 150 6 = 330 0 = 150 0  = 330

Z o n e  7
F608 Diagonal (1) 9 R =  200 R  = 200 9 R  = 200 -8 R =  200

0 = 0.0 6  = 180 0 = 0.0 0  = 180
F514 Diagonal (2) 27 R =  500 R =  500 30 R =  500 -30 R =  400

0  = 90 0 = 270 0 = 90 0 = 270

OfV+P.S. * : O wn weight + pretension fo rce

The location of the tornado varies by considering five values of R equal to 0.0, 100 (m), 

200 (m), 300 (m), 400 (m), and 500 (m), respectively. For each value of R, 16 different 

values o f 0 are considered, ranging between 0.0° and 330°, with an increment of 15°. The 

results o f the analyses are presented for several selected chord and diagonal members of
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the tower. In this presentation, diagonal (1) and diagonal (2) represent members located 

in planes parallel and perpendicular to the transmission line, respectively.

For zone (6), the results are presented for upper and lower chord members of the 

conductors’ cross-arms and the guys’ cross-arms. For each selected member, the 

maximum and minimum force resulting from the entire parametric study analysis is 

reported in Table 3-1. In the same table, the tornado parameters R and 0 corresponding to 

the maximum and minimum forces are provided.

The following observations can be drawn from the results provided in the table:

-  The maximum and minimum axial forces of the tower members vary significantly 

with the location of the tornado relative to the tower.

-  The difference between the internal forces, resulting from the axisymmetric and 

the 3-D data, is not large. For 65% of the selected members, the axisymmetric 

data leads to higher forces compared to the 3-D data.

-  The difference between the results of the axisymmetric and 3-D analyses are 

more pronounced in zones 1, 2 and 3, in compression to the rest of the zones. 

This can be interpreted by the occurrence of large instability in the wind field in 

this region, which is detected only in the 3-D data, as reported by Hangan and 

Kim (2008).

3.5.2 Transmission Line System under F2 Tornado Wind Field

The maximum tangential velocity of the F2 tornado is 78 (m/sec) and occurs at a radius r 

= 96 (m) and a height z = 19 (m). The maximum radial velocity is 49 (m/sec) and 

corresponds to a radius r = 146 (m) and a height z = 6 (m). This parametric study is 

conducted using the same range for the parameters R and 0 used in the previous section.
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tower and the associated critical tornado locations, are provided in Table 3-2.

Table 3-2 Results of the Parametric Study Due to F2 Tornado, Downburst and
Conventional Wind Fields

The results of this parametric, in terms of peak internal forces for various members of the

Member F2 Tornado (3-D CFD)

N o . T yp e M  ax im u m  A x ia l F orce M in im u m  A x ia l F orce A x ia l F orce A x ia l F orce
M e m b e r s
C a p a city

(kN)

C o m p r e ss io n

(lcN) Tornado (kN) Tornado (kN) (kN) (kN)
F14 Chord -21 R  = 50 -130 R  = 200 48 46 162 -154

0  = 180 0  = 180

Zone 1 F43 Diagonal (11 R  = 300 -0.3 R  = 300 14 -2
6  = 135 6 = 330

F45 Diagonal (2) -0.3 R  =100 -12 R  = 200 4 4 9
0  = 300 0  = 180

F 86 Chord -14 R  =100 -122 R  = 200 50 48 179 -180
6  = 180 0  = 180

Z on e 2
FiO S Diagonal (1) 7 R  =200 -7 D 100 4 4 15 -6

0  = 135 0  = 330
F 100 Diagonal (21 5 R = 100 -5 R  = 200 2 11 -7

6  = 300 0 = 180
F141 Chord 7 R = 200 -114 R  = 200 62 59 179 -180

0  = 150 0  = 300

Z on e 3
F 183 Diagonali 1) 7 R  = 200 -6 R  = 100 4 3 15 -6

0  = 150 0  = 330
F 172 Diagonal (21 3 R = 400 -5 R  = 200 11 -7

0 = 300 0  = 120
F231 Chord 34 R  = 100 -145 R  = 200 62 58 209 -203

0  = 150 0  = 300

Zone 4 F285 Diagonal (11 4 R  = 100 -3 R  = 100 2 2 12
0 = 330 0  = 135

F 275 Diagonal (2) 10 R  = 100 -16 R  = 200 5 6 21 -9
0  = 315 0  = 180

F 318 Chord 37 R =  200 -157 R  = 200 53 69 220 -219
0  = 150 0 = 315

Z on e 5
F 368 Diagonal (11 7 R  = 100 -7 R  = 100 4 4 12 -7

0  = 150 0  = 315
F359 Diagonal (2) 13 R =  100 -14 R  = 200 7 7 24 -11

0  = 315 6  = 180
F 2 I5 Chord 23 R =  200 -58 R  = 200 25 37 302 -206

0  = 135 0  = 315

* F398 Diagonal (1) 25 R =  400 -4 R  = 300 11 46 -21©
H 0  = 300 0  = 45

F 406 Diagonal (21 12 R =  200 -36 R  = 200 19 21 46 -36
0  = 120 0 = 315

F 437 Upper Chord
135

R  = 300
5

R =  100
39 28 99 0

Zone 6 >> 0  = 120 0  = 30
0 F422 Lower Chord

0.1
R =  400

-93
R  = 300

33 36 172 -156
0  = 300 0 = 120

k> F 118 Upper Chord
36

R  = 400
13

R  = 400
21 65 0

1s 0 = 90 6  = 300
a© F 538 Lower Chord

-11
R  = 400

-54
R  = 400

45 149 -146
0  = 300 0  = 90

F 593 Chord 24
R  = 100 -27 R  = 400 3 51 -28
0  = 180 9  = 90

Zone 7
F6Ö8 Diagonal (1) R  = 100 R  = 100 1 12 -2

0  = 330 0  = 150

F 514 Diagonal (21 9 R = 400
-10

R = 400 2 55 -29
0  = 90 9  = 270

D.B. Loading ASCE M.H. Forces
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In the same table, a comparison is carried out between the internal forces resulting from 

the F2 tornado and those resulting from normal wind loading and downburst loading. 

This particular tower was designed using a 10 (m) reference wind speed of 32.6 (m/sec). 

Therefore, the peak forces in the selected members are calculated under normal wind 

loads using ASCE No. 74 guidelines (1991) for exposed rural terrain, and reference wind 

speed of 32.6 (m/sec) . The members’ internal forces under downburst, with reference 

velocity = 32.6 (m/sec) were provided by Shehata and El Damatty (2007). In these 

calculations, four values for the angle 0 = 90°, 45°, 30° and 0° are employed. In the last 

two columns of the table, the strength capacity of the members, as well as the design 

compression forces, as calculated by Manitoba Hydro Company, Canada, are provided. 

The following observations can be drawn from the results shown in the table:

-  The peak values of the axial forces in the tower members under the F2 tornado 

wind field are sensitive to the relative location between the centre of the tornado 

and the tower. The critical tornado locations that lead to these peak forces differ 

for various members of the tower. The critical tornado locations for the F2 

tornado are almost the same as those for the F4 tornado.

-  The members’ axial forces, resulting from the F2 tornado, are significantly less 

than those due to the F4 tornado.

-  The peak axial forces due to F2 tornado exceed the corresponding values resulting 

from normal wind and downburst loading. However, these peak forces are less 

than the members’ capacities for all cases, with the exception of member F437, 

which is an upper chord member in the guy cross arm. It should be noted that the
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strength design of the members might have been governed by other load cases, 

such as ice loading.

3.5.3 Transmission Tower Alone under F4 and F2 Tornado Wind Fields

The purpose of this part of the study is to assess the importance of considering the 

conductors and ground wires in the analysis and design of transmission line systems 

under tornado loading. In addition, the results of this study can serve to estimate the 

internal forces induced in the tower members in case of failure of the conductors during a 

tornado event.

The parametric study conducted in Sections 5.1 and 5.2 for the transmission line system, 

under F4 and F2 tornadoes, is repeated, while considering the intermediate tower alone, 

i.e. without considering the conductors and the ground wire. The analyses are conducted 

using the axisymmetric F4 and the 3-D F2 tornado wind fields, and employing the same 

range for the parameters R and 0 applied in the previous two parametric studies. The 

results of this study are reported in Table 3-3. In the last column of the table, the 

members’ internal forces, resulting from the combined effect of self-weight and 

conductors’ pretension forces are reported.

By comparing the forces reported in Table 3-3 to those provided in Table 3-1 and Table 

3-2, it can be concluded that the reduction in the members’ forces, due to the exclusion of 

the conductors and the ground wire, is more significant at zones 6 and 7. Some members, 

in zones 1 to 5, experience higher internal forces when the conductors are excluded, e.g. 

Diagonal (2) members. This is due to the over-hanging beam behaviour, further explained 

in Section (3.6.1).
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Table 3-3 Results of the Parametric Study Conducted for Tower Alone

Member Tower Only under F4 Tornado Tower Only under F2 Tornado Tower and Conductors 
Self-weight

No. Type Maximum Minimum Maximum Minimum Axial ForceAxial Force Axial Force Axial Force Axial Force
(kN) (kN) (kN) (kN) (kN)

Ì7 4 Chord 175 -366 -7 -110 -27.60

Zone 1 F43 Diagonal (1) 25 -6 1 -1 0.04

F45 Diagonal (2) 15 -63 1 -12 -1.50

F86 Chord 191 -380 -5 -105 -26.40

Zone 2 F10S Diagonal (1) 86 -61 6 -7 0.10

F100 Diagonal(2) 60 -46 7 -6 -0.03

F141 Chord 258 -550 2 -99 -25.25

Zone 3 F183 Diagonal (1) 73 -51 7 -6 -0.07

FI 72 Diagonal (2) 20 -20 3 -6 0.03

F231 Chord 302 -595 16 -82 -23.75

Zone 4 F285 Diagonal (1) 51 -36 4 -3 -0.10

F275 Diagonal (2) 67 -56 9 -14 -0.07

F318 Chord 190 -513 10 -80 -23.00

Zone 5 F368 Diagonal (1) 63 -79 7 -7 0.03

F359 Diagonal(2) 96 -78 12 -12 0.02

F215 Chord 80 -116 15 -16 -13.30

To
w

er

F398 D iagonal(1) 99 -12 20 -6 1.00

F406 Diagonal (2) 7 -36 4 -8 -6.70

►* F437 Upper Chord 622 4 95 5 8.35

Zone 6 O
F422 Lower Chord 2 -361 -1 -55 -4.50

s
FI 18 Upper Chord 14 -12 4 -2 25.70

«s
e© FS38 Lower Chord 21 -21 5 -7 -36.60

F593 Chord 11 -11 2 -2 -0.10

Zone 7 F608 Diagonal (1) 9 -9 1 -1 -0.06

F514 Diagonal (2) 5 -5 1 -2 -1.00
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3.6 Behaviour of Transmission Line under F4 -  Tornado

The purpose of this section is to understand the structural behaviour of the guyed tower 

under tornado loading in view of the results of the parametric study. An attempt will be 

made to interpret the values of the critical tornado locations obtained for members of 

various zones of the tower. The interpretation will be conducted using the results of the 

analysis under the F4 -  axisymmetric tornado field. The behaviour under the F2 tornado 

follows the same trend with smaller amplitudes for the members’ internal forces.

Fig. 3-4 Simulation of the Tower as an Overhanging Beam

A schematic of the structural system of the guyed tower is shown in Fig. 3-4. In this 

figure, the tower is represented as a beam simply hinged at its base and supported by a 

spring system, simulating the stiffness of the guys. The distributed load, P (force/length) 

as shown in Fig. 3-4, results from the tornado loads acting on the body of the tower.
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Meanwhile, the two concentrated forces, Fc and Fg, result from the tornado loads acting 

on the conductors and ground wire, respectively.

3.6.1 Zones (1) to (5)

These zones are located between points A and B, shown in Fig. 3-4. The distributed load 

P and the concentrated loads, Fc and Fg, tend to have opposite effects on the straining 

actions that develop in these zones. As such, the straining actions are expected to increase 

with an increase in “P” and a decrease in both “Fg” and “Fc”. The results shown in Table 

3-1 indicate that the peak force in these zones are associated with values of R = 200 (m) 

and R = 100 (m). The vertical profile of the tornado wind field has maximum tangential 

and radial velocities at r = 158 (m) and 273 (m), respectively. Such profiles for the two 

velocity components at these two locations are provided in Fig. 3-5.

-♦ -Tangential Velocity - r = 158 (m) 
-»-Radial Velocity - r=273 (m)

Fig. 3-5 Variation of Tangential and Radial Velocity Components along the Height at r =
158 and 273 (m), respectively
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The resultant horizontal velocity is the vectorial summation of the radial and tangential 

components. It appears that this resultant velocity has a maximum profile at R = 200 (m), 

which is an intermediate value between R = 158 (m) and R = 273 (m). Accordingly, R = 

200 (m) is expected to lead to both maximum values for the distributed load P, and 

relatively small values for Fg and Fc. Therefore, it leads to peak forces in a number of 

members of zones, (1) to (5). The interpretation for the value of R = 100 (m) associated 

with some of the peak forces, mainly for members in zones (1) and (2), can be conducted 

in view of the schematic shown in Fig. 3-6, Fig. 3-7, Fig. 3-8, Fig. 3-9, Fig. 3-10, and 

Fig. 3-11. The vertical profiles of the tangential and radial velocities for different values 

of r are given in the first two figures.

-* -r=  50(m) 
-*- r= 100 (m) 
- f - r =  158 (m) 
-*-r=200(m ) 
— r=300(m) 
-+~r=  400 (m) 
~*~r=  500(m)

150

Fig. 3-6 Vertical Profile of Tangential Component for Different Radial Distances from
Tornado Centre (F4 Tornado)

Velocity (m/s)
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-*-r= 100 (m) 
-*-r= 200 (m) 
-*~r = 273 (m) 
-*-r = 300 (m) 
— r= 400 (m) 
-*-r = 500(m)

-90 -80 -70 -60 -50 -40 -30 . -20 -10 0 10 20

Velocity (m/s)

Fig. 3-7 Vertical Profile of Radial Component for Different Radial Distances from
Tornado Centre (F4 Tornado)

Fig. 3-8 Behaviour of Transmission line Due to Relative Tornado Distance R = 100 (m)
and 0 = 90°

Fig. 3-9 Behaviour of Transmission line Due to Relative Tornado Distance R = 200 (m)
and 0 = 90°
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Main Tower

Tornado Centre

Fig. 3-10 Behaviour of Transmission line Due to Relative Tornado Distance R = 400 (m)
and 0 = 90°

........—....... 44
Main Tower /

Fig. 3-11 Behaviour of Transmission line Due to Relative Tornado Distance R = 500 (m)
and 0 = 270°

The other three figures show schematics of the forces resulting from the tangential 

velocity component acting on the conductors adjacent to the tower associated with R = 

100 (m), R = 200 (m), R = 400 (m), and R = 500 (m), respectively. The distribution of 

forces show that for R = 500 (m), which is almost equivalent to the conductors’ span, the 

two conductors adjacent to the tower are subjected to forces acting along the same 

direction. This is opposite for the case of R = 100 (m), where the adjacent spans are 

subjected to opposite forces. As such, one would expect that the transverse reactions at 

the tower location increases gradually when R increases from 100 (m) to 500 (m).

The peak force in members of zone (1) and (2), associated with R = 100 (m), can be 

interpreted in view of the discussed above. This value of R = 100 (m) leads to small 

values of the forces “Fc” and “Fg”, with moderate values for the distributed load “P”. 

The minimization of “Fc” and “Fg” increases the straining actions in zones (1) and (2), 

and leads to peak force in zones (1) and (2).

^ /T o m a d o  Centre 

I 480(m) I
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3.6.2 Zone (6) Conductors Cross Arms

Fig. 3-2 shows the location of the members FI 18 and F538, selected to present the results 

of the parametric study. The internal forces in these two members will be mainly affected 

by the reaction provided by the conductors to the cross arms. As discussed previously, the 

maximum value of this reaction occurs for large values of R, which makes the adjacent 

spans loaded along the same direction. As such, the peak forces in these two members are 

associated with R = 400 (m) and 500 (m), both with 0 = 90°. The conductor loading 

resulting from this configuration is shown in Fig. 3-12. The unbalanced loads acting on 

the two spans adjacent to the tower, along with the nonlinear behaviour of the conductors 

lead to a resultant force acting on the conductor cross arms along the longitudinal 

direction of the conductors. This leads to an out-of-plane bending moment, leading to a 

compression force on member FI 18. This compression force exceeds the tension 

resulting from the conductors’ own weight. As a result, the member is subjected to a net 

of compression force of 45 (kN).

_i
Main Tower

4 80  m  | 480  m

Fig. 3-12 Representation of Unbalance Transverse Forces on the Conductors Spans
Adjacent to the Tower of Interest
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Various load cases considered in the design of this tower, which considers normal wind 

loads, do not predict any compression force in this member. This emphasises the 

importance of considering HIW loads in this area of the tower.

3.6.3 Zone (6) Guys Cross Arms

Fig. 3-2 and Fig. 3-13 show the location of the two members selected in presenting the 

results of the parametric study. F437 and F422 are upper and lower chord members, 

respectively. The peak forces in F437 and F422 are in tension and compression, 

respectively.

A plan view of the conductors, guys and tornado configuration (R = 300 (m), 9 = 120°) 

leading to peak forces in member F437 and F422 is shown in Fig. 3-14. The two 

members are connected to guys 1 and 2 and, therefore, the forces in these members are
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affected mainly by the magnitude of the forces in guys 1 and 2. Under this loading 

configuration, guys 2 and 4 are under compression. Since the guys cannot resist 

compression forces, this tornado configuration will lead only to forces in guys 1 and 3, 

which will resist the radial and tangential components, respectively.

Fig. 3-14 Horizontal Projection of F4 Tornado Located at Relative Distance R = 300(m)
with Angle 0 = 120°

The maximum force in guy 1 and, consequently the peak force in F437 and F422, occur 

when guy 1 is almost parallel to the radial component. This provides an interpretation for 

the critical value of 0 = 120°. The reaction of the guys increases with the increase of both 

the distributed load “P” and the concentrated loads “Fc” and “Fg”. As mentioned before, 

P has large values for R ranging between 158 (m) and 273 (m), while “Fc” and “Fg” have 

large values for R > 300 (m), due to the effect of the span loads. It turns out that a value
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of R = 300 (m) achieves the maximum effect for the combination of P, and Fc and Fg, 

which leads to a maximum force in guy 1 and, consequently, maximum forces in the two 

considered members.

3.7 Cable Forces Under Axisvmmetric F4 Tornado Wind Field

Table 3-4 show the peak forces that develop in the conductors, ground wires and guys as 

a result o f the F4-tomado. The “Initial” value represents the initial pretension values 

assumed in the analysis. The “Maximum” And ‘Minimum” values represent the 

magnitude of maximum and minimum tension forces. Since cables do not resist 

compression, no negative values are reported in the table.

Table 3-4 Variation of the Pretension Forces in Conductors, Ground wire and Guys

Structural
Element

Pretension Force
Initial Maximum Minimum

(kN) (kN) (kN)

Guys 5 709 1

Conductors 82 222 82

Ground
Wire

8 72 8

The results show a significant increase in the cable forces, which should be considered in 

the design of the transmission line system in order to assure a satisfactory performance 

during tornadoes.

3.8 Sensitivity Study

A study is conducted to assess the sensitivity of the peak member forces to the variation 

of the two parameters R and 0, which define the relative location of the tornado. The
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sensitivity study is conducted using the F4 axisymmetric tornado field. Results are 

presented for chord and diagonal members located at different zones of the tower. For 

each member, the variation of the peak forces with 0 is first provided for a fixed value of 

R that corresponds to the critical tornado location of the member. The variation of the 

peak forces with R is then presented using the critical value of 0 corresponding to the 

critical tornado location of the member. Fig. 3-15 to Fig. 3-20 show the results for three 

members belonging to the tower zone, i.e. located within zones 1 to 5. These are labelled 

as F141, F183 and F172, which are chord, diagonal (1) and diagonal (2) members, 

respectively. In Fig. 3-21 to Fig. 3-24, the results of the sensitivity analysis for members 

F422 and FI 18 are presented. They are chord members in the guy and conductor cross 

arms, respectively. The following observations can be drawn from the figures:

1) All members’ internal forces exhibit significant fluctuations with the two tornado 

location parameters R and 0.

2) With the exception of member F422, the sign of the members’ forces changes 

with 0.

3) With the exception of a small range for R for member F183, the variation of R 

does not change the sign of the internal forces.

4) For chord members, the variations of the forces with R, in the post peak regions, 

are relatively small. This is applicable for the chord members located either in the 

tower or the conductors zone.

5) The peak values of the members' forces and the associated critical values for R 

and 0, leading to those peak forces, coincide with the values reported in Table 3-1.
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F141 -R = 200(m)

Fig. 3-15 Variation of the Axial Force in Member F141 for Different Values of 0 with
R = 200(m)

Fig. 3-16 Variation of the Axial Force in Member F141 for Different Values of R with
0 = 330°
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-♦»F183 - R = 200 (m)

Fig. 3-17 Variation of the Axial Force in Member F183 for Different Values of 0 with
R = 200(m)

Fig. 3-18 Variation of the Axial Force in Member FI 83 for Different Values of R with
6 = 150°
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F 1 7 2 -R  = 200(m)

Fig. 3-19 Variation of the Axial Force in Member F172 for Different Values of 0 with
R = 200(m)

R(m)

F172-0 = 150 
(Deg.)

Fig. 3-20 Variation of the Axial Force in Member F172 for Different Values of R with
0 =  0°



A
xi

al
 F

or
ce

 (k
N

)

F 422  - R  =  300  (m )

Fig. 3-21 Variation of the Axial Force in Member F422 for Different Values of 0 with
R = 300 (m)

R(m)

F422 - 0 = 120 
(Deg.)

Fig. 3-22 Variation of the Axial Force in Member F422 for Different Values of R with
0 = 120°
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F118 - R = 500 (m)

Fig. 3-23 Variation of the Axial Force in Member FI 18 for Different Values of 0 with
R = 500 (m)

vwhO
fe
S"h
<

R(m)

F118 - 0 = 90 
(Deg.)

Fig. 3-24 Variation of the Axial Force in Member FI 18 for Different Values of R with
0 = 90°

3.9 Conclusions

The following conclusions can be drawn from the parametric study conducted in this 

Chapter:
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The forces in all tower members change significantly with the variation of the 

parameters R and 0, which define the location of the tornado relative to the tower. 

Different type of members, either chord or diagonal, as well as members located 

in different zones of the tower, have independent critical values of R and 0 that 

lead to peak forces in these members. This emphasizes the need for conducting an 

extensive parametric study, by varying the location of the tornado, in order to 

predict the peak forces in all members of the tower.

Analyses conducted using the 3-D and the axisymmetric sets of data reveal no 

significant variation in the members’ internal forces. The difference is more 

pronounced in the tower zones near the ground, because of the instability of the 

wind in this region, which can be only observed in the 3-D fluid dynamic 

analysis.

The F2 tornado leads to peak member forces that are significantly less than those 

resulting from the F4 tornado.

A comparison is carried out between the peak forces due to F2 tornado to those 

resulting from normal wind and downbursts loading. In this comparison, the wind 

speed used in the design of the tower was employed to evaluate the normal wind 

forces. Such a comparison shows that the member forces due to F2 tornado 

exceed the downburst and normal wind forces. However, for the majority of the 

members, the F2 tornado forces are found to be less than the capacity of the 

members.

Some tornado locations result in unbalanced forces acting on adjacent spans of the 

conductors. This leads to a resultant force that acts on the tower cross arms along



74

the longitudinal direction of the conductors. This force leads to an out-of-plane 

bending effect on the cross arms and, consequently, compression forces in some 

of the upper chord members. These compression forces exceed the tension forces 

that develop in these members due to the self weight of the conductors. As a 

result, these members become subjected to compression forces, which are not 

typically accounted for under normal wind load cases.
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CHAPTER 4

DYNAMIC BEHAVIOUR OF TRANSMISSION LINE STRUCTURES UNDER
TORNADO WIND LOADING3

4.1 Introduction

Electricity plays a vital and essential role in the function of modem society. This 

dependence is problematic in the case of power outages, often which result from the 

failure o f electrical transmission lines. More than 80% of these line failures have been 

attributed to High Intensity Wind (HIW) events, such as tornadoes and downbursts. 

Despite this fact, the subject of analysis and design of transmission lines under HIW 

events has not yet matured, and the amount of research studies conducted regarding this 

topic has been limited. The design codes do not consider the wind loads resulting from 

HIW, as they are specific only to loads associated with large-scale normal wind events. 

The vertical profile of normal wind events is characterized by a monotonic increase in 

wind velocity with height. This profile is different from the wind profile associated with 

tornadoes, in which the maximum wind speed occurs near the ground. The tornado wind 

field has a significant vertical component, which does not exist for normal wind events. 

In addition, due to the localized nature of HIW events, the structural behaviour of 

transmission line systems exhibits unique features when subjected to HIW. One of these 

features is the significant variation of the forces acting on the towers and the conductors 

with the location of the tornado relative to the line system. Consequently, the internal 

forces in the members will vary with the location of the tornado. As a result, a tower can 

have various critical tornado locations, each one leading to peak forces in a group of

3 A version of this chapter is being prepared for publication in the Journal o f Wind and 
Structures
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members. Studies regarding to the characterization of the tornado wind field can be 

divided into three categories: field measurements, laboratory tests, and numerical 

simulations. Field measurements have been conducted by Sarkar, et al. (2005) for the 

1998 Spencer South Dakota F4 tornado, and by Lee and Wurman (2005) for the 1999 

Mulhall F4 tornado. The full-scale measurements are typically inaccurate at the near 

ground region. Baker (1981) has developed a Tornado Vortex Chamber (TVC), in which 

tornadoes can be simulated experimentally as vortices. These simulations provide a good 

estimation of the characteristics inside a tornado, however, the results are found to be 

affected by the applied boundary conditions. In an early study, Fujita and Pearson (1973) 

classified tornadoes based on their intensity and size. The intensities were defined by the 

gust wind speed, and the sizes were defined by the path length and width. The rating 

ranges from the smallest damage, “F0”, to the largest damage, “F5”. A numerical 

simulation for the tornado wind field has been conducted by Hangan and Kim (2008) 

using the Computational Fluid Dynamics (CFD) software FLUENT (2001). They have 

validated their numerical model using the results of the laboratory tests conducted by 

Baker (1981). Very few attempts have been made to assess the structural response of 

transmission lines to tornadoes. The failure of a self supported lattice tower under 

modelled tornado and microburst wind profiles has been investigated by Savory, et al. 

(2001). The mathematical dynamic tornado wind model used in this study is based on the 

numerical model developed by Wen (1975) in which the tornado force, relative to the 

velocity component in the direction being considered, can be obtained per unit height of 

the obstacle at any given time. Only the horizontal wind profile corresponding to F3 

tornado on the Fujita scale was used in the analysis without considering the vertical
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component of the tornado. The turbulence component associated with the tornado and the 

downburst wind loading was neglected. The tower members were modelled as three- 

dimensional truss elements. The dynamic analysis was done for the tower alone including 

the self weight of the towers and the conductors, without modelling the transmission 

lines. The structural response showed initial quasi-static response before failure under the 

excessive tornado wind loads. Hamada, et al. (2009) developed a numerical model for the 

analysis of transmission lines subjected to tornado loading. The wind field data obtained 

from the Hangan and Kim (2008) numerical simulation was incorporated into this 

numerical model, after applying the proper scaling factors to account for F2 and F4 

tornado fields. This numerical model involves a simulation for a main tower, along a 

number of adjacent towers and conductors, and ground wires spanning in between. Both 

the horizontal and vertical components of the tornado wind fields are accounted for in 

this numerical model. In Chapter 3 of this Thesis, Hamada, et al. (2009) numerical model 

was used to conduct an extensive parametric study, which was used to identify the critical 

locations for F4 and F2 tornadoes, leading to peak forces in various members of a guyed 

transmission line system. The results were also used to describe the structural behaviour 

of the guyed tower under various tornado locations. In the same study, the sensitivity of 

the members’ internal forces to the variation of the parameters describing the location of 

the tornado was also assessed. In the above study, the parametric study was carried out by 

conducting a large number of quasi-static analyses by varying the location of the tornado 

relative to the studied tower. Loredo-Souza and Davenport (1998) investigated 

experimentally in wind tunnel the transmission line failures in strong wind events. The 

experimental work successfully agreed with the theoretical predictions obtained from the
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statistical method, using influence lines. The study shows how the dynamic behaviour of 

the lines is mainly affected by the value of the aerodynamic damping, which can reach 

60% of the critical damping. The aerodynamic damping is directly proportional to the 

wind velocity and inversely proportional to the lines mass. The study concluded that the 

background response is indeed the main contributor for the total fluctuating response. 

However, the resonant component can also be influential, depending on the line 

characteristics and wind velocities, which may lead to smaller values of the aerodynamic 

damping. Therefore, the study proves the importance of turbulence in the dynamic 

response of the lines, and shows the important role of the aerodynamic damping. 

Darwish, et al. (2009) modified the two-dimensional nonlinear finite element model of 

the transmission lines developed by Shehata, et al. (2005) to study the dynamic 

characteristics of the conductors under turbulent downburst loading. The modified model 

accounted for the large deformations and the pretension loading, and was used to predict 

the natural frequencies and mode shapes. In this study, the turbulence component was 

extracted from full scale data and added to the mean component of the downburst wind 

field developed by Kim and Hangan (2007). The study concluded the resonant 

component of the turbulence is negligible due to the large aerodynamic damping. In 

addition, the study discussed the effect of the pretension force on the natural period and 

mode shapes of the conductors. Loredo-Souza and Davenport (2003) reviewed the 

influence of the design procedure in the establishment of wind loading on transmission 

tower response. Davenport’s gust response and statistical method using influence lines 

procedures for wind loading on transmission structures were compared. The second 

approach accounts for the effect of the higher mode. Based on the tower response
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conducted in this research, Loredo-Souza and Davenport (2003) concluded that the 

dynamic response of transmission towers is strongly dependent on the turbulence 

intensity, and both the structural and aerodynamic damping of the towers. Also, the 

results showed that the second mode resonant response in some members, in which there 

was a reversal in forces based on the load position, was larger than the resonant response 

of the first mode.

In this chapter, the method of analysis is modified by carrying out a limited number of 

time-history dynamic analyses, instead of multiple quasi-static analyses. In each dynamic 

analysis, the tornado is assumed to have a convective velocity along a certain direction 

relative to the line. During various time intervals of the time-history analysis, the tornado 

has different locations relative to the tower. Consequently, the wind forces acting on 

various parts of the tower and the conductors will vary with time, as a result of this 

variation in tornado location. The time-history variations of the wind forces acting on 

different parts will have different profiles. The study is done to assess the effect of 

dynamic response on the behaviour of transmission lines subjected to tornado loading. 

Compared to the tower, it is expected that the behaviour of the conductors is more 

affected by a dynamic response. This is because the conductors typically have, in 

comparison to the tower, long periods of vibration, which match the dominant long 

period components of the wind loads.

The current study begins by providing a brief background of the tornado field used in the 

analysis, which is based on Hangan and Kim (2008) numerical simulation, along with the 

finite element model developed by Hamada, et al. (2009). The natural periods and mode 

shapes of the considered transmission line system are then determined by conducting free
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vibration analyses. The time-history variation of the tornado forces, resulting from the 

translation of the tornado events, is presented at various locations in the tower and 

conductors. Time-history dynamic analyses are conducted and the results are compared to 

the findings obtained in the extensive quasi-static parametric study reported in the 

previous Chapter. Major conclusions obtained in view of this comparison are discussed.

4.2 F4 Tornado Wind Field

As mentioned above, the tornado wind field used in the current study is based on a three 

dimensional numerical simulation conducted and validated by Hangan and Kim (2008). 

This simulation was conducted on a reduced-scale tornado model, using various values 

for the swirl ratio “S”. This parameter is related to the ratio between the tangential and 

radial velocities of the tornado. In the same study, Hangan and Kim (2008) compared the 

model results, after applying velocity and length scale factors, to foil-scale measurements of 

an F4 tornado, which occurred in Spencer, South Dakota, USA, in May 30, 1998. This tornado 

was tracked by Wurman (1998) and the recorded data were then summarized by Sarkar, et al. 

(2005). Through this comparison Hangan and Kim (2008) concluded that the numerical 

data corresponding to a swirl ratio “S = 2” agrees well with the measured F4 tornado 

data. The appropriate length and velocity scale factors that should be applied to the 

numerical data, in order to simulate fully developed tornadoes were also obtained in this 

study. The resulting wind field for F4 tornadoes has three velocity components: the radial 

Vmr (r, 0 ,z), the tangential Vmt (r, 0 ,z) and the axial V™ (r, 0 ,z) components. Those 

components vary with space as functions of the cylindrical coordinates r, 0, and z. They 

do not vary with time, since the CFD analysis predicted a steady-state condition of the 

tornado. An axisymmetric wind profile Vm(r,z) of the three components is then calculated
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by averaging the data along the circumferential direction, i.e. by eliminating the variation 

with 0. This set of axisymmetric data, simulating F4-scale tornadoes, is used in the 

current study.

4.3 Finite Element Modelling of Transmission Line System

A transmission line belonging to Manitoba Hydro, consisting of a number of identical 

guyed towers, labelled as type A-402-0 towers, is numerically simulated in this study. 

Each tower is supported by four guys at an elevation of 35.18 (m) relative to the ground. 

The towers, which have a height of 44.39 (m), are supported by hinges at the ground 

level. Two conductors are connected to the towers’ cross arms from each side using 4.27 

(m) length insulators. One ground wire is connected to the top of the towers for lighting 

protection. The conductors and ground wire have both a 480 (m) span and their mid

spans have a sag of 20 (m) and 13 (m), respectively. The geometry of a typical tower is 

shown in Fig. 4-1. The geometric and material properties of the conductors, ground wire 

and guys are provided in Shehata, et al. (2005).

A schematic of the developed numerical model is provided in Fig. 4-2. As shown in the 

figure, the numerical simulation includes the tower of interest, identified as the main 

tower, along with three conductor spans along each side of the main tower. The effect of 

the adjacent towers is simulated by replacing each tower with a spring system supporting 

the conductors at the tower locations. Each spring system consists of three linear springs, 

representing the stiffness of the tower and the connected insulator along three 

perpendicular directions. Simply supported conditions are assumed at the end of the

conductors.
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The number of conductors used was recommended by Shehata, et al. (2005), in order to 

accurately predict the forces transferred from the conductors to the main tower.

Fig. 4-1 Geometry of the Modelled Guyed Tower Type A-402-0

The numerical model for the transmission line system is developed using the finite 

element program SAP 2000 (CSI2008).
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Each member of the tower is modelled using one two-nodded, three-dimensional 

nonlinear frame element, having three displacement and three rotational degrees of 

freedom per node. A three dimensional nonlinear cable element is used to model the 

highly nonlinear behaviour of the conductors, the ground wire and the guys. The element 

accounts for the effects of tension stiffening, sagging and geometric nonlinearities. More 

details regarding the finite element model can be found in Hamada, et al. (2009).

4.4 Free Vibration Analysis of the Tower and the Lines

A free vibration analysis is conducted to estimate the natural period and mode shapes of 

the tower, the conductors and the ground wire.

4.4.1 The Tower

The natural periods of the tower are expected to be affected by the value of die initial 

pretension force applied to the guys. The evaluation of the natural periods of the tower 

involves conducting two sequential analyses. The first analysis is carried out to update 

the stiffness matrix of the tower, to account for the pretension force in the four guys. The 

second is a free vibration modal analysis to determine the natural periods and mode 

shapes. The analysis is repeated by applying two different values for the guys’ pretension
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forces. In addition, one analysis is conducted while replacing the guys with hinge 

supports, preventing the lateral movement of the tower at the guys’ locations. The periods 

of the first five modes obtained from the analyses are provided in Table 4-1.

Table 4-1 Tower Natural Periods

Pretension Mode 1 2 3 4 5

5 kN T (sec) 0.98 0.88 0.69 0.39 0.29

10 kN T (sec) 0.52 0.51 0.39 0.37 0.26

Hinge T (sec) 0.38 0.30 0.15 0.12 0.12

The following observations can be drawn from of the results reported in the table:

- The periods of the first two modes have close values. This is true for the three 

considered cases.

- The guys’ pretension forces have a significant effect on the natural periods of the 

tower. As the pretension force increases, the stiffness of the tower increases as 

well, and the natural periods of the structure approach the hinge case.

4.4.2 The Conductors

The conductors exhibit complex behaviour due to the effect of tension stiffening, and 

their highly nonlinear behaviour. The natural periods of the conductors are first evaluated 

by conducting a free vibration analysis, after updating the stiffness matrix to consider the 

effect of tension stiffening. The pretension force in the conductors is taken 82.344 (kN), 

which is the value applied to the real lines. This pretension force leads to a 20 (m) sag for 

the 480 (m) conductor span. The natural periods and the associated mode shapes along 

the transverse direction that result from this set of analysis, are given in Table 4-2 and
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Fig. 4-3. As shown in the table, there is a small difference between the periods of the first 

three modes.

Table 4-2 Natural Periods of the Conductors in the Transverse Direction.

Pretension Mode 1 2 3

82.344 (kN) T (sec) 9.01 8.78 8.57

The analysis is repeated to evaluate the natural periods of the conductor in the vertical 

direction. The fundamental period in the vertical direction is found to have a value of 

3.20 (sec). As expected, the conductors are more flexible in the transverse direction, 

compared to the vertical direction, due to the flexibility of the insulators in the transverse 

direction.

-♦ -M o d e l 

Mode 2 

- é - Mode 3

Fig. 4-3 First Three Mode Shapes of the Conductors

The fundamental periods of the conductors in both the transverse and the vertical 

directions are also evaluated by conducted sweep tests. This is done by applying a 

distributed harmonic load that leads to a deflection profile matching the fundamental 

mode shapes. A number of time-history analyses are conducted while varying the period 

of the applied load. The loading period, leading to absolute maximum response, 

represents the fundamental period of the conductors. The sweep tests are repeated while
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varying the amplitude of the applied harmonic load. This is done to assess the variation of 

the fundamental periods with the excitation level. The results of the sweep test indicate 

that the variation of the fundamental periods with the excitation level is minor. The 

largest value for the transverse fundamental period is found to be 10 (sec), which is not 

significantly different from the value obtained from the free vibration analysis.

4.4.3 The Ground Wire

Similar to the conductors, free vibration analyses are conducted to evaluate the natural 

periods of the ground wire. The natural period values of the transverse modes are 

reported in Table 4-3. The analysis also predicts a fundamental period in the vertical 

direction of 3.4 (sec).

Table 4-3 Natural Periods of Ground Wire in Transverse Direction

Pretension Mode 1 2 3

8(kN) T (sec) 6.70 6.69 6.68

4.5 Tornado Time-history Loading

The time-history analysis is conducted by assuming an initial location for the tornado 

relative to the main tower. An assumption is made regarding the direction of the 

translation motion of the center of the tornado. Two cases are considered in this study; 

parallel and perpendicular to the conductors, respectively. The tornado is assumed to 

have a transitional velocity of 20 (m/sec), a value recommended by Savory, et al. (2001). 

The translation motion of the tornado leads to a variation of its position, relative to the 

main tower and the conductors, with time. As a consequence, the tornado forces acting at 

various locations of the tower and the conductors will vary with time. At each time



88

interval, the steady-state wind field data are used to evaluate the instantaneous forces 

acting on the main tower and conductors. For each direction of motion of the tornado, 

one time-history analysis is conducted using a time step of 0.1 (sec). The time-history 

variations for the tornado forces acting at selected locations of the tower and the 

conductors, are provided below.

4.5.1 First Case -  Tornado Path Parallel to the Transmission Line

Fig. 4-4 shows the initial location of the tornado, which is assumed to be 300 (m) left of 

the main tower. The tornado path, which is parallel to the transmission lines, is also 

shown in the figure. The time-history analysis is carried out until the tornado passes the 

main tower at a distance of 300 (m). With a translation velocity of 20 (m/sec), the total 

duration of the time-history analysis is 30 (sec).

|X
Tower

Conductors /  /

a
\  \

\ \
\  \

Conductors \  \
Tomado path

Translational pelocity = 20 m/sec

300 (m) X 300 (m)

Fig. 4-4 Tornado Path for First Time-history Analysis.

To further analyze the spatial and time-history variations of the wind field, the time- 

history variations for the components of the tornado forces are plotted at the following

locations:
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a) Mid-span of the conductor connected to the main tower.

b) Connection between the conductor and main tower.

c) Mid-span of the ground wire connected to the main tower.

d) A nodal point located in the middle of the Tower zone at height = 20 (m).

These plots are provided in figures Fig. 4-5, Fig. 4-6, Fig. 4-7, Fig. 4-8, Fig. 4-9, Fig. 

4-10, Fig. 4-11, Fig. 4-12, and Fig. 4-13.

Fig. 4-5 Time-history of the Transverse Force Acting at the Conductor’s Mid-span

t(sec)

Fig. 4-6 Time-history of the Vertical Force Acting at the Conductor’s Mid-span
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Fig. 4-7 Time-history of the Transverse Force Acting at the Conductor-Tower
Connection

Fig. 4-8 Time-history of the Vertical Force Acting at the Conductor-Tower Connection
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Fig. 4-9 Time-history of the Transverse Force Acting at the Ground Wire’s Mid-span

t(sec)

Fig. 4-10 Time-history of the Vertical Force Acting at the Ground Wire’s Mid-span
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Fig. 4-11 Time-history of Force along the X-Direction at a Nodal Point of the Tower

Fig. 4-12 Time-history of Force along the Y-Direction at a Nodal Point of the Tower
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Fig. 4-13 Time-history of Force along the Z-Direction at a Nodal Point of the Tower

The figures indicate that the time-history profiles of the forces vary significantly from 

one point to another within the transmission line system. Also, at the same node, the 

time-history of the force components has different profiles. In general, the acting tornado 

forces have relatively long periods of oscillation. Among the plotted profiles, the 

minimum loading period is about 13 (sec), which is close to the conductors’ fundamental 

period.

4.5.2 Second Case -Tornado Path Perpendicular to the Transmission Line

This case considers a tornado path that is perpendicular to the transmission line. The 

tornado range and its path are shown in the schematic given in Fig. 4-14.
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Fig. 4-14 Tornado Path for Second Time-history Analysis 

4.6 Nonlinear Time-history Analysis

The analysis begins by solving the nonlinear load case “Target”, which involves the 

evaluation of the stiffness matrix of the tower and the cables, while taking into 

consideration the effects of geometric nonlinearity, tension stiffening and sagging. This is 

followed by time steps nonlinear analyses conducted using the Newmark direct 

integration method. The nonlinear analysis takes into consideration the geometric 

nonlinearities resulting from the P-Delta, and large displacements effects. The output 

time step is taken equal to the input time step, to accurately capture the full effect of the 

loading.

Damping is simulated using the full damping matrix approach, which accounts for 

coupling between the modes. A proportional damping matrix is calculated as a linear 

combination of the stiffness and mass matrices. Details about the proportional damping 

matrix approach are provided by Bathe (1996).
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A 4% structural damping ratio is assumed for the tower, as recommended by Loredo- 

Souza and Davenport (2003) and the ASCE No. 74 guidelines (1991). Regarding the line, 

the structural damping has a small value of about 0.05%, as reported by Loredo-Souza 

and Davenport (1998), which is neglected. The aerodynamic damping of the conductors 

plays a very important role in defining their responses under dynamic loading. It can be 

evaluated using Eq. (1), as shown by Loredo-Souza and Davenport (1998).

Where p is the fluid density, d the cable diameter, m  the mass of the lines per unit length, 

C d  the drag coefficient, /  the natural frequency, and V is the magnitude of the wind 

velocity. The F4 tornado field has an average velocity outside the tornado core of 35 

(m/sec). Inside the core, the wind velocity exceeds this value. A conservative estimate of 

the aerodynamic damping is calculated using V= 35 (m/sec), leading to an aerodynamic 

damping ratio equal to 33%.

4.7 Results of the Time-history Analysis

In order to assess the effect of dynamic behaviour, a comparison is carried in this section 

between the results of the time-history analyses and the results of extensive quasi-static 

parametric study, conducted along the two considered tornado paths. For the static 

analysis, time is a virtual quantity, reflecting a specific location of the tornado. 

Comparisons are presented here for some selected members of the tower and at specific 

locations of the conductor. As shown in Fig. 4-1, the tower is divided into two main 

zones. The tower zone is located below the supporting guys, while the cross arms zone is 

located at the upper part of the tower.

(1)
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The transverse lateral and vertical displacements at mid-span of the conductor connected 

to the main tower under the first case of loading are plotted in Fig. 4-15 and Fig. 4-16, 

respectively.

Dynamic

Static

Fig. 4-15 Transverse Displacement at the Conductor’s Mid-Span Due to Dynamic and 
Static Tornado Loading (First Loading Case)

..........Dynamic

--------- Static

Fig. 4-16 Vertical of the Conductor’s Mid-Span Due to Dynamic and Static Tornado
Loading (First Loading Case)

The figures show that the dynamic response exceeds the static response, predominantly 

during the first ten seconds of loading. It should be noted that the wave superimposed on 

the static response has a period that almost matches the transverse and vertical periods of
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the conductor. This indicates that a resonant component has contributed to the dynamic 

response.

Results for an upper chord member of the conductor’ cross arm, member FI 18, are 

presented in Fig. 4-17 and Fig. 4-18 for load cases one and two, respectively. Both 

figures show a comparison between the member axial forces obtained from the dynamic 

and static analyses.

" 1 Dynamic 

. . . . .  static

Fig. 4-17 Variation of Axial Force in Member FI 18 with Time Due to Dynamic and 
Static Analyses under First Load Case

■ Dynamic 

• Static

Fig. 4-18 Variation of Axial Force in Member FI 18 with Time Due to Dynamic and 
Static Analyses under Second Load Case
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Similar to the conductor displacements, the dynamic analysis amplifies the forces in the 

cross arm member during the first ten seconds of loading. This effect is expected to result 

from the resonant component of the conductors, which lead to an amplification in the 

force transferred from the conductors to the cross arm.

To confirm this interpretation, the static and dynamic analyses are repeated, without 

including conductors and ground wire in the numerical model. The results corresponding 

to the first load case are plotted in Fig. 4-19.

------ Dynamic

— - -  Static

Fig. 4-19 Variation of Axial Force in Member FI 18 with Time Due to Dynamic and
Static Analyses of the Tower Only

The long period component associated with the resonant response of the conductors does 

not appear when the tower is considered alone. However, a transient component, with an 

oscillation matching the period of the tower, appears in the dynamic analysis. This 

transient component is almost completely damped within five seconds of loading.

Fig. 4-20 shows the time-history variation of the axial load in the chord member F318, 

located in the tower zone due to first load case. The long-period wave resulting from the 

resonant response of the conductor does not appear for this member. The response of this
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member is not significantly affected by the conductors’ forces. A transient component 

appears in the dynamic response.
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Fig. 4-20 Variation of Axial Force in Chord Member F318 with Time Due to Dynamic 
and Static Analyses under First Load Case

4.8 Conclusions

The current study investigates the dynamic response of transmission line structures under 

a moving tornado event. The steady-state tornado wind field is based on a model-scale 

Computational Fluid Dynamics (CFD) analysis that was conducted in a previous study. 

Numerical schemes are developed to evaluate the natural frequencies and mode shapes of 

the different components of the transmission line system. Time-history dynamic analyses 

are then conducted, by considering a velocity convective component of 20 m/sec for the 

tornado. At each time instant, the relative distance between the tornado and the structure 

changes. This leads to a time-history variation of the tornado forces. This time-history 

variation differs from one point to another. The analysis is conducted under an F4- 

tomado. Two sets of time-history analyses are conducted by considering tornado paths
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that are parallel and perpendicular to the line. The following conclusions can be drawn 

from this study:

- The value of the pretension force in the guys has a significant effect on the natural 

frequencies of the tower. Increasing the pretension force in the guys increases the 

tower stiffness, and consequently, decreases the fundamental period.

The natural periods of the conductors and ground wire are longer than the natural 

periods of the tower, especially in the transverse direction. Therefore, the 

conductors and ground wire are more susceptible to be excited by the dynamic 

component of the tornado load, which is dominated by a long-period component. 

The time-history analyses show that the dynamic response of the conductors 

exceeds the static response, mainly during the first ten seconds of loading. This 

indicates that a resonant component has contributed to the dynamic response. The 

resonant component also affects the internal forces in the tower cross arms, in 

which the dynamic response is also higher than the static. Due to the high 

aerodynamic damping of the conductors, this resonant component is damped out 

over time. The presence of the resonant component in the dynamic response of the 

conductors could be explained by the nature of the assumed loading. The 

instantaneous appearance of the tornado event does not allow for aerodynamic 

damping to be developed in the first period of response. This loading assumption 

does not consider the effect of the aerodynamic damping caused by conventional 

winds that would exist in a storm before a tornado event.

- The long period wave resulting from the resonant response of the conductor does 

not appear in the tower zone members’ response.
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In light of these findings, it can be concluded that it is important to consider the dynamic 

response of transmission lines when designing the upper part of transmission towers.
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CHAPTER 5 

CONCLUSION

5.1 Summary

A procedure is developed to model and predict the structural performance of guyed 

transmission lines system subjected to tornado wind loads. The tornado wind field is 

based on a model scale Computational Fluid Dynamics (CFD) analysis developed and 

validated in a previous study. The CFD data, together with full scale wind measurements 

and design guideline recommendations are used to establish the wind fields associated 

with F4 and F2 tornadoes. The tornado wind field has a three dimensional steady-state 

spatial variation. The data along the circumference is averaged, leading to an 

axisymmetric set of F4 tornado data. The procedures used to obtain wind forces due to 

the radial, tangential, and axial velocity components of the wind field acting on the 

transmission line and towers node are described. A three-dimensional nonlinear finite 

element model for the transmission line system is developed. The model includes a 

simulation of the tower of interest, in addition to two towers and three spans of 

conductors and ground wires on each side of the tower of interest. The model accounts 

for the geometric nonlinearity resulting from both the large deformations of the lines and 

the P-delta effect. The cable element formulation, which is used to model the conductors, 

the ground wire, and the guys, includes the effect of tension stiffness and sagging.

The developed numerical model is used to conduct an extensive parametric study to 

assess the performance of guyed transmission towers under loads resulting from different 

tornado events. Both the F4 and F2 tornado wind fields are used. The parametric study is 

conducted in a quasi-static manner by carrying out a large number of analyses, each
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analysis corresponds to a specific tornado location relative to the tower of interest. The 

conducted parametric study consists of three parts. Part one assesses the behaviour under 

F4 tornado wind field. In second part, the behaviour is assessed under F2 tornado wind 

field. In the third part, the analysis is conducted for the intermediate tower alone, i.e. 

without modelling the lines, under F4 and F2 tornadoes. The structural behaviour of the 

tower under various critical tornado locations is described. The results of the parametric 

study are used to assess the sensitivity of the member forces to the variation of the 

parameters describing the location of the tornado relative to the line.

The study proceeds by studying the dynamic response of transmission lines under tornado 

loads. The available CFD data are in the steady state manner with no variation with time. 

Thus, the loading time history used in the dynamic analysis is based on the translation of 

the tornado event. The natural periods and mode shapes of the considered transmission 

line system are first determined by conducting free vibration analyses. The developed 

finite element model is modified to account for the time-history variation of the tornado 

forces resulting from the translation of the tornado event. Time-history dynamic analyses 

are conducted and the results are compared with the quasi-static parametric study results.

5.2 Conclusions

The following conclusion can be drawn from this research:

1) The forces in all tower members change significantly with the variation of the 

parameters R and 0, which define the location of the tornado relative to the tower.

2) Different type of members, either chord or diagonal, as well members located in 

different zones of the tower, have independent critical values of R and 0 that lead 

to peak forces in these members. This emphasizes the need of conducting an
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extensive parametric study, by varying the location of the tornado, in order to 

predict the peak forces in all members of the tower.

3) Analyses conducted using the 3-D and the axisymmetric sets of data reveal no 

significant variation in the members’ internal forces. The difference is more 

pronounced in the tower zones near the ground, because of the instability of the 

wind in this region, which can be only observed in the 3-D fluid dynamic 

analysis.

4) The F2 tornado leads to peak member forces that are significantly less than those 

resulting from the F4 tornado.

5) A comparison is carried out between the peak forces due to F2 tornado to those 

resulting from normal wind and downbursts loading. In this comparison, the wind 

speed used in the design of the tower was employed to evaluate the normal wind 

forces. Such a comparison shows that the member forces due to F2 tornado 

exceed the downburst and normal wind forces. However, for the majority of the 

members, the F2 tornado forces are found to be less than the capacity of the 

members.

6) Due to the unbalanced nature of tornadoes, some event locations result in 

unbalanced forces acting on adjacent spans of the conductors. This leads to a 

resultant force that acts on the tower cross arms along the longitudinal direction of 

the conductors. This force leads to an out-of-plane bending effect on the cross 

arms and, consequently, compression forces in some of the upper chord members. 

These compression forces exceed the tension forces that develop in these 

members due to the own weight of the conductors. As a result, these members
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become subjected to compression forces, which are not typically accounted for 

under normal wind load cases.

7) The value of the pretension force in the guys has a significant effect on the 

natural frequencies of the tower. Increasing the pretension force in the guys 

increases the tower stiffness, and consequently decreases the fundamental period.

8) The natural periods of the conductors and ground wire are higher than the natural 

periods of the tower especially in the transverse direction. Therefore, the 

conductors and ground wire are more susceptible to be excited by the dynamic 

component of the tornado load, which is dominant by a long period component.

9) The time history analyses show that the dynamic response of the conductors 

exceed the static response, mainly during the first ten seconds of loading. This 

indicates that a resonant component has contributed to the dynamic response. The 

resonant component also affects the internal forces in the tower cross arms, where 

the dynamic response also is higher than the static. Due to the high aerodynamic 

damping of the conductors, this resonant component is damped out over time. The 

presence of the resonant component in the dynamic response of the conductors 

could be explained by the nature of the assumed loading. The instantaneous 

appearance of the tornado event does not allow for aerodynamic damping to be 

developed in the first period of response. This loading assumption does not 

consider the effect of the aerodynamic damping caused by conventional winds 

that would exist in a storm before a tornado event.

10) The long period wave resulting from the resonant response of the conductor does 

not appear in the tower zone members’ response.
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5.3 Recommendations for Future Research

This thesis investigates the structural behaviour of a guyed transmission line system. For 

future research, the following investigations are suggested:

- Extend the dynamic analysis of the transmission line to include the turbulence 

components of the tornado loading.

- Conduct similar studies by considering different terrain exposure and topography 

of the ground.

- Conduct similar studies by considering different configurations of transmission 

lines, such as self-supported towers.

- Conduct a progressive failure analysis of the transmission towers under different 

tornadoes.

- Develop a numerical model that accounts for the local buckling capacity of the 

tower members as well as the connection details between the tower members.
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