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CHAPTER 1 

INTRODUCTION 

1.1 Overview of Guyed Masts 

Guyed masts are unique civil engineering structures, structurally efficient, self-

supporting lattice towers. High structural efficiency of guyed towers is achieved by the 

use of pre-tensioned cables and a skeletal design. The height of guyed masts can exceed 

600m (Sparling, 1995), therefore they are extensively used by telecommunication 

industry. Guyed towers also have the highest failure rate. Since 1959, there have been 

100 confirmed collapses of guyed towers in United States (Madugula, 1998). Failure of 

guyed tower results in significant economic loss and human inconvenience. This report 

emphasizes on the study of guyed towers subjected to dynamic wind loads. 

A schematic of guyed tower is shown in Figure 1.1. Typically the guyed mast is 

constructed as a triangular space truss with warren or cross-braced configuration. The 

mast is pinned or fixed at the base while the top usually supports an antenna. Pre-

tensioned cables, radiating symmetrically from the mast at several elevations, provide 

lateral support to the mast. 

Traditional techniques for the analysis of guyed towers rely on pseudo-static 

analysis and are insufficient because of significant secondary effects and nonlinear 

behavior of cables. Due to overall flexibility, slendemess and lightweight, guyed masts 

are susceptible to large deflections and also exhibit high dynamic sensitivity to turbulent 

winds. As a result, dynamic analysis is considered imperative for calculating the peak 

axial forces in the mast. Other environmental factors like icing and snow accumulation on 
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cables can significantly enhance the mast response, sometimes resulting in structure 

failure. 

Figure 1.1. Schematic of a Typical Guyed Mast Tower. 



1.2 Literature Review 

Significant time and effort has been spent in the study of guyed towers, especial 1> 

towards the study of nonlinear interaction of guys with the mast. In this report, the word 

'guys' is also referred to as 'cables'. Irvine (1981) has summarized both static and 

dynamic analysis of cables. A number of authors have also addressed the problem of 

cable dynamics (Triantafyllou, 1981; Veletsos and Darbre, 1983; Starossek, 1991). 

Details of experimental work on nonlinear cable behavior are also available (Zui. Shinke 

and Namita, 1996; Russell and Lardner, 1996; Tan and Pellegrino, 1997). In recent 

times, notable progress has been made to study the wind effects on guyed towers and 

cable mast interactions (Nakamoto, 1985; Gerstoft and Davenport, 1986; Issa and Avent. 

1991; Davenport and Sparling, 1992; Wamitchai, Fujino and Susumpow, 1995; Stander 

and Coster, 1995; Sparling and Davenport, 1997). 

Most of the analytical techniques are based on an assumption of approximating 

the mast as an equivalent beam. Approximations of this nature can result in significant 

error (Issa and Avent, 1991), although the natural frequencies of the system may remain 

the same (Madugula, 1998). The reason for this assumption, even for static analysis, is 

because of the large degrees of freedom associated with a three-dimensional truss. This 

requires a lot of computer memory and time. However, with the advent of more powerful 

personal computers, the nonlinear repetitive analysis can be accomplished in a matter of 

few seconds using efficient computational techniques. Also, the general techniques 

developed in the part to evaluate the effect of cable dynamics on the mast have been 

greatly simplified. Past researchers have mostly concentrated on frequency domain 

analysis. Lately, Some investigators have undertaken analytical studies of time domain 



analysis, although assumptions have been made to reduce the total computational effort 

in the solution of the system (lannuzzi, 1986; Sparling and Davenport, 1998). 

1.3 Analysis Procedures 

1.3.1 Mast Analysis 

Analysis of guyed masts is more complicated than most other civil engineering 

structures because of their overall flexibility and interaction with nonlinear cables. 

Cables are geometrically nonlinear and result in eccentric guy forces at the level of guy 

connections. Slendemess of the mast causes buckling instability of guyed towers. Due to 

flexibility of the supporting cables, the guyed towers are very flexible, with relatively 

large lateral displacements. This makes the guyed towers susceptible to dynamic 

excitation from turbulent winds and results in significant second-order P-A effects. 

Therefore, the static analysis of guyed towers is considered inadequate and can seriously 

underestimate the member forces at critical locations, for the beam model. 

Rigorous analysis for dynamic response has provided by frequency domain 

analysis technique (Sparling, 1995). Using frequency domain analysis, statistical 

properties of wind can be used to get a reliable estimate of peak response. Frequency 

domain analysis model assumes linear dynamic response about a mean equilibrium 

position and the nonlinear cables are replaced with an approximate equivalent spring-

mass model (Gerstoft and Davenport, 1986). In addition to the linear approximation of 

the cables, the single degree of freedom spring-mass model in frequency domain analysis 

limits the dynamic response of guys to its lowest vibration mode. The frequency domain 

response can be converted to time domain by superposing the response components of all 
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the frequencies included. Fast Fourier Transform (FFT) makes this analysis task 

computationally feasible (Clough and Penzien, 1993). Since frequency domain analysis 

does not require large input data of wind loads and with assumptions of linear spring-

mass cable model, the memory requirements in the frequency domain computer analysis 

are not very high. Therefore, the frequency domain analysis provides a convenient 

analysis tool on the current generation personal computers. 

Even though the dynamic response is very important for guyed masts, traditional 

practices have mostly concentrated on static analysis procedures. The reason for this can 

be attributed to high computational requirements, even for frequency domain analysis. 

Cohen (1960) recommended the use of multiple load patterns to account for non-uniform 

gust loading. This technique evolved into the patch load method, in which a series of 

static wind load patterns are applied to represent wind gust effects. The wind and mast 

characteristics are taken into account by the use of empirical factors. Gersoft and 

Figure 1.2. Patch Loads for Calculating Support Moments. 



Davenport (1986) suggested a simplified method for dynamic analysis of guyed masts 

based on the patch load technique. Load patterns for a two-level guyed mast are shown 

in Figure 1.2. This technique was improved further and was also incorporated in the 

British Standard BS 8100 and Canadian Standard CSA/CAN-S36-M94 (Davenport and 

Sparling 1991). 

Time domain analysis on the other hand is an excellent technique for investigating 

the nonlinear dynamic response. Using this approach, system properties can be updated 

continuously at each time interval. Thus, geometric and material nonlinearities can be 

easily incorporated, if necessary. Time domain analysis can be performed using various 

procedures including Newmark-P method, Wilson-0 method and the central difference 

method. A detailed explanation of the Newmark-P method is provided in Section 4.3. 

Time and memory requirements associated with time domain analysis have been a major 

deterrence to most investigators in the past. In addition to being computationally very 

intensive, a 3D wind field data is required at each time step. If the data is generated 

numerically, accuracy of the solution depends on how close the wind field data resembles 

the actual wind characteristics and on the conversion of wind velocities into wind loads. 

1.3.2 Cable Analysis 

Cables are very efficient tension bearing members although they do not have the 

capability to resist bending or axial compression. Cables are also highly nonlinear 

because of the significant changes in geometry due to displacements at the ends or 

external loads. Although the differential equations for cable segments can be developed 

with relative ease, development of closed-form solutions is very difficult and possible for 
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only limited types of loading. However, numerical methods like finite element, finite 

difference can be employed to get approximate solutions that are acceptable in most 

engineering problems. Sparling (1998) used a cable element based on catenary 

suspended profile for time domain analysis of guyed towers. 

Since most of the research on guyed towers is concentrated on frequency domain 

analysis that requires modal superposition, linearized system matrices for dynamic 

analysis are used. To obtain the required system properties for cables, investigators have 

been using a simplified spring-mass model (Hartmann and Davenport, 1966; Shears, 

1968; Gerstoft and Davenport, 1986). This spring-mass model approximates the dynamic 

characteristics of a guy vibrating in its fundamental mode and in its vertical plane. This 

is true for a dynamic analysis of a taut cable where in the primary mode of interest is the 

first. As the cable slackness increases, contributions to the response from the higher 

modes also increase. Thus the error in the solution obtained increases. 

I 
Uc 

-AAAA^ 

mo 

u^ 

-AAAA/-

ke 

Figure 1.3. Equivalent Spring-Mass Notation for a Cable. 
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The parameters used in the spring-mass cable analysis model are (see Figure 1.3;: 

k,; = gravity stiffness. 

ke = elastic stiffness, 

mc = equivalent cable mass. 

H = horizontal component of tension. 

Ua = displacement of equivalent cable mass. 

Um= displacement at the top end. attached to the mast. 

If ^is the vertical angle between the cord line and the horizontal plane, then the 

horizontal stiffness (kg) of a taut \\ ire due to elastic axial strain is defined by the 

following expression. 

^ = M ^ c o s ^ ^ (1.1) 

where. 

ac = cross section area, 

Lc = cord length. 

EG = modulus of elasticity of the cable. 

If r is the average tension in the cable, and q the self weight per unit length, stiffness 

due to gravitational forces (kg), which w ould characterize the resistance of an inextensible 

hanging chain, ma} be represented as (Gerstoft and Da\enport, 1986), 

127" 
k. =-^ ? 2 r 3 

(1.2^ 
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Equivalent horizontal stiffness, keq can be represented as two springs (kg. kg) acting in 

series, 

k,, = 
eq 

1 

k. 
e 

+ 
1 

k 
8 J 

(1.3) 

Equivalent mass of the guy, mc is defined as (Gerstoft and Davenport, 1986), 

k L^qL 
rur = —hi , (1.4) 

where, q is the guy weight/unit length and g is acceleration due to gravity. 

Kama (1984) modified the spring-mass model to incorporate the static and dynamic 

effects of wind loads acting on the guy. Stmctural and aerodynamic damping has also 

been included in the modified model. 

1.4 Objectives 

The general objective of this thesis is to develop a reliable and an efficient time 

domain analysis procedure for the dynamic analysis of guyed masts. The magnitude of 

cable nonlinearity and its effect on the guyed mast is also studied as a part of the thesis. 

The need for dynamic analysis for the design of guyed towers has been clearly 

established. In the past, research in this area has mostly concentrated on frequency 

domain analysis with the number of approximations and assumptions. Most commonly, 

the mast space tmss is approximated as an equivalent beam with five or six degrees of 

freedom at each node. For this study, a complete 3D tmss model is used for the mast 

analysis. A computer code using object-oriented programming is assembled for time 

domain dynamic analysis of guyed towers. 



The study of cable nonlinearity as in this thesis is focused on pre-stressed inclined 

cables. A simple iterative technique for the solution of the change in the cable tension 

corresponding to the displacements at the top is presented. Effect of lateral wind force on 

the guys is investigated by employing finite element analysis. The results of the classical 

solution, finite element solution and finite element analysis of cables subjected to lateral 

wind loads are compared. Quasi-static model of cables, ignoring the inertial forces of the 

cables, is used for the mast dynamics. 

The complete 3D tmss analysis for the mast provides a very comprehensive study 

of stress distribution in individual mast members corresponding to their location and 

orientation in the mast. Effects of initial pre-stressing, static wind loads and dynamic 

wind loads on the mast are compared. Effect of the mast response to wind forces on the 

guys is also studied. 

A comprehensive computer program for the dynamic analysis of guyed towers is 

developed. Object-oriented programming (OOP) is adopted for easier source code 

reusability. Efficient techniques are developed for various components of the problem to 

reduce the memory requirements and decrease the time of execution. As a part of OOP, 

classes for equation solvers, cable and tmss elements have also been developed. 

Development of efficient numerical algorithms, such as iterative solution of linear 

equations, is also an objective of the thesis. Possibility of using data stmctures like 

linked lists, besides matrices is also explored. 
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1.5 Plan of Development 

This report can be broadly divided into three main subject areas - cable analysis, 

guy-mast system and computational techniques. 

The study of various parameters that influence the wind loads on guyed towers is 

discussed in Chapter 2. Basic differential equations for a catenary and an iterative 

solution technique are presented in Chapter 3. A finite element model for the cable is 

also presented and the results are discussed. Four sample cables are used for this 

purpose. Differences in the response with different cable conditions are examined, these 

include-guys without wind loads and guys subjected to lateral wind loads. Development 

of a 3D tmss element is described in Chapter 4. Application to the mast-nodal 

numbering, orientation of global axis and assembly of global matrix is also included. A 

detailed explanation of dynamic analysis using Newmark-p method is also presented in 

Chapter 4. Static and dynamic analysis results of guyed-mast are also included in 

Chapter 4. 

Chapter 5 contains a description of computational techniques used and developed. 

Attention is mostly focused on efficient equation solvers, including for iterative solutions 

of nonlinear problems. A brief description of object-oriented programming and the 

classes developed is also provided. 

Finally, the conclusions and recommendations for further research are 

summarized in Chapter 6. 
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CHAPTER 2 

WIND LOADS ON GUYED TOWERS 

2.1 Introduction 

The mast of a guyed tower is a lattice stmcture and the individual members of the 

mast can be of different stmctural shapes including round and angles, which complicates 

the determination of the force coefficients. Wind possesses kinetic energy by virtue of its 

velocity and mass, which is transformed into potential energy of pressure when a 

stmcture obstmcts the path of wind. The total force on the member is obtained when the 

pressure is multiplied by the area of the stmctural member. Natural wind itself is not 

steady and uniform; it varies along the dimensions of the stmctures as well as with time. 

When the complete assembly of the guyed mast is considered, wind forces on different 

members of the stmcture are only partially correlated and time varying. An overview of 

the various parameters that affect the wind loads on lattice stmctures like guyed masts is 

provided in Appendix C. 

2.2 Wind Characteristics 

Wind is a stochastic phenomenon, fluctuating in space and time. Wind over a 

given time interval can be considered as consisting of a mean wind speed and a 

fluctuating component. The mean wind speed is defined as an average wind speed for a 

specific time interval. A shorter averaging time leads to a higher mean wind speed value 

and vice-versa. This is because shorter gusts of high wind speed last for short period of 

time. Another important characteristic of wind is the variation of wind speed with height. 
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Surface friction effects of the ground retard the movement of air-flow close to ground, 

resulting in a gradient wind speed. Terrain type and its topological features also affect 

wind speed. Due to variation of wind speeds with height, terrain and averaging time, 

wind load codes describe a reference wind speed. The American and the Australian wind 

load codes define the reference wind speed as a three second gust at 10 m height above 

ground in open terrain. The British and Canadian codes use mean hourly wind speed at 

10 m height above ground in open terrain. The mean wind speed is usually represented 

by log law or power law. 

According to log law. 

Uiz) = —uAn 
k 

(2.1a) 

where, 

U(z) = Mean wind speed as a function of height, 

u* = shear velocity of the flow, 

k= von Karman's constant = 0.4, 

z = height above ground, 

zo = roughness length of the terrain. 

For the example problem in this thesis, log law is used to calculate the mean wind loads. 

If Zref is a reference height above ground level, then from equation 2. la. 

U{z) ln(z/Zo) 
f/(z ) \niz,,f/Zo) 
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The reference height is considered equal to 10 m. Thus the mean wind profile can be 

expressed as. 

Uiz) = U,, 
\n{lO/zo) 

(2.1b) 

The value of zo depends on the terrain type and varies from 0.01 cm (for very smooth 

surface like sand/snow) to 300 cm (for centers of large cities). For this report, zo= 10 cm 

and Ujo = 25.0 m/s, representing a moderately strong wind in an open terrain. Figure 2.1 

shows the mean wind speeds for analyzing the wind loads on a 295 m example guyed 

tower. 

300 

250 

S 200 

o 

(U 150 
> o 

- ^ 

t 100 

50 

0 4 
0 

T -

5 10 15 20 25 30 35 40 45 

speed (m/s) 

Figure 2.1. Mean Wind Speed Profile. 
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Mean wind velocities can also be determined using power-law. According to 

power law. 

U(z,) = U{z,) (2.2) 

where, 

U(zi) = Mean velocity of wind, as a function of height in terrain 1, 

Uizi) = Mean velocity of wind, as a function of height in terrain 2, 

Zi = height above ground in terrain 1, 

Z2 = height above ground in terrain 2, 

a= power law exponent. 

The fluctuating part of the wind is termed as turbulence, which may be due to 

ground roughness (mechanical turbulence) or due to heat convection (convective 

turbulence). Analysis of turbulence includes determination of turbulence intensity and 

gust spectmm. Turbulence intensity indicates the relative amplitudes of the fluctuations 

compared to the mean wind speed. The gust spectmm is a complete representation of the 

fluctuating components of the wind, which gives the distribution of the mean square over 

the frequency domain. It is basically conceived as the superposition of a large number of 

harmonic fluctuations with frequencies ranging from zero to infinity. In the frequency 

domain dynamic analysis of stmctures subjected to gust loading, significant amplification 

of the response occur at resonant frequencies. If resonant frequencies of a stmcture are 

less than IHz (flexible stmctures - like guyed mast towers) then large resonant response 

is possible as the power in the gust spectmm below IHz is very high. 

15 
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2.3 Transformation of Wind Speeds to Wind Loads 

Knowing the spatial variation of the velocity, wind loads at each element 

(individual member or a portion of the mast) can be determined. If U(z) (mean velocity) 

is assumed much larger than along wind fluctuation, u(z, t) and across wind fluctuation, 

v(z, t), the second order terms involving u(z, t) and v(z, t) can be ignored. Thus the 

magnitude of drag force, F(z) acting on the element along a specific direction is. 

F{z) = ^pC,A{U(z) + u{z,t)y (2.3) 

Ignoring the second order fluctuation component, 

Fiz) = ̂ pC,AUlJ\ + 2u{z,t) 

U{z) 

\ 

(2.4) 

where, p is the density of air and Cd is the drag coefficient, which is empirically 

calculated and depends on various factors as explained in Appendix C. For a wind with 

speed V, acting normal to a surface of area A, resulting in a total force F, Cd is defined as, 

Cd = ¥1(0.5pV^A). 

Similarly, force in the across wind direction can be calculated. Forces on 

members can thus be computed in the time-domain dynamic analysis. In most 

engineering design practice wind forces are assumed to be static and a gust effect factor 

is used to take into account the gustiness of the wind. However, in both the cases, the 

force coefficient (or drag coefficient) is used to determine the wind loads acting on a part 

or the complete stmcture. For this study, equation 2.3 is used to determine the wind 

loads on the mast. Information about the coefficient of drag, Cd used for the mast is 

provided in Figure 2.3. For all cables, Cd is conservatively assumed equal to 1.2. 
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Figure 2.2. Wind Loads on the Mast and Cable due to Mean Wind Speeds. 

Source: Mast properties, (CdA) reproduced from Sparling (1995). 
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CHAPTER 3 

CABLE ANALYSIS 

3.1 Classical Solution of Cables 

3.1.1 Analysis Procedure 

Nonlinear static model for cables can be developed by solving the classical 

catenary equation (Leonard, 1988). The profile of an inclined cable suspended under the 

influence of uniform self-weight q is illustrated in Figure 3.1. 

•V-i- — dx 
^ dx 

^-^-<r 
t o dH^ 

H-h dx 
dx 

Figure 3.1. Catenary Cable Profile Under Self-Weight. 
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The equilibrium of forces on a differential length, as in Figure 3.1 gives. 

dH 

dx 
= 0, 

H - Hr., (constant throughout) 

dV_ 

dx 
= -(! 

ds_ 

dx 
(3.1) 

Also, since the tension is directed along the tangent to the arc, 

dz 
0 J 

ax 
(3.2) 

Using the derivatives of equations 3.1 and 3.2 and the fact that ds~ = dx^ + dz^. 

d'z q i (dz^ 
dx' H, 

1 + 
^dXj 

= 0 (3.3) 

The tension at any point (x, z) is given by. 

r = / /oJ i + 
'dz\ (3.4) 

Integrating equation 3.3 twice and applying the boundary conditions, z = 0 dXx = 0 and 

z = L tan^ at jc = L, leads to. 

z = — - \ cosh(^ + /3)- cosh ^ + fi 
f x^ 

1 - 2 -
L J-i 

(3.5) 

The above equation is the classic catenary equation for the deflected profile z of the arc. 

where, 

fi = 
_qL_ 

2 / / . 
(3.6a) 

g = sinh tan^ 
sinh/? 

(3.6b) 
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Substituting equation 3.5a into equations 3.2 and 3.4, vertical force and tension can be 

obtained as, 

V = / / . sinh 

T = Hn cosh 

g + fi 
^ x^ 

1 - 2 -

^ + /? 

^7-1 

x\ 
1 - 2 -

V M 

(3.7a) 

(3.7b) 

The stretched length to a point x on the horizontal span is obtained from 

\2il/2 
ds = dx[I+(dz/dxn (s = 0 aAx = 0) as. 

s 

L 

Vo-V 
qL 

(3.8) 

where, Vo is the vertical force a.ix = 0, and V is the vertical force a.tx = s. 

The total unstretched length is determined from the differential equation 

dsr T/Hr r -r ^ 

dx i-^T/AE K^o ^ 
1 

AEH. 
(3.9a) 

Applying the boundary conditions so = 0 2Xx = 0 and so =• So aix •= L and integrating 

equation 3.9a, the equation obtained is. 

L 

V -V qL 

qL lAE 
H,JJ,-WJ, 
qL {qL)-

(3.9b) 

Equations 3.5 to 3.9 describe the behavior of a catenary segment in terms of 

unknown horizontal force Ho and self-weight q. If the end of the cable is displaced, the 

value of horizontal component of force changes and an iterative solution is required to 

determine the cable end forces. If the horizontal component of force is calculated, the 

unstretched length of the cable can be calculated using equation 3.9b. This is important 

because the only reference parameter that remains constant as the cable deforms is its 
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unstretched length SQ. Cable placement is based on initial tension at the base Fo, which is 

a specified input value. First an approximate value Ho is calculated = ToCosO. From 

equation 3.7b at;: = L, 7 = H^ cosh[^ - J3]. This equation, used iteratively with 

equations 3.5b and 3.5c can be used to determine the initial value of horizontal force. So 

can then be calculated from equation 3.9b. A subroutine for calculating So is listed in the 

appendix (program 1). 

For guyed masts, forces at the top end of the cable have to be calculated, given 

any u, w displacements at the top. This can be accomplished in three iterative steps: 

1. Given the tension at the base, the horizontal force. Ho and the unstretched 

length. So are calculated iteratively for the reference state (self-weight profile). 

2. Calculate the new H corresponding to the vertical displacement at the top end 

of the cable. So calculated in step-1 is used as a reference parameter. 

3. Using a similar iterative procedure to step-2, H corresponding to the 

horizontal displacement at the top end of the cable is calculated. 

The secant stiffness of the cable is equal to (H - Ho)lu. To calculate the change in 

horizontal force in the cable when the top end is displaced, a small quantity, AH is added 

to Ho iteratively. AH can be assumed to be equal to a fraction of the force due to elastic 

strain and is positive if L+u>L or Ltan^+ w> Ltan^and negative otherwise. 

Corresponding to the new Ho, So is calculated using equation 3.9b and error in k'^ 

iteration is calculated as \So''^ - So\. The error converges till //^^ overshoots the exact Ho. 

At this step 2AH is subtracted from H, and a fraction of AH (e.g., AH/10) is used in 

further iterations. This procedure is used till error < e (required precision). This process 
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is explained graphically in Figure 3.2. A subroutine for calculating H corresponding to 

the deflection at the top end of the cable is listed in Appendix A (program listing 2). 
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Figure 3.2. Variation of Horizontal Component of Cable Tension in Each Iteration. 

3.1.2 Description of Example Cables and Results of Classical Analysis 

The properties of cables that were used to study the classical analysis procedure 

are reproduced from the guyed tower example provided in Sparling (1998). The guyed 

mast model for analytical study in this report is slightly modified from the one given in 

Sparling (1998) to allow for a convenient 3D tmss representation. All attempts are made 

to ensure close resemblance to the actual tower. Details about the tower analyzed in this 

study are provided in section 4.2. To allow uniformity in the mast tmss spans, minor 

alterations in cable heights were made (+0.47%, +0.008%, -0.0001% and -0.0004% for 
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cables number 1, 2, 3 and 4. respectively). The difference in Ho for cables 1 and 2. due to 

the change in height was less than 0.14% and 0.005% as all other parameters, including 

To and q were the same. Details about the cable properties are provided in Table 3.1. 

Table 3.1. Description of the Physical Properties of Cables. 

Cable 

Number 

1 

2 

3 

4 

Height 

(m) 

66.074 

134.351 

204.830 

275.309 

Lc 

(m) 

117.053 

165.154 

257.100 

316.930 

d 

(deg.) 

34.37 

54.44 

54.60 

61.70 

Ao 

(mm") 

723.0 

955.0 

1477.0 

955.0 

Q 

(kN/m) 

0.057 

0.075 

0.116 

0.075 

To 

(kN) 

89.744 

123.042 

201.365 

121.206 

Eo 

(Mpa) 

165470 

165470 

158570 

165470 

Where, Ao, Eo and To are the initial cross-section area, modulus of elasticity and tension at 

base. Lc is the chord length of the prestressed cable, ^is the angle that chord makes with 

the horizontal and q represents self-weight of the cable. 

The first step for cable analysis using solution of classical equation is to calculate 

horizontal component of initial tension, Ho and the unstretched length. So. The calculated 

values oi Ho and So are given in Table 3.2, along with Tocosd, chord-length, Lc and the 

stretched length, S. As is apparent from the table, the stretched length is very close to the 

chord length, indicating taut cables with high prestress. 
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Table 3.2. Calculated Initial Properties of the Cables: Ho, So and S. 

Cable 

Number 

1 

2 

3 

4 

Ho(kN) 

75.695 

74.421 

125.173 

62.823 

ToCOse(kN) 

74.075 

71.556 

116.647 

57.462 

Soim) 

116.9808 

165.0419 

253.0905 

313.4768 

Lcim) 

117.0528 

165.1539 

253.2515 

313.6412 

S{m) 

117.0704 

165.1757 

253.3210 

313.7378 

The cable behavior (force-displacement characteristics and stiffness) is illustrated 

in Figures 3.4a through 3.6d. Plots of horizontal force (H) with u-w displacements at the 

top end of the cables are shown in Figures 3.4a to 3.4d. The u displacements are plotted 

upto =0.25% of the cable chord length. Plots of the vertical component of tension (Tj) 

with u-w displacements at the top end are shown in Figures 3.5a to 3.5d. Finally, the 

cable stiffness (secant modulus) of the four cables is plotted in Figures 3.6a to 3.6d. 

Figure 3.3. u-w Displacement of a Cable in X-Z Plane. 
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Figure 3.4 (a) Cable 1 
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Figure 3.4(b) Cable 2. 

Figure 3.4. Horizontal Force Versus u-w Displacements at the Top End of Cables. 
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Figure 3.4 (d) Cable 4. 
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Figure 3.5. Vertical Force Versus u-w Displacements at the Top End of Cables. 
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Figure 3.5. Continued. 
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Figure 3.6. Horizontal Secant Stiffness for Cables 
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Figure 3.6. Continued. 
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3.2 Cable Analysis Using Finite Element Method 

3.2.1 Continuum Formulation 

The formulation presented here is due to Leonard (1988), which is exclusively 

useful for cables only. For this formulation, a differential cable segment is considered in 

three states - undeformed, reference and additionally deformed state. The cable segment 

of length dso is assumed to undergo displacements, UR from an unstressed state to the 

reference state (segment length dsR). The reference state for the mast cables is considered 

to be the displaced cable profile due to self-weight. From the reference state, the segment 

is subjected to additional displacements, u. The segment length in additionally displaced 

state isds. 

Direction cosines in the reference state. 

ORI = dxR/dsR. (3.10a) 

If the segment undergoes displacements u, the direction cosines in the deformed state. 

0i = dx/ds. (3.10b) 

Using Taylor expansion. 

dxi = dxRi + (du/dsR) dsR. (3.11) 

The stretched length is, 

ds = (dxi dxi) , 

= ( dxRi dxRi + IdxRi {duildsR)dsR + {duildsR){duildsR){dsR) , (3.12) 

1/2 = dSR{ I + IdRiidUildSR) + {dujdSR){dUildSR) Y\ 
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Nonlinear strain-displacement relationship is given by, 

£ = 
ds'-dsl ds'-dsKdsA 

2ds; 2ds\ yds, J + 2dsl 

ds'-dsl , ,^ 

2dsl ' " 
(3.13a) 

= r^l+£R^ (3.13b) 

where, 

dso = unstressed length, 

XR = elongation ratio of dsR to dso, 

ER = strain in reference state. 

Relative strain y (which is the nonlinear lagrangian strain with respect to reference state) 

can be obtained by substituting equation 3.12 into equation 3.13a as 

r=d Ri 

dU; 1 dU; 3M, 
L + • L 

dSff 2 dsi^ ds^ 
(3.14) 

Substituting equations 3.11, 3.12 and 3.14 into 3.10b, 

e^.+du./ds^ 
^1 -

Vi+2r 

By definition. 

1 
v = -
^ 2 

"f''' T -̂  1 * « J 
2 

= 1 + 

- 1 

27. 

(3.15) 
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The total extension ratio X is given by 

- ds ds dsif I , 
^ = -7-=^ /=y^l + 2yA, 

ds, ds^ ds. 
(3.16) 

Thus from equation 3.15, 

d. = — /? 

A 
OR.+ 

duA 

V 
ds 

(3.17) 
1^ J 

3.2.2 Linearized Approximation for Cable Analysis 

A simple first order isoparametric linearized finite element model can be 

employed for small displacements of the cable. This model especially gives good results 

if the cable is highly pre-tensioned, which is generally the case of cables in the guyed 

towers. Each cable element in the reference state is considered to have a constant 

modulus ER, pretension TR, cross-section area AR, extension ratio XR, and direction 

cosines 0Ri. 

zt 
Y 

5 = 0 

Figure 3.7. First-Order Isoparametric Element. 
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The direction cosines of a typical element, e between local nodes 1 and 2. with 

coordinates xi, and X2i, and length / are, 

0Ri = (X2i - Xj/l), 

I = ( (X2i - Xii)(X2i - Xji)) 
J/2 

A nondimensional parameter ^ = SRA is used for length, 0 <^<L 

Displacements with respect to the reference state can be expressed in terms of shape 

functions as. 

Ui = nidii + n2d2i. 

Shape functions, /ly have value equal to 1 at node 1 and zero at the other nodes. 

(3.18a) 

Thus, 

nj = I - ^, 

n2 = ^. 

In matrix notation. 

(3.18b) 

(3.18c) 

U, 

{u} = u^ } = [N,N,] 
-2 j 

(3.19a) 

where, { ,̂} = 
•\x 

'Iv > and {̂ 2} -

u } 

•2x 

-2v (3.19b) 

[Nj]=nj[I], 

[N2] = n2[I], 

where, [/] is a 3x3 identity matrix. 

(3.19c) 
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Similarly, the internal virtual displacements are. 

{Su] = [N,N,] 
\Sd, 

Sd. 
(3.20) 

From equation 3.14, the nonlinear strain y is. 

r= -^{eR}\{d2} - {dj}) + :^({d2f- {dif){{d2} - {dj}). (3.21) 

Using a piecewise linear, incremental procedure, the linearized virtual work equation can 

be written as (Leonard, 1988): 

I'f a 

I 

-lj[Suf 
f 1 ^ 

yK J 
[A^w^-[^r{p}=o, (3.22) 

where, Aq is the vector for small increments of load Aqu {<5D) is the vector of nodal 

virtual displacements, {P} are concentrated nodal loads, and 

m = {TR)\I\ + {ERAOXR - TR){eR]{ORV. (3.23) 

After evaluating the integral in equation 3.22, the virtual work is, 

^wl^dl^i\K^{D]-{Q^)-\m'{p]-^. (3.24) 

in which the element stiffness matrix is. 

VK\-\ 
B -B 

-B B 
(3.25) 

35 

^-^ ^BBSm^mtiM^^^m m. 



The contribution of distributed element loads to the external concentrated nodal loads is. 

{a} = 
^ / ^ 

y^Kj 
2p,+/?2 

p , + 2 ^ 2 
(3.26) 

where, 

pi = intensity of the distributed load at node 1, 

P2 = intensity of the distributed load at node 2, 

XR = elongation ratio of IR to lo. 

The local stiffness and nodal forces can be assembled into the system stiffness matrix [K\ 

and global load vector [Q]. The procedure for assembly varies according to the solver 

used and is described in section 5.1.2. 

After the solution of {D}, the added nodal displacements, a new reference state 

can be determined. From equation 3.14, the relative strain is, 

r= -^[eR]\[d2] - {di}) + ^ ( { ^ 2 } - {dj})\{d2} - {dj]). (3.27a) 

Elongation (from equation 3.16), 

A^=Vl + 2f^. (3.27b) 

Direction cosines (from equation 3.17), 

{^-R) [^.}+ 
(\ 

\d,]-{d,]) (3.27c) 

Tension, assuming piecewise relationship, 

T-,=T,^E,\a-^-X,) (3.27d) 

Element length in the new reference state. 

/ = V . (3.27e) 
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Subsequent to the determination of a new reference state, additional load can be 

applied. After each step, the stiffness matrix and the nodal force vector have to be 

updated before applying the additional load. Thus, the nonlinear response can be 

simulated by a sequence of piecewise linear steps. 

3.2.3 Nonlinear Cable Analysis 

Straight element approximation with linear interpolation functions is maintained 

in this model (Leonard, 1988). Nonlinear solution for cable elements can be obtained by 

following an iterative or incremental technique, even though the tangent stiffness matrix 

formulation for both the techniques is same. The basic approach in an incremental step-

by-step solution is to consider the equilibrium conditions of all finite elements (Bathe, 

1996). The error in the nodal force vector. 

{G} = {F}-{P}=0, (3.28a) 

where, {F}is the internal force contributions of each element incident at a node. 

^=1 
/ 

T< 

\ 

\-0] 
e 

\. J 

\ 
> 

) 

(3.28b) 

{P}is the external force contributions of each element incident at a node plus the 

concentrated nodal forces, Pc, 

{/̂ } = I 
{ T \ 

y^^Rj 

2p,+p, 

/7, +2/72 
+ {Pc) (3.28c) 

For the Newton-Raphson or incremental solution, (AD'} has to be solved from. 

[/1{AD'} = {P'}-{F'}- (3.29) 
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For the Newton-Raphson method, {AD'}is the correction to a previous solution {D'} and 

{P'} = {P}. On the other hand, for the incremental solution, {AD'} is the increment of 

displacement to be added to the accumulated relative displacement {D'] after (/-/) 

increments and {P'}is the accumulated load through / increments. After having 

determined {D'}, the reference state can be updated using equations 3.27 before 

advancing to the next step. 

3.2.4 Comparison of Classical and Finite Element Solution for Cables 

The limitation of the classical solution is its inability to evaluate the influence of 

wind loads or cable dynamics. The incremental method, based on updated Lagrangian 

technique was used to model the mast cables. Variation of the horizontal force with 

displacements at the top end is compared with the classical solution. The effect of lateral 

wind loads on cables is also studied. Each cable is discretized into eight elements and the 

equivalent wind loads were applied on the nodal points assuming a linearly varying force. 

Figures 3.8a to 3.8d show the comparison of classical solution versus finite 

element analysis. The incremental formulation was used for the finite element analysis 

and the results are very close to those obtained by solving the classical solution. Figures 

3.9a to 3.9d illustrate the affect of lateral wind loads on horizontal force H. 
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Figure 3.8(a) Cable 1. 
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Figure 3.8 (b) Cable 2. 

Figure 3.8 Comparison of Finite Element Analysis with Classical Solution. 
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Figure 3.8. Continued. 
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Figure 3.9. Influence of Lateral Wind Loads on the Horizontal Cable Force. 
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Figure 3.9(d) Cable 4. 
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CHAPTER 4 

ANALYSIS OF GUYED MAST SYSTEM 

4.1 Analysis of Mast as a 3D Tmss 

The masts of most guyed towers include three planar tmsses of equal width joined 

to each other along the edges, as shown in Figure 4.1. The general tmss arrangements are 

X-braced and Warren with verticals. Tmsses comprise of one-dimensional bar elements 

and are assumed to be connected forming a frictionless pin joint at the common nodes. 

Each node has three degrees of freedom, making a total of six degrees of freedom per 

element. 

// \ \ 

\ \ •̂  

K X 

q 

\ 1 

A 
\ / 

Figure 4.1. X-Braced Tmss Configuration of Guyed Masts. 
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Figure 4.2. Bar Element in Three-Dimensional Coordinate System. 

The global displacements can be related to the global displacements (reproduced from 

Vallabhan, 1998) as. 

u. 
L " 2 , 

—s 

e, dy d, 0 0 0 

0 0 0 e, dy e, 
y 

< 

M, 

^1 

W, 

Uj 

^2 

= m{M}, 

where the direction cosines are. 

0x = (x2-xj)/l, ey = {y2-yi)ll, 0, = {Z2-Zi)/1, 

2x1/2 
and / = iix2 - xiY + (y2 - yi) + fe - zy) ) • 
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The elements are assumed to possess only axial stiffness, the stiffness matrix in the 

global coordinates is given as. 

[Ke] = 
B -B 

-B B 

where. 

[B] = 
AE 

X 

e.d. 
e 
x" y 

2 

e e 

e e 
X Z 

V 0.0, 

d: 

Global stiffness matrix can be formed by superimposing the local stiffness matrices of all 

the elements. The mass matrix for a bar element can be evaluated depending on whether 

consistent mass is assumed or mass is assumed to be lumped at the two nodes. 

Consistent mass matrix (Ross, 1991), 

[M 1 = 
pAl 

^ r. symmetric 

0 0 2 

1 0 0 2 

0 1 0 0 2 

0 0 1 0 0 2 

Lumped mass matrix. 

[MJ-
pAl 

1 symmetric 
0 1 

0 0 1 

0 0 0 1 

0 0 0 0 1 

0 0 0 0 0 1 
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where, 

A = cross-sectional area, 

/ = element length, 

E = Young's modulus, 

p = density. 

For this study, lumped mass matrix is used for the dynamic analysis. Subroutines for 3D 

tmss analysis are listed in the appendix as programs 3 and 4 of Appendix B. 

Formation of global system matrix is achieved by superimposing the local 

matrices at their proper locations. Conversion of local nodal displacements to global 

displacements depends on the type of solver that is used. For instance, for a system with 

consecutive nodal numbering (1, 2, 3, 4...) and full matrix, the global displacements for 

.th n node along X, Y and Z axis are (n-l)x3 + 1, (n-l)x3 + 2, and (n-1) + 3, respectively. 

Details about the equation solvers developed are described in section 5.1. Nodal and 

member numbering to achieve tightly banded system matrix for X-braced guyed masts is 

illustrated in Figures 4.3 and 4.4. 

4.2 Static Analysis of Guyed Masts 

For the static analysis of guyed masts, cables and the mast are analyzed separately 

to maintain tight handedness of the system matrices. The solution is obtained iteratively, 

and displacement compatibility is ensured between the top end of the cables and the mast. 

In each iteration, the reactive guy forces at the top end are added to the global force 

vector and the global stiffness matrix of the mast is augmented by the stiffness of the 

cables. 
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Figure 4.3. Nodal Numbering for Tightly Banded System Matrices. 

Front View 

31 ̂  V PS 

28 30 29 

17 

11 

Side View 

Figure 4.4. Member Numbering for Tightly Banded System Matrices. 
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For every iteration, 

([^^j4cJ^*"}={^^.}+te}' (4.1) 

where, 

k = iteration number, 

[Krmst] = global stiffness of the mast. 

[^1U!J= cable stiffness at k^ iteration. 
guys 

{D} = global displacements of mast nodes, 

[Fnuist] = global force vector due to wind load. 

'(k)x _ 
{FgJ.} = components of cable tension at the top end. 

M T^(k-l) Iterations are continued till \U ' -u ' '\l N < error a limiting value of tolerance. Â  is the 

order of the stiffness matrix = number of nodes x 3. For the analysis each cable is 

divided into eight elements. The orientation of the global axis of the mast, in the X-Y 

plane is illustrated in Figure 4.5. 

Leg 3 

Plane 3 

Legl 

Figure 4.5. Orientation of the Mast in X-Y plane. 
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Member properties of the mast elements are provided in Table 4.1. The mast is 

divided into four spans plus the antenna. Figure 4.6 illustrates the member forces of the 

guyed mast under no-wind condition. Length of each leg, diagonal and post element of 

the mast is 2202.47 mm, 3062.74 mm and 2300 mm. 

Table 4.1. Member Properties of the Mast. 

Span 

1 

2 

3 

4 

5 

Height (mm) 

66074.10 

134350.67 

204829.71 

275308.75 

295130.98 

Cross section Area (mm") 

Leg 

13130.00 

11257.00 

9381.00 

7505.00 

4700.00 

Diagonal 

4200.00 

3600.00 

3000.00 

2400.00 

1500.00 

Post 

3220.00 

2760.00 

2300.00 

1840.00 

1150.00 

300-

1200 1000 -800 -600 -400 -200 
Force (KN) 

Figure 4.6. Member Forces in Mast Leg, with No Loading. 

Height (m) 

0 
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-100 -80 

300--

•60 -40 

Force (KN) 

•20 0 

Figure 4.7. Member Forces in Mast Diagonals, with No Loading. 

Height (m) 

20 

^00 

-25 0 25 50 75 

Force (KN) 

100 125 

Figure 4.8. Member Forces in Mast Posts, with No Loading. 
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rty-

0-

-300 -200 -100 0 

Deflection (mm) 
(a) 

Height (m) 

0 100 200 300 

Deflection (mm) 
(b) 

Figure 4.9. Mast Deflection, under Static Wmd Loads, i a) Wind along -Y direction, 
(b) Wind along +Y direction. 
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Height (m) 
Height (mj 

•1250 -750 -250 

Force (KN) 
(a) 

250 -1500 -1000 -500 

Force (KN) 
(b) 

0 

Figure 4.10. Member Forces in the Mast legs, (a) Wind along -Y. (b) Wind along +Y. 

Height (m) 

Plane 3 

• 100 -75 -50 -25 0 25 
Force (KN) 

•100 -75 -50 -25 0 
Force (KN) 

(a) (b) 
Figure 4.11. Member Forces in the Mast Diagonals, (a) Wind along -Y. 

(b) Wind along +Y. 
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^m 
Plane 2 

- 3 f 3 e -

-50 0 50 100 
Force (KN) 

(a) 

PUne 1, 3 
•• Height (m) 

150 -50 0 50 100 
Force (KN) 

(b) 

150 

Figure 4.12. Member Forces in the Mast Posts, (a) Wind along -Y. (b) Wind along +Y. 

Figures 4.10 through 4.12 display the member forces in the mast, with wind along +Y 

and along -Y directions; neglecting the effect of wind load on the cables. Also, the effect 

of wind direction on deflection and member forces is not significant. Figure 4.13 shows 

the displaced mast profile with wind loads on the mast and the cables. Wind load on 

cables increases the stiffness of the cable substantially, especially on the leeward sides, 

which decreases the overall deflection of the mast. With the increase of tension in the 

cables, member forces in the mast posts and the diagonals also increases. 
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0 50 100 150 

Deflection (mm) 

200 0 100 200 

Deflection (mm) 
300 

(a) (b) 

Figure 4.13. Mast Deflection under Static Wind Loads, Considering the Effect of Wind 
Forces on the Cables, (a) Wind load along +Y direction, (b) Wind load 
along +X direction. 
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Height (m; 

•1500 -1000 -500 

Force (KN) 

(a) 

-1500 -1000 -500 0 

Force (KN) 

(b) 

500 

Figure 4.14. Member Forces in Mast Legs, Considering the Wind Forces on the Cables, 
(a) Wind along +Y direction, (b) Wind along +X direction. 

Plane 1 

• 

3m-i 

Jye^c\ 

P< 
- ^ u o 

\ 1 ^n 
\ 15U 

7 
VPlane 2 N~ 
Plane 3 

Height (m) 

460-

-100 -50 0 
Force (KN) 

(a) 

50 •100 -50 0 

Force (KN) 
(b) 

50 

Figure 4.15. Member Forces in Mast Diagonals, Considering the Wind Forces on the 
Cables, (a) Wind along +Y direction, (b) Wind along +X direction. 
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m 

-50 0 50 100 
Force (KN) 

150 -50 0 50 100 
Force (KN) 

Height (m) 

150 

(a) (b) 

Figure 4.16. Member Forces in Mast Posts, Considering the Wind Forces on the Cables, 
(a) Wind along +Y direction (b) Wind along +X direction. 

4.3 Dynamic Analysis of Guyed Masts 

Dynamic analysis of guyed masts is done by using time domain analysis 

procedure. For time domain dynamic analysis, various analysis techniques are available 

like Newmark /?, Wilson ^and the central difference methods. For the present study. 

Newmark ŷ  method is used. In its original form, this method uses two parameters, ^and 

j3, to express the velocities and displacements at the new time step in terms of the 

displacements, velocities and accelerations at the previous time step (Vallabhan et at.. 

1973). 
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The assumed equations are written as, 

^t.dt = «r + [(1 - r ) " , + li^t^d. \dt, (4.2a: 

^t^dt =w, +J^.dt + [{\/2-P)ii,-hfiu^^Jdr (4.2b) 

The Newmark ŷ  method has an advantage of formulating different integration formulas 

by changing two parameters, j3 and y. The factor ^provides a linearly varying weighting 

parameter between the influence of the initial and the final acceleration on the change of 

velocity, and controls the amount of artificial damping induced by step-by-step procedure 

(Clough and Penzien, 1993). For y= Vi no artificial damping is induced, therefore the 

value of y= Vi was used in this study. The factor P provides for the weighing the 

contributions of initial and final accelerations to the change of displacement. For P=V^ 

the linear acceleration method is unconditionally stable, therefore the value of y9 = V4 was 

used in this study. 

Non-iterating Newmark ŷ  method can be applied for dynamic analysis by 

gathering the unknown accelerations, M,+̂ , , on the left-hand side. The acceleration terms 

are then solved for in terms of forces in the current time step and the response quantities 

at the previous time step (Vallabhan et at., 1973). If F is the global force vector, then the 

dynamic equilibrium at any time step can be written as. 

MM\^., + Cu^^j, + Ku,^^, = F,+ ,̂, (4.3) 

where. 

M = system mass matrix, 

C = system damping matrix, 

K = system stiffness matrix. 
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Substituting equations 4.2a and 4.2b into equation 4.3 and gathering all the acceleration 

terms on the left side, 

^^t+dt ~ ^t+dt' (4.4) 

where. 

^,.., =w+fc + M'/f,w,. 

^t+dt ~ ^t+dt L < 3 , l^t+dt^l ' 

dt .. 
a, =u,+ — u,. 

<22 = M, + dtUj + --fiXit^u,. 
v2 J 

Since Ki+dt is not known, either an iterative technique can be used at each time step, or if 

the time steps are sufficiently small, Kt+dt can be approximated by AT,. For the present 

study, Rayleigh or proportional stmctural damping of the form [C] = a^M] + bc[K] was 

assumed. The fundamental frequency (/}) of the actual tower is 0.25 Hz and/2 = 0.30 Hz 

(Sparling, 1995). If a system has a damping ratio ^j at a frequency of//, and a damping 

ratio of (2 at a frequency of/2, the scalar constants ac and be are given by (Sparling, 

1995), 

b. = 

ac = 4;rfy/y - Arfbcfi'. 

Therefore, for the example guyed tower, with/y and/2 = 0.25 and 0.30 Hz., ac = 0.035 

and be - 0.011, for damping ratios fy and 2̂ equal to 2% of critical. 

58 

^^mumk 



4.3.1 Response to 3 Second Mean Wind Speed Gust 

The response of the example guyed tower; plotted at guy levels and intermediate 

levels, to a 3-second gust (wind speed profile in Figure 2.1.) is shown in Figures 4.17(a) 

through 4.17(i). Pseudo-static analysis is done for the cables, considering the nonlinear 

cable stiffness under still-air conditions. 

• 
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c 
<u 
E 
a CJ 
C3 

20 
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5 
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-10 
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-20 

c 
£ 

J 
C/2 

Time (sec) 

Figure 4.17 (a) 33.03 m Level. 

Time (sec) 

Figure 4.17 (b) 66.07 m Level. 

Figure 4.17. Dynamic Response of the Mast to a 3-Second Gust. 
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Figure 4.17 (c) 99.11 m Level. 

Time (sec) 

Figure 4.17 (d) 134.35 m Level. 

Time (sec) 

Figure 4.17 (e) 169.59 m Level. 

Figure 4.17. Continued. 
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Time (sec) 

Figure 4.17 (f) 204.83 m Level. 

60 

Time (sec) 

Figure 4.17 (g) 240.07 m Level. 

Time (sec) 

Figure 4.17(h) 275.31 m Level. 

Figure 4.17. Continued. 
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•100 
Time (sec) 

Figure 4.17 (i) 295.13 m Level. 

Figure 4.17. Continued. 

4.3.2 Steady State Response to Turbulent Wind 

The example guyed tower was analyzed for dynamic response to a 900 second 

wind data, obtained from the Wind Engineering Research Center, Texas Tech University. 

The wind data was obtained at 33 ft (10.06 m), 70 ft (21.34 m) and 160 ft (48.77 m) 

levels. Mean wind velocities along the mast height (295 m) was generated using the log 

law (equation 2.1b) with mean wind speed at 10 m level = 10 m/s. The fluctuations about 

the mean, computed from the field data, were superimposed on the mean wind velocities 

to generate the wind time history. For mast height less than 10 m, fluctuation of the wind 

was assumed to be same as at 10 m level, wind fluctuations from the mean were 

calculated by linear interpolation for mast heights between 10 m and 50 m. For heights 

above 50 m, fluctuations were assumed same as at 160 ft (48.77 m) level. Field wind 

speed data is plotted in Figure 4.18. The time step used for dynamic analysis is 0.05 

seconds. The Dynamic response of the mast is plotted in Figure 4.19. Figure 4.20 shows 

the steady state response of the mast. For calculating the steady state response, a 750 
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second mean wind is applied before the 900 second wind history, to minimize the 

transient response. For statistical analysis, only the last 500 second data is used. 

0 

0 

100 200 300 400 500 
Time (Sec) 

600 700 

Figure 4.18 (a) 33 ft. (10.06 m) Elevation. 

100 200 300 400 500 
Time (sec) 

600 700 

Figure 4.18 (b) 70 ft. (21.34 m) Elevation. 

800 900 

800 900 

0 100 200 300 400 500 
Time (sec) 

600 700 800 900 

Figure 4.18 (c) 160 ft (48.77 m) Elevation. 

Figure 4.18. Wind Speed Field Data. 
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101 201 301 401 501 
Time (sec) 

601 701 801 

Figure 4.19 (a) 33.04 m Level. 

101 201 301 401 501 601 

Time (sec) 

Figure 4.19 (b) 66.07 m Level. 

701 801 

101 201 • 301 401 501 
Time (sec) 

601 701 801 

Figure 4.19 (c) 99.11 m Level. 

Figure 4.19. Dynamic Response to 900 Second Turbulent Wind. 
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101 201 301 401 501 
Time (sec) 

601 701 801 

Figure 4.19 (d) 134.35 m Level. 

101 201 301 401 501 
Time (sec) 

601 701 801 

Figure 4.19 (e) 169.59 m Level. 

101 201 301 401 501 
Time (sec) 

601 701 801 

Figure 4.19 (f) 204.83 m Level. 

Figure 4.19. Continued. 
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Figure 4.19 (g) 240.07 m Level. 

101 201 301 401 501 
Time (sec) 

601 701 801 

Figure 4.19(h) 275.31 m Level. 

Time (sec) 

Figure 4.19 (i) 295.13 m Level. 

Figure 4.19. Continued. 
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Figure 4.20 (a) 66.07 m Level. 

100.5 

101 201 301 
Time (sec) 

401 501 

Figure 4.20 (b) 134.35 m Level. 

101 201 301 
Time (sec) 

401 501 

Figure 4.20 (c) 204.829 m Level. 

Figure 4.20. Steady State Response of the Mast to Turbulent Wind. 
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Figure 4.20 (d) 295.13 m Level. 

Figure 4.20. Continued. 

The statistical properties of the steady state response at the guy levels are given in Table 

4.2. 

Table 4.2. Statistical Properties of Steady State Response, 10 m/s wind at 10 m Height. 

Property 

Mean 
Standard Error 
Median 
Mode 
Standard 
Deviation 
Sample 
Variance 
Skewness 
Range 
Minimum 
Maximum 

Displacement 

at Guy Level 1 

40.74 
0.004 
40.72 
40.77 

0.10 

0.01 

1.03 
0.56 

40.53 
41.09 

Displacement 

at Guy Level 2 

99.40 
0.008 
99.37 
99.38 
0.18 

0.034 

0.40 
1.11 

98.87 
99.98 

Displacement 

at Guy Level 3 

181.77 
0.011 

181.73 
181.70 

0.25 

0.061 

0.52 
1.34 

181.17 
182.51 

Displacement 

at Guy Level 4 

207.32 
0.017 

207.28 
207.35 

0.37 

0.14 

0.94 
2.13 

206.37 
208.50 
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\n the second part, the wind data between 70 ft (21.34 m) level and 160 ft (48.77 

m) level was interchanged and the field wind data was multiplied by a factor of 4.386 to 

simulate 25 m/s mean wind speed at 10 m height. This was done because the field wind 

data has a mean of 7.5 m/s at 70 ft and 5.4 m/s at 160 ft, with turbulent intensities 0.20 

and 0.19 respectively. Mean wind velocities at other levels were calculated using the log 

law and the fluctuations at 50 m level were assumed same upto 295 m level. For wind 

load on cables, only the mean wind speeds were applied. Response to two consecutive 

wind histories (1800 Sec.) was computed. The first 500 seconds of mast response was 

ignored in the statistical analysis to allow the transient response to die out. The statistical 

properties of the mast response at guy connection levels and intermediate levels are 

provided in Table 4.3. Figure 4.21 illustrates the mast response at 295.13 m level (tip of 

the antenna). In the first case (10 m/s wind at 10 m height), the maximum fluctuation of 

the steady state response (from the mean) is less than 1% of the mean. In the second case 

(25 m/s wind at 10 m height), the maximum fluctuation of the steady state response (from 

the mean) is 40% of the mean at the antenna top (295.13 m level), and 25% at 33.04 m 

and 169.6 m levels, in the mast. 

1 101 201 301 401 501 601 701 801 901 1001 1101 1201 1301 

Time (seconds) 

Figure 4.21. Steady State Response at 295.13 m Level. 
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Table 4.3. Statistical Properties of Steady State Response, 25 m/s wind at 10 m Height. 

Height 

( m ) ^ 

Property 

(mm) 

Mean 
Standard 
Error 
Median 
Mode 
Standard 
Deviation 
Sample 
Variance 
Skewness 
Range 
Minimum 
Maximum 

33.03 

26.92 
0.08 

26.84 
26.93 

2.72 

7.39 

0.26 
13.11 
20.68 
33.79 

66.07 

34.29 
0.07 

34.21 
35.32 

2.70 

7.31 

0.34 
14.02 
27.77 
41.79 

99.11 

63.37 
0.13 

63.20 
66.02 

4.62 

21.37 

0.11 
22.73 
52.35 
75.08 

134.35 

81.15 
0.20 

81.50 
76.35 

7.09 

50.30 

-0.06 
36.13 
62.23 
98.36 

169.59 

123.65 
0.32 

124.29 
130.04 

11.61 

134.90 

-0.09 
59.46 
93.69 

153.15 

204.83 

138.33 
0.29 

138.76 
136.05 

10.38 

107.74 

-0.06 
51.78 

111.67 
163.45 

240.07 

177.93 
0.27 

176.81 
172.42 

9.87 

97.38 

0.18 
49.31 

151.73 
201.04 

1 

275.31 

143.41 
0.36 

143.83 
138.13 

12.89 

166.25 

-0.17 
55.51 

113.49 
169.00 

295.13 

108.93 
0.51 

107.87 
101.87 

18.24 

332.80 

-0.18 
82.27 
64.81 

147.08 
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CHAPTER 5 

COMPUTATIONAL TECHNIQUES 

5.1 Equation Solvers 

Most of the researchers till now have conducted dynamic analysis by 

approximating the mast as an equivalent beam. One of the principal advantages of the 

equivalent beam model is the size of the system matrices, which is considerably more in a 

3D space tmss model. For example, a 300 m tall guyed tower that can be modeled using 

eight beam elements, i.e. 45 degrees of freedom, has 1119 degrees of freedom when a 

space tmss model is used. Needless to say, analysis as a tmss involves no 

approximations other than those associated with linear elastic theory. Equivalent beam 

model has the shortcoming of developing the beam stiffness through auxiliary means, 

like the displacement approach, assuming a particular mode shape and length of the tmss. 

Approximations with the mode shape may also compromise the accuracy of the dynamic 

analysis. In the equivalent beam model, the cable-mast connections are in the center of 

the mast, which ignores the eccentric cable connections. Also, the equivalent beam 

model does not take into account the high member forces in the mast near the cable 

connections. 

For the space tmss model, the number of elements in a tightly banded, half-band 

system matrix is 20,142 (1119x18). On the other hand, even if full matrices are used in 

equivalent beam model, the number of elements in the system matrices is only 2025 

(45x45), a small percent (-10%) of what is required in the space tmss analysis. As the 

size of the matrix increases, the number of computations also increases thus increasing 

71 



^m 

the time requirements for matrix operations. Therefore, in the equivalent beam method, 

storage of system matrices and equation solvers are not reasons for concern, whereas use 

of an efficient equation solver is important for the space tmss model. The two most 

common equation solvers used for civil engineering purposes include half-band solver 

and skyline solver. 

Half-band solver takes the advantage of the symmetry of a banded matrix, and 

only half of the band is stored, ignoring all the zero matrix coefficients outside the band. 

The tightly banded matrix is obtained by careful nodal numbering so that the difference 

between two nodal numbers of an element is the least. In some discretization procedures, 

this may not be possible; therefore the height of matrix coefficients from the diagonal 

may vary. Use of half-band solver in that condition can result in a large half-band, 

engulfing a large number of zero coefficients, which is an inefficient storage technique. 

An alternative technique -skyline solver- is to store the matrix in variable 

columns. In this technique, the matrix is stored in a one-dimensional array, with heights 

of each column stored in another one-dimensional integer array. Details about half-band 

and skyline solvers are provided in Vallabhan (1998). 

5.1.1 Modified Half-Band Solver 

This solver was developed to exploit the property of the system matrices that the 

non-zero coefficients are within a "ladder" profile when the nodal numbering is optimal. 

This allows a more compact storage than the half-band method. A class, Cmat was 

developed that contains three main variables, a matrix with variable columns, an integer 

array representing the number of columns in each row and the maximum half band width. 
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Several matrix operation functions including vector multiplication and matrix 

decomposition have been added to the class. An efficient algorithm was developed to 

allow faster solution of equations based on Gauss elimination procedure. 

A comparison between the number of coefficients stored in the stiffness matrix, of 

a sample guyed tower, using a half-band and the modified half band is demonstrated in 

Figure 5.1. Details of the tower are provided in section 4.2. For clarity sake, only the 

first 100 rows of the matrix are shown. Even though the nodal numbering results in a 

very tightly banded matrix, storing the matrix in the ladder form saves -22.2% memory. 

The half bandwidth for this example is 18, therefore for matrix decomposition using half-

band solver, each row has to be modified upto the 18* column. The modified half-band, 

on the other hand requires modification of variable colunms that vary between 10 and 18, 

thus making the process more efficient. 
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Figure 5.1. Data Storage in Modified Half-Band Solver. 
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Corresponding to the matrix indices (i, j) in a global full matrix, the indices in the 

modified half-band are (i, j-i+1). If the memory for the matrix is allocated in a way that 

the first element of a row is the row number, then the indices in the modified half-band 

will be (i, j). Definition of the class Cmat and the subroutine for the equation solver are 

listed in appendix (Appendix B, Listing 4 and Appendix A, Listing 4). 

5.1.2 Modified Skyline Solver 

This solver essentially stores the non-zero matrix coefficients like the skyline 

solver. However, unlike the skyline solver, in which the matrix is stored in a one-

dimensional array, modified skyline solver stores the matrix in a 2D array of variable 

columns. Corresponding to the matrix indices (i, j) in a global full matrix, the indices in 

the modified half-band are (j, j-i+1). Figure 5.2 illustrates the storage technique using a 

hypothetical matrix. As can be seen from the figure, use of skyline solver can be very 

advantageous for a sparse matrix if few coefficients substantially increase the column 

height. 

r 

V 

/ / / / / . • ' . • • ' / . • • • • m 
Figure 5.2. Data Storage in the Modified Skyline Solver. 
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A comparison between the three equation solvers, half-band, modified half-band 

and modified skyline is graphically depicted in Figure 5.3. For a tightly banded matrix, 

the difference in speed and storage between the modified half-band and modified skyline 

is negligible. Since the system matrices for guyed towers are tightly banded and form a 

ladder like profile, the modified half-band solver was used. 

K(i,j) 
Full Matrix 

(i, j-i+1) (i,j-i+l)/(i,j) 
(Half-Band) (Modified 

Half-Band) 

GJ-i+1) 
(Modified 
Skyline) 

Figure 5.3. Comparison of Storage Techniques using Half-Band, Modified Half Band 
and Modified Skyline Solvers 

5.1.4 Linked List Based Solver 

Instead of using a 2D array to store the matrix coefficients, an array of linked lists 

can be used. Details about linked lists are provided in Kanetkar (1994). The advantages 

of using linked lists are: 

1. Adding elements is faster than in an array. 

2. Unlike matrices, they do not require initialization. 

3. At any time, memory allocated is exactly equal to the number of elements. 

4. Each element of a linked list can be used to store multiple values. 

5. Deleting an entire row of linked list is very simple. 
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However, the main disadvantage of a linked list is that the time required to access an 

element is more as compared to an array wherein the elements are stored in contiguous 

memory locations. Also, linked lists may occupy more memory than a matrix. 

The technique to store a matrix as a linked list is explained in Figure 5.4. Each 

linked list element contains two values, matrix coefficient and an integer to store the 

matrix column, and pointers to the next and the previous list element. First, an array of 

linked lists is allocated that represents the diagonal of the matrix. A doubly linked list 

continues from the first element of each row, storing only the non-zero elements. If 

during any matrix operation additional matrix coefficients become non-zero, they can be 

linked to their corresponding row in a random order, since each list element already 

contains the column number. 

A 

Represents matrix coefficient, column no. 

Represents the null pointer 

Figure 5.4. Data Storage in Linked List Format. 

At the beginning and end of each link is a null pointer, which is an identifier for 

end of the chain in that direction. Use of linked lists to store matrices is advantageous if 

the matrix is sparse, without any specific order. This solver does not have any specific 
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advantage over the skyline solver since during decomposition, the entire column below a 

non-zero coefficient changes. A sample of how linked list can be used to store a matrix is 

shown on Figure 5.5. A sample matrix is stored in an array K, each element of which 

forms a linked list that stores the matrix coefficients of that row. 

^1=^ 

r' 

V. 

0 0 0 6 ^ 

4 0 7 0 

3 0 0 

2 0 

1 

J 

= K 

1,5 5.6 

2= 

4= 

2,4 4,7 

v^=y 

3,3 

4,2 

5,1 

Figure 5.5. Sample Matrix Stored in a Linked List Format. 

A linked list element -matrix_node- and a function to initialize the linked list array is 

given in Figure 5.6 and Figure 5.7. 

stmct mat node 

int columnNo; 

double val; 

stmct mat_node *right; 

stmct mat_node *left; 

} : 

Figure 5.6. A Linked List Element. 
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void inish_diag(stmct mat_node **q, int no_rows, double value) 

{ 

int i; 

for(i=l; i<=no_rows; i++) 

{ 

q[i]->columnNo = i; 

q[i]->val = value; 

q[i]->right = NULL; 

q[i]->left = NULL; 

}//for loop 

}//inish_diag 

Figure 5.7. Subroutine for Initializing the Linked List Array to a Quantity = 'value'. 

5.2 Solution of Nonlinear Iterative Problems 

In a linear system, the stiffness matrix for a system remains constant, therefore 

decomposition of the matrix once is sufficient for calculating the displacements for any 

number of load conditions. However, non-linear problems require iterative solution and 

the system matrices have to be updated in each iteration. Thus the stiffness matrix has to 

be decomposed in every iteration, which is a very inefficient procedure especially for 

very large systems. An alternative technique was developed so that most of the matrix is 

decomposed initially, leaving only a small fraction to be decomposed in each iteration. 

For a guyed-mast stiffness matrix, only the diagonal coefficients corresponding to 

the nodes connected to the cables change in every iteration. If the global displacements 
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corresponding to these nodes are numbered in the end (Vallabhan, personal 

communication), the stiffness matrix obtained is similar to as shown in Figure 5.8. 

V y 

Figure 5.8. Guyed-Mast Stiffness Matrix with Efficient Nodal Numbering. 

The triple line area along the diagonal contains the coefficients that are modified 

in each iteration. The entire matrix above these coefficients can be decomposed initially 

and the remaining in the successive iterations. For the example guyed-tower, total 

degrees of freedom for the mast are 1119, out of which 36 are corresponding to the mast 

nodes connected to the guys. Thus only 3.2% of the entire matrix needs to be 

decomposed iteratively, which is very efficient. The procedure for this technique is 

derived from Gauss elimination. Following terms are defined: 

n = (No. of mast nodes)x3, 

m = (No. of mast nodes - nodes connected to the guys)x3. 

If left-hand side represents the modified coefficients then, from Gauss elimination 

r a 
\ 

«.,y = «^y -
i,k 

a 
a 

kj 

V 
k,k 

k = \...{n-l) 

i = {k + \)...n . 

j = ik-^l)...n 
(5.1) 
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hiitially only a part of the matrix, upto «y, is decomposed. Therefore, for coefficients > n, 

along the diagonal. 

a 
2 A 

« M = « M -
i,k 

a k,k 

i> n\, (5.2) 

J 

or, «,,, = a.. -C,, (5.3) 

"'-' a^ 
where, for a given /, C, =5^—^ 

^=1 ^k,k 

Before the decomposition of the remaining matrix from nl to n, if the diagonal 

coefficients (>«y) of the global matrix are modified by Aa^ , the change can be directly 

added to the altered coefficients of the partly decomposed matrix because from equation 

5.3, 

«,,,+Aa,., =(«,. ,-C,) + Aa,.. 

However, using this procedure, the force vector b also gets altered as: 

f 
b^=k- a 

\ 
i,k 

a k,k 

k = l...(n,-l) 

i = (k + l)...n 
(5.4) 

Therefore, when the first part of the matrix upto «y is decomposed, bi, i>nj is also altered 

and a change in force Ab cannot be directly added to bt. One way to circumvent this 

problem is by keeping an account of changes to the b vector, i.e., /, k and C,,)t, when the 

a i,k 
matrix is changed to upper triangular, where C- ^ = ——. After addition of Ab to b, force 

a k,k 

vector can be altered in the same way as the value of /, k and C^, are stored. 
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This procedure can be followed in following steps: 

1. Decompose the first part of the stiffness matrix (upto «y) to upper triangular 

form, without altering the force vector. 

2. Add the cable stiffness to the stiffness matrix and any corresponding change 

to the force vector. 

3. Decompose the remaining portion of the stiffness matrix (from nj to n), again 

without altering the force vector. 

4. Alter the force vector based on /, k and C,,jt, stored during upper triangulation 

5. Back substitute to calculate the displacements. 

Steps 2 through 5 can be employed iteratively for different load conditions or for a 

nonlinear problem. 

5.3 Object-Oriented Programming 

Object-oriented programming (OOP) is a powerful tool for developing large 

flexible and reusable code. It is a relatively new programming technique that focuses on 

abstract data types or classes, which have many properties to accomplish localization of 

information and reusability of existing solutions. Localization of information is 

supported by encapsulation, the ability of an object to combine code and the data on 

which the code operates. Traditionally, code and data have been kept apart. For 

example, units of code in C language are called functions and in Fortran they are referred 

as subroutines. Reusability of existing solutions is supported by several powerful ways 

including inheritance and overloading. 
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5.3.1 Class Definition 

An object is defined via its class. A class contains the data, like a 2D array and a 

set of functions or methods like LDU decomposition. A class definition such as, 

class Cmatrix { 

protected: 

double **A; 

int matrixOrder; 

public: 

void assignMat(int order); 

void LDU(); 

} 

provides the computer with a blue print of the class, but does not actually reserve any 

memory. A class definition , for example. 

Cmatrix Kglobal; 

creates an instance of the Cmatrix class. An instance of a class is called object. Some 

important features of OOP include encapsulation, inheritance and polymorphism. 

Encapsulation helps in the localization of information. According to the principle 

of encapsulation, the internal data stmctures should not be directly accessible to the user 

of the class. This is achieved by the use of access specifier private or protected. 

However, to ensure fast execution and small code size, this principle has been 

compromised in most of the classes developed. 

New classes can be developed incrementally from the existing classes using 

inheritance. This prevents duplication of code as the new class inherits all the data 
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members and member functions of the existing class. For example, a new class Ctmss3D 

can be derived from the existing class Cmatrix as follows, 

class Ctmss3D : public Cmatrix 

{ 

protected: 

int NoMembers; 

double *A, *E, *L; 

public: 

void globalStiff(double **cosines); 

double *solveDisp(double *force); 

} 

A new class can also inherit from two or more parent classes. 

Polymorphism allows easy application of existing solutions to new problems. A 

derived class can replace one of the methods from its base class. The ability to have 

many versions of the same method throughout the class hierarchy is called 

polymorphism. This is a very useful tool to have different versions of constmctors. 

Constmctors are special member functions that allow initialization of data members. 

Detailed information about OOP can be obtained from Young (1998). 

5.3.2 Classes Developed and Solution Methodology 

The entire program for the dynamic analysis of guyed towers was developed 

using OOP. A class, Cmast was developed that contained all the functions for static and 

dynamic analysis of guyed towers. The two main member classes of Cmast include 
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Ctruss and Cguy. Ctruss includes all the functions for the 3D space tmss analysis, and 

Cguy includes all the functions for the analysis of a cable, employing a finite element 

model, explained in section 3.2. Both Ctruss and Cguy include member objects Cmat 

and CVector. Cmat is used to store stiffness and damping matrices and contains 

functions for matrix decomposition whereas CVector is used to store diagonal of mass 

matrix and the global force vector. A hierarchy chart for the member objects is given in 

Figure 5.9, Figure 5.10 gives a graphical representation of member classes for Cmast. 

Class definition for the classes developed are provided in Appendix A. 

Cgendata CMatrix 

Ckable Coutfile CVector Cmat 

Figure 5.9. Hierarchy of the Member Classes Developed. 

Cmast Mast; 

Ctruss Tmss; 

- • Cmat Stiff, Damp; 

"^ CVector Mass, Force; 

Cguy Cables[]; (Declared as an array, size = number of cables) 

- • Cm^r Stiff, Damp; 

- • CVector Mass, Force; 

Figure 5.10. Member Objects of the Class Cmast. 
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CHAPTER 6 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary 

The purpose of this thesis is to develop a computer model for static and dynamic 

analysis of guyed towers. Thesis results are obtained from the analysis of a 295 m tall 

guyed tower, with four guy-group supports, details of which have been taken from 

Sparling, 1995. For the static analysis of the guyed towers, mean wind velocities are 

calculated by log law. The roughness length of the terrain is considered equal to 10 cm. 

and the reference speed is taken as 25 m/s at 10 m height, representing a moderately 

strong wind in an open terrain. For the dynamic analysis, 15 minute wind data from 

WERC field site is obtained. Two different cases for dynamic wind loads are considered. 

In the first case, mean wind speed of 10 m/s at 10 m height is assumed, to be 

comparable with the field data. Log law is used to calculate mean wind velocities upto 

295 m height. Fluctuations from the mean wind speeds are linearly interpolated at 

intermediate levels from the field data, and the wind fluctuations at 50 m height are 

assumed same upto 295 m height. 

In the second case, mean wind speed of 25 m/s at 10 m level is assumed and mean 

wind speeds at other elevations are computed using the log law. Wind speeds at 70 ft 

and 160 ft levels are interchanged, and the wind field wind data is multiplied by a factor 

of 4.386 to simulate a 25 m/s wind at 25 m level. The wind loads on the mast are 

computed based on the force coefficients compiled by Sparling (1995). For cables, drag 
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coefficient is conservatively assumed equal to 1.2. This report focuses on analysis of 

cables, analysis of mast, cable-mast interaction and object-oriented programming. 

6.1.1 Analysis of Cables 

Cable analysis is done to study the variation of cable tension with the 

displacements at the top end, connected to the mast. For the analysis, four cables of the 

295 m high example guyed tower are used. An iterative procedure, employing the 

solution of classical catenary equations, is developed to compute the change in cable 

tension, with displacements at the top end. 

Updated Lagrangian formulation by Leonard (1988) is used to develop a program 

for finite element analysis of cables. Results of the finite element model are compared 

with the classical solution, and the effect of lateral wind loads on the cables is also 

studied. 

6.1.2 Analysis of Mast 

The mast is analyzed as a 3D X-braced tmss, instead of an equivalent beam 

element. Modified half-band equation solver is used to take complete advantage of a 

ladder like profile of the global system matrices. The mast is assumed to be pinned at the 

base, and the lateral stiffness is obtained by augmenting the global stiffness of the mast 

with the stiffness of the cables. Time domain dynamic analysis of the mast is done using 

the Newmark beta, step-by-step method. Dynamic analysis is done for a constant 

3-second gust with time step equal to 0.1 second, and for the extrapolated field wind data, 

with time period equal to 0.05 second. 
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6.1.3 Cable-Mast Interaction 

Cables are analyzed separately from the mast in both the static and dynamic 

analysis, to maintain the tight handedness of the system matrices. The horizontal 

stiffness of the cables is added to the global stiffness matrix of the mast, and the vertical 

and horizontal components of the cable tension at the top are added to the global force 

vector. 

For static analysis, an iterative procedure is used to account for the changes in the 

cable length and tension with global displacements of the mast. The iterative procedure 

ensures the displacement compatibility between the top end of the cable and the mast 

node to which it is connected. Iterations are continued till the error in mast displacements 

between two consecutive iterations is less than a specified tolerance. 

For dynamic analysis, the time period is considered sufficiently small so that the 

change in displacements at the top end of the cables is also small (less than 2 mm). If this 

condition is satisfied, the stiffness and cable end forces at a particular time step can be 

assumed to be equal to that at the previous time step. Thus an iterative procedure for 

dynamic analysis is avoided by grinding the analysis through smaller time steps. 

6.1.4 Object-Oriented Proeramming 

Object-oriented methodology is used for developing the computer program. 

Some of the principal classes developed include Ctruss for analysis of 3D-tmss elements, 

Cguy for finite element modeling and analysis of nonlinear cables and Cmat. for storing a 

matrix with modified half-band/sky line solver. These classes are interlinked in a Cmast 

object that includes the Ctruss class and an array of Cguy classes. 
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6.2 Conclusions 

6.2.1 Analysis of Cables 

Nonlinear static analysis of cables is done to determine the variation of cable 

tension with the vertical and horizontal displacements of the top end. 

The physical characteristics of the cables and the guyed mast tower are taken 

from Sparling (1995). The initial stretched length of the cables (due to self-weight) 

closely match their cord lengths indicating a high level of pre-stress. For such highly 

prestressed cables, the variation of cable tension at the top, in the stiffening side, is 

almost linear for horizontal displacement >0.1% of the cord length. Cable nonlinearity is 

observed to be most pronounced in the slackening side. 

A class Cguy for finite element analysis of cables is developed, based on the 

formulation by Leonard (1988). The formulation assumes a first-order isoparametric 

element, which is a good idealization for highly prestressed cables. This formulation is 

based on an updated Lagrangian technique, considering nonlinear strain in the cable 

elements. An incremental procedure is used to simulate the nonlinear response by a 

sequence of piecewise linear steps. 

The results of the finite element model closely agree with the classical analysis, 

confirming the validity of the model. The advantage of the finite element model is its 

capability to evaluate the effects of lateral wind loads. The optimum number of elements 

for modeling the cables was found to be 8, using trial and error method. More than 8 

elements did not result in significant improvement in the solution. 

The analysis was done using an incremental procedure; 20 increments gave good 

results for cable displacements along the stiffening side. The number of increments had 
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to be gradually increased from 20 to 200 for large cable displacements along the 

slackening side. For the deflections comparable to those in guyed masts, 20 increments 

on the stiffening and the slackening side gave good results. 

Lateral wind load on cables increases the cable tension in general, although the 

effect is more pronounced along the slackening side. For cable number 4 (275.3 m 

height), the horizontal component of the cable tension at the top is increased by more 

than 50% due to lateral wind loads (for wind loads, see Figure 2.2), for 1.25 m deflection 

along the slackening side. 

6.2.2 Analysis of Mast 

The mast of the guyed tower is analyzed as a 3D tmss. Previous research has 

mostly focussed on modeling the mast as an equivalent beam, although space tmss 

analysis has been considered for static analysis as a tmss beam on elastic foundation (Issa 

et al., 1991), and for comparison of natural frequencies with the beam model (Madugula 

et al., 1998). The reasons for not using the complete 3D tmss model were claimed to be 

high memory requirements and computational time. 

Present generation personal computers (350MHz., 64 MB RAM) can complete 

static analysis in a matter of seconds. Dynamic analysis is completed between 2-6 hours 

depending on the length of the time period and amount of data written in output files. 

The advantages of using a complete tmss model outweigh the time spent in dynamic 

analysis. Also, for the present system with half-band width equal to 18, modified skyline 

or linked-list solver did not offer faster time of execution than a modified half-band/ half-

band solver. 
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The advantages of using a 3D tmss model include: 

1. Unlike beam model, no assumption is made to evaluate the stiffness properties 

of individual elements. Beam model has to rely on stiffness coefficients 

derived from forced displacements using a single deflection mode. Also, the 

change in moment of inertia along different directions, and the rotational 

stiffness of the equivalent element has to reliably computed. 

2. Cables are connected to the center of the beam, which ignores the moments 

generated due to eccentric cable forces in the equivalent beam model. 

3. Space tmss model can evaluate the high member forces in the mast elements 

that are connected to the cables, which is ignored in the equivalent beam 

model. 

4. Space tmss model also provides better results in dynamic analysis, wherein 

no assumption regarding the mode shapes while evaluating the stiffness 

matrix is made. 

6.2.3 Cable Mast Interaction 

For static analysis, the difference in mast forces between the initial mast condition 

(self-weight and cable pre-stress) and the static wind loads is very small at the base. 

Also, in both the conditions, there is a sharp increase in member forces near the cables. 

However, under certain wind load conditions, the maximum member force near the 

cables is ~ 4.5 times of that under initial conditions. Also, the member forces may vary 

by as much as 1000 kN along 50 m height, as compared to less than 200 kN under initial 

conditions, for the mast leg (see Figure 2.1 for wind speed and Figure 2.3 for the wind 
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load data). Change in the direction of member forces (compression to tension and vice 

versa) is also observed at critical locations along the height for certain load conditions. 

The lateral wind load on cables results in the reduction of the mast deflection by 

more than 20%. However, due to the increase of tension in the cables, there is an 

increase in the member forces, particularly in the mast posts (= 30%) that are connected 

to the cables. 

The dynamic analysis of guyed towers was conducted considering a quasi-static 

model, with static cable stiffness. For the first case, a 10 m/s mean wind speed at 10 m 

height was used, and the wind fluctuations at the 50 m height (rms value of fluctuations = 

1.03 m/s) were assumed to be same upto 300 m elevation. For the given wind data, effect 

of wind fluctuations did not appear to have significant influence on the mast response 

(maximum fluctuation <1% of the mean). Also, the dynamic response did not change 

significantly, due to geometric (axial-force) stiffness matrix. In the second case, the wind 

data between 70 ft and 160 ft level was interchanged, and multiplied by a factor of 4.386 

to simulate a 25 m/s wind at 10 m level. Wind fluctuations at 50 m height (rms value of 

fluctuations = 6.6 m/s) were assumed to be same upto 300 m elevation. In this case, the 

maximum fluctuation of the steady state response (from the mean) was 40% of the mean 

at the antenna top (295.13 m level), and 25% at 33.04 m and 169.6 m levels, in the mast. 

Response of the guyed tower to turbulent wind depends on the wind characteristics and 

appears to be a significant factor. 
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6.2.4 Object-Oriented Programming 

For programming purposes, object-oriented methodology appears to be the 

preferred method for developing an extensible and flexible code. Several classes of 

objects have been developed to separate the analysis tasks and facilitate cable-mast 

interaction. Specifically the Ctruss and Cguy objects keep the analysis process between 

the tmss and the cables separate. The only information that is exchanged between the 

two objects, through Cmast, is the displacement of the mast at the nodes connected to the 

cables and the reactive forces from the cables. Encapsulating the data isolates the classes 

and ensures future refinements without affecting other parts of the program. Thus, the 

program developed is flexible and can be easily reused in future to modify or refine 

portions of the code. 

6.3 Recommendations 

The recommendations for future research and improvements in the present 

analysis are listed as follows: 

1. A class/subroutine needs to be developed and incorporated into the code, to 

generate 3-D wind histories that correctly depicts the wind characteristics in 

space and time. This would help to simulate the mast response to high wind 

velocities that can result in the failure of guyed towers. 

2. Further research needs to be done to improve the evaluation of wind loads on 

the mast and the cables from applied wind speeds. 

3. Research needs to be done to study the time-domain dynamics of cables to 

turbulent wind, and towards the study of dynamic cable-mast interaction. 
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4. Effect of icing on cables and sudden shedding of accmed snow needs to be 

studied. 

5. Research needs to be done to evaluate fatigue in various parts of the mast and 

in the cables. 

6. For design aspects, the response of guyed towers to a number of wind 

histories needs to be evaluated and calibrated with known full-scale measured 

data. 
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APPENDIX A 

LISTCsfG OF SPECIFIC FUNCTIONS 
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Listing 1 • Calculation of unstretched length based on initial conditions. 

double calc_sO(int i) 
{ 
long double val, err, errl; 
long double beta, gamma, denom; 
long double Tt, Ht, Htl, Vt, Vb, SO, ang; 
int iter = 1; 
double Lus; /***Unstretched length***/ 
ang = atan(h[i]/l[i]); 
Ht = Tb[i]*cos(ang); /***Horizontal force assumed for initial trial***/ 

do{ 
beta =q[i]*l[i]/(2*Ht); 
val = tan(ang)*beta/sinh(beta); 
gamma = asinh( val); 
denom = cosh( gamma - beta); 
Htl = Tb[il/denom; /***Improved horizontal force***/ 
errl =fabsl(Ht-Htl); 
if(iter>l) 
{ /***Check for errors in iteration***/ 

if(errl>err) {printf(" diverging in calc_SO:l");exit(l);} 
if(errl==err) { printf(" const error in calc_SO:l");exit(l);} 

} 
Ht = Htl; 
err= errl; 
iter++; 

}while(errl>0.00001); 

Tt = Ht*cosh(gamma + beta); 
Vt = Ht*sinh(gamma + beta); 
Vb = Ht*sinh(gamma - beta); 
SO = (Vt-Vb)/(qti]*lti])-

(q[i]*l[i]/(2*A[i]*E[i]))*( Ht/(q[i]*l[i]) + (Vt*Tt - Vb*Tb[i])/(qti]*q[i]*l[i]*l[i])); 
SO = SO*l[i]; 
return SO; 

} 
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Listing 2. Calculation of HO corresponding to displacements at the top end of the gu\ 

double *cable_stiff( double *result, double Tb2, double L2, double delL2, double h2. 
double delh2, double S02, double A2, double E2, double q2, double hO) 

/*** delL2 and delh2 are the displacements at the top end***/ 
/***Other input parameters include tension at the base (Tb2), projected cable length on 
the horizontal plane (L2), cable height (h2), unstretched length (S02), cross-section area 
(A2), modulus of elasticity (E2), unit weight (q2) and horizontal component of tension 
(hO)***/ 
{ 
double acosh( double); 
double asinh( double); 
long double val; 

LO, Lc, Ls; 
beta, gamma, denom; 
HO, Tt, Ht, Htl, Vt, Vb, SOI, ang; 
Tb, L, delL, h, delh, SO, A, E, q; 
iter=l, divert=0; 
err, errl, add, addl, defl, factor; 
stiff; 

Tb = Tb2; L = L2; delL = delL2; h = h2; delh = delh2; SO = S02; A = A2; E = E2; q = q2; 
/***Use higher precision***/ 
factor = fabsl(ceill(delL/20)); 
if(factor<=0) factor = 1; 
h = h + delh; LO = L; 
ang = atan(h/L); 
Ht = Tb*cos(ang); 

long double 
long double 
long double 
long double 
int 
long double 
double 

do{ 
beta = q*L/(2*Ht); 
val = tan(ang)*beta/sinh(beta); 
gamma = asinh( val); 
denom = cosh( gamma - beta); 
Htl =Tb/denom; 
errl =fabs(Ht-Htl); 
if(iter>l) 

if(errl>err) {printf(" diverging in cable stiff:2");exit(l);} 
if(errl==err) { printf(" const error in cable stiff:2");exit(l);} 

} 
Ht = Htl; 
err=errl; 
iter++; 
}while(errl>0.00001); 
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Tt = Ht*cosh(gamma + beta); 
Vt = Ht*sinh(gamma + beta); 
Vb = Ht*sinh(gamma - beta): 

/***Find HO corresponding to the new height***/ 
iter = 1; divert = 1; 

Lc = sqrt(L*L+h*h): 
ang = atan(h/L); 
addl = E*A*cos(ang)*cos(ang)/Lc; 
addl =addl/1000; 

do{ 
beta = q*L/(2*Ht); 
val = tan(ang)*beta/sinh(beta); 
gamma = asinh(val); 
Tt = Ht*cosh(gamma + beta); 
Tb = Ht*cosh(gamma - beta); 
Vt = Ht*sinh(gamma + beta); 
Vb = Ht*sinh(gamma - beta); 
SOI = (Vt - Vb)/(q*L) -

(q*17(2*A*E))*( Ht/(q*L) + (Vt*Tt - Vb*Tb)/(q*q*L*L)); 
SOI =S01*L; 
errl = fabsl( SOI - SO); 
if( delh<0) Ht = Ht- 1; 
if(delh>0) Ht = Ht+l: 
if(delh==0) goto L150; /***Skip the following steps***/ 
if(iter>l) 
{ 

if(errl>err) 
{ 

Ht = Ht-2*addl; 
addl = addl/100; 
divert++; 
if(divert>2) break; 

}/*errl>err*/ 
if(errl==err) { break; } 

} 
err= errl; 
iter=2; 

}while(err>=0.0001); 
L150:; 
HO = Ht; 

Ls = L*sqrt( (h*h/(L*L)) + sinh(beta)*sinh(beta)/(beta*beta)): 
add = delL; 
divert= 1; 
L=LO+add; iter=l; 
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if(add==0) 
{ 

} 
else 
{ 

Ht = HO; 
defl = 0; 
goto LlOO; /***Skip the following steps***/ 

Lc = sqrt( (LO+add)*(LO+add) + h*h); 
ang = atan(h/(LO+add)); 
addl = E*A*cos(ang)*cos(ang)/Lc; 
addl = addl*add; 
addl = addl/100; 

} 
Ht = HO; 
/***Find HO corresponding to the change in L***/ 
do{ 

beta = q*L/(2*Ht); 
val = tan(ang)*beta/sinh(beta); 
gamma = asinh(val); 
Tt = Ht*cosh(gamma + beta); 
Tb = Ht*cosh(gamma - beta); 
Vt = Ht*sinh(gamma + beta); 
Vb = Ht*sinh(gamma - beta); 
SOI = (Vt - Vb)/(q*L) -

(q*L/(2*A*E))*( Ht/(q*L) + (Vt*Tt - Vb*Tb)/(q*q*L*L)); 
S01=S01*L; 
errl =fabsl(S01 -SO); 
Ht = Ht+addl; 
if(iter>l) 
{ if(errl>err) 

{ Ht = Ht-2*addl; 
addl = addl/100; 
divert++; if(divert>2) break; 
} 

if(errl==err) { break;} 

} 
err=errl; iter=2; 

}while(err>0.000001); 

defl = L-LO; defl = defl; Ls = Ls; 
LlOO:; 
if (add == delL ) { resuUtl] = Ht; result[2] 
stiff = (Ht - hO)/delL; result[3] = stiff; 
return result; 
}/*cable_stiff*/ 

= Vt;} 
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Listing 3. Formulation of global stiffness matrix for a 3D bar elemeni. 

void Ctmss::FormGlobalStiff(char *flname, int NoMems) 
{ 
FILE *ip; 
double a[4][4]. A, E, ro, L, Cx, Cy, Cz; 
int mem_no, i, j , nodi, nodj, globi, globJ, H, sign; 
int mati, matJ, lease, Jcase, cond; 

ip = fopen(flname,"r"); if(!ip) err_file(flname,l); 

for(n=l ;n<=NoMems;n++) 
{ 

fscanf(ip,"%d %d %d %lf %lf %lf %lf %lf %lf %lf\n", 
&mem_no,&nodi,&nodj,&A,&E,&ro,&L,&Cx,&Cy,&Cz); 
a[l][l] = Cx*Cx; a[l][2] = Cx*Cy; a[l][3] = Cx*Cz; 
a[2][lj = Cx*Cy; a[2][2] = Cy*Cy; a[2][3] = Cy*Cz; 
a[3][l] = Cx*Cz; a[3][2] = Cy*Cz; a[3][3] = Cz*Cz; 
for(i=l;i<=3;i++) { for(j=l;j<=3;j++) a[i]|j] = a[i]Ij]*A*E/L;} 
globi = (nodi-l)*3+l; globJ = (nodj-l)*3+l; //Global I & J 

for(cond=l; cond<=4; cond++) 
{ 

switch (cond) 
{ 
case 1: lease = globi; Jcase = globi; sign = +1; break; 
case 2: lease = globi; Jcase = globJ; sign = -1; break; 
case 3: lease = globJ; Jcase = globi; sign = -1; break; 
case 4: lease = glob J; Jcase = glob J; sign = +1; break; 
} 
for(i=Icase;i<=Icase+2;i++) 
{ for(j=Jcase;j<=Jcase+2;j++) 

{ if(j>=i)//store only the upper half the matrix 

{ 
matI = i;//Global I in mat 
matJ = (j - i) + 1; //Global J 
Matrix [matI][matJ] = Matrix [matlJlmatJ] 
+ sign*a[i - Icase+l][j - Jcase+lJ; 

}//j>=i (1,1) 
}//forj 

}//for i 
}//for cond 

}//for 1=1 to No of members 
fclose(ip); 
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Listing 4. Modified Half-Band Equation Solver. 

double *Cmat::SolSquares(CVector B, double *X) 
{ 
int k, i , j , n = Order; 
double val2,val3,sum=0; 
double duration; 

k=l; 
do{ 

for(i=k+l ;i<=n;i++) 
{ 

if((i-k+l)>Index[k]) val2 = 0; 
else val2 = Matrix[k][i-k+l]; 

for(j=i;j<=(hidex[i]+i-l);j++) 
{ 

if( val2!=0 && (j-k+l)<=hidex[k]) 
{ 

val3 = Matrixtk]Ij-k+l]; 
Matrix[i][j-i+l] = 
Matrix[i]|j-i+l] - (val2*val3/Matrix[k]tl]); 

} 
} 
if(val2!=0) 
B.Arrayli] = B.Array[i] - (val2*B.Array[k]/Matrix[k][l]); 

} 

k++; if(k== n) break; 
} while (k<=n-l); 

//Back substitution 
X[nJ = B. Array [n]/ Matrix[k]tl]; 

for(i=n-l;i>=l;i--) 

sum=0; 
for(j=i+l;j<=Band[i];j++) 
sum = sum + Matrix[i]|j-i+l]*X[j]; 
X[i] = ( B.Arrayli] - sum )/ Matrix[i][l]; 

return X; 
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APPENDIX B 

LISTING OF CLASS DEFINFTIONS 
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Listing 1. Definition of the Class Cmast 

#include "guy .h" 
#include "tmss.h" 

class Cmast 
{ 
protected: 

Cguy *Cables; 
Ctmss Tmss; 

int 
int 
int 
int 
int 
int 
int 

NoCableGroups; 
NoCables; 
*CableNodes; 
NoCableDivs; 
Order; 
NoTimeSteps; 
WindAngle; 

double LevelHeight; 
int NoLevels; 
double FaceWidth; 
double *Disp01d, *DispNew; 

public: 
CmastO; 
virtual ~Cmast(); 

} ; 

void Initialize(int condition); 
int getCableNode(Cguy cable); 
void AugmentTmss(double *disp, int condition); 
void SolStaticO; 
void SolDynamicO; 
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Listing 2. Definition of the Class Ctruss. 

#include "mat.h" 
#include "vector.h" 

class Ctmss 
{ 
protected: 

Cmat StiffMod, Stiff; 
Cmat Damp; 
CVector Mass; 
CVector ForceMod, Force; 
double Kdamp, Mdamp, WindAngle, alpha, delta, delT; 
int NoNodes, NoMems, Order; 

double *Disp01d, *DispNew; 
double *Velc01d, *VelcNew; 
double *Accl01d, *AcclNew; 

public: 
CtmssO; 
virtual 

void 
void 
void 
void 
void 
void 
void 
void 
void 
void 
void 
void 
void 

~Ctmss(); 

InitSub(int condition); 
Initialize(int condition); 
FormGlobalStiffO; 
FormGlobalMassO; 
FormGlobalDampO; 
FormForceVector(int condition); 
AddSelfWeightO; 
FormForceNext(int condition); 
FormDynaStiffO; 
FormDynaForce(int condition); 
ApplyBaseCond(int condition); 
AugmentStiff(int rowno, double delK); 
AlterForce(int rowno, double f); 

double *getDisp(double *disp); 
double *getMemberForces(double *MemForce 
int 
int 
void 
void 
void 

getOrderO {return Order;} 
getNoMemsO{return NoMems;} 
Renew(); 
SolStaticO; 
SolDynamicO; 

} ; 
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Listing 3. Definition of Class C\̂ //\ 

#include "mat.h" 
#include "Vector.h" 

class Cguy 
{ 
protected: 

Cmat Stiff; 
CVector Mass; 
CVector Force; 

int GuyNo; 
int MastLeg; 
int NoMems; 
int Order; 
int WindFactor; 
double WindAngle; 
double *Tref, *lamda, *memLength; 
double **cosines; 
double SO, Tb, h, 1, A, E, q, hO; 
double Density; 
double FxO, FyO, FzO; 
double FxWO, FyWO; 

double *Disp01d, *DispNew; 
double *Velc01d, *VelcNew; 
double *Accl01d, *AcclNew; 

double alpha, delta, delT; 

public: 
CguyO; 
virtual ~Cguy(); 

void initialize(int Guyno, int Mastleg, int NMems); 

void setPreCondO; 
void formCableStiffO; 
void FormGlobalMassO; 
void FormForceVector(double angle); 
double getForceAt(int node, int cond); 

void FormDynaStiffO; 
void FormDynaForceO; 
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} ; 

void UpdateVel_Acc(); 
double *applyCableCond(double *b, double xtop, double ytop, double ztop); 
void updateProps(double *disp); 
double *SolStaticReact(double *react, double xtop, 

double ytop, double ztop); 
double *Cguy::SolDynamicReact(double *react, double xtop. 

double ytop, double ztop); 
double getl(){ return 1;} 
double getq(){ return q;} 
double getA() {return A;} 
double geth() {return h;} 
double getSOOlreturn SO;} 
int getNoMemsO{return NoMems;} 
double *getDisp(double *disp); 

double getCosX(int memNo) {return cosines [memNo] {1 ];} 
double getCosY(int memNo) {return cosines[memNo] [2];} 
double getCosZ(int memNo){retum cosines[memNo]t3];} 

double getmeml(int i){ return memLengthli];} 
double getIniTensionAt(double x); 
double getExtenRatioAt(double x); 
double getIniGlobalX(double x); 
double getIniGlobalY(double x); 
double getIniGlobalZ(double x); 
double *getReaction(double *react); 
double getHforceO; 
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Listing 4. Definition of Class Cmat. 

class Cmat: public CMatrix 
{ 
protected: 

int * Index; 
int *Band; 
int Order; 
int HalfBandWid; 

public: 
double **Matrix; 
CmatO; 
virtual ~Cmat(); 
Cmat(int NoRows, int *index, int bandWD); 

void cleanO; 
void Initialize(int NoRows, int *index, int bandWD); 

double GetSymVal(int Ig, int Jg); 
double GetVal(int Ig, int Jg); 
void PutSymVal(int cond, int Ig, int Jg, double val); 
void PutMatVal(int cond, int Im, int Jm, double val); 
int *GetIndex(int *vec); 
int GetlndexAt(int rowno) {return Indextrowno];} 
int GetOrderO; 
int GetBandWidO; 
int upper(int row); 

double *SolSquares(CVector B, double *X); 
void CopyTo(Cmat copy); 
void CopyDiagTo(Cmat copy); 
void LinearAddFrom(Cmat x 1, double al, Cmat x2, double a2); 
double *multArray(double *array, double *multed); 
void AssignBandWid(int bandwid); 
void AssignOrder(int order); 
void Assignlndex(int *index, int n); 
void AssignBand(int *band, int n); 
void DisplaymatO; 
double fundafreq(int plot, CVector M); 

} ; 
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Listing 5. Definition of Class CVector. 

class CVector : public CMatrix 
{ 
protected: 

int VOrder; 
public: 

double * Array; 
CVectorO; 
virtual ~CVector(); 

CVector(int NoRows); 
CVector(char *flname, char cond); 

void Initialize(int NoRows); 

void AssignVOrder(int Vorder); 
int getVOrderO; 
void display VectorO; 
void CopyTo(C Vector Vcopy); 
void LinearAddTo(CVector Vaddto, double mult, int add, int skip); 
void CalcMemForces(char *flname, double *disp); 
void ScanFileNext(FILE *fp); 
void Display InRowO; 
void cleanO; 

} ; 
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Listing 6. Class Definition of Class Cmatrix. 

class CMatrix 
{ 
public: 

CMatrixO; 
virtual ~CMatrix(); 

double *VecDub(int u); 
double *InishDub(double *vec, int n, double val); 
double *InishDubVar(double *vec, double val, int from, int to, int skip): 

double VecMax(double *vec, int n); 
double VecMaxMod(double *vec, int n); 

double **VarMatDub(int nrows, int *index); 
double **InishVarMatDub(int nrows, double **mat, int *index, double val); 

int *VecInt(int u); 
int *lnishlnt(int *vec, int n, int val); 

int **MatInt(int nrows, int ncols); 
int **InishMatInt(int **mat, int nrows, int ncols, int val); 

double **MatDub(int nrows, int ncols); 
double **InishMatDub(double **mat, int nrows, int ncols, double val); 

void copyvec(double *from, double *to, int noRows); 
void freevec(double *v); 
void freeint(int *v); 
void displayVec(double *v, int order); 

} ; 
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APPENDED C 

INFLUENCE OF VARIOUS PARAMETERS THAT 

AFFECT THE FORCE COEFFICIENTS FOR 

WIND LOADS ON GUYED TOWERS 
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C.l Force Coefficients for Individual Members 

The wind pressures on a surface are related to dynamic pressures through the use 

of pressure coefficients, which is defined as, 

Cp = PI0.5pV\ 

where, P is the pressure normal to the surface, V is the wind speed and Cp is the pressure 

coefficient. If the exposed area of the member is included, force coefficient can be 

defined as, 

CF = F/(0.5pV^A), 

where, F is the total force on the member and A is the area exposed to the wind. The 

force coefficient associated with the force in the direction of wind flow is often called the 

drag coefficient, Cd. 

C. 1.1 Effect of Reynolds Number 

Reynolds number ( Re) is defined as the ratio of the inertial to viscous forces on 

an object, exerted by fluid flow. 

Re = VD/v, 

where, D is a characteristic dimension of the object and v is the kinetic viscosity of the 

fluid. It has been observed that the force coefficient is independent of Re number for 

sharp edged blunt type objects, whereas for semi-aerodynamic objects like cables, a large 

reduction of force coefficient can be observed (from 1.2 to 0.4) at some critical Re 

numbers (between 10̂  and 10^). In this study, force coefficient for cables is 

conservatively assumed to be equal to 1.2. 
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For lattice framework composed of circular section members, the effects of Re 

numbers seem to be insignificant for Re values less than 10̂ . A series of tests done by 

Jacob (1972), Melling (1978) and Sykes (1978) indicate that force coefficients for lattice 

towers with round members were essentially independent of air speed (Rg number). 

Since circular section members of lattice frames are always in a wind flow region with Rg 

less than 10 ,̂ it is reasonable to assume that the Re number has little effect on force 

coefficients of lattice stmctures. The effect of Reynolds number on lattice towers with 

circular members is illustrated in Figure C. 1 and Figure C.2. 

CpiO'') 

c^m') 

3 
I ' { I M |+-
4 5 A 7 8 9 10^ 

H 1—^ I ' l l ) M i l l 
6 ? a 910* ^« 

Figure C.l. Drag Coefficients CF(0°) and CF(60°) for Triangular Lattice Towers with 
Members of Circular Cross Section. 

Source: Simiu etai, "Wind Effects on Stmctures... Application to Design," (1996). 
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Figure C.2. Drag Coefficients CF(30°) for Triangular Lattice Towers With Members of 
Circular Cross Section. 

Source: Simiu et al, "Wind Effects on Stmctures... Application to Design," (1996). 

C. 1.2 Effect of Turbulence 

For angular blunt bodies, it was assumed before 1960 that turbulence would have 

a negligible effect on the drag forces. Experimental work done by Mclaren (I960), 

Roberoson (1972), Stine (1971) and Parkinson (1977) shows that small amount of 

freestream turbulence can affect force coefficients for various shapes of angular bodies. 

Turbulence intensity also affects force coefficients for semi-aerodynamic (circular) 

sections. 
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Flachsbart (1934) did most of the early basic work on wind loading on lattice 

framework. This work included lattice stmctures of square or angle section members. It 

was observed that the force coefficient was independent of the turbulence in the flow. In 

his report, Stykes (1978) concluded that the data obtained from sectional model tests of 

lattice tower, frames and girders made in a relatively low-intensity turbulence wind 

tunnel could be applied to the full-scale situation. 

C. 1.3 Effect of Aspect Ratio 

For a relatively long member, the air flow is essentially two-dimensional. If the 

member is short enough to create a three-dimensional flow, the resistance to the flow is 

reduced as compared to a long member. This reduction in resistance is generally 

expressed as a function of aspect ratio (length to width or diameter ratio - Ar). The effect 

of aspect ratio on the force coefficient of a rectangular plate normal to wind in smooth 

flow is tabulated in Table C.l (Simiu and Scanlan, 1996). 

Table C.l. Effect of Aspect Ratio (Ar) on Coefficient of Drag (CD). 

Aspect ratio 

CD 

1.0 

1.18 

2.0 

1.19 

5.0 

1.20 

10.0 

1.23 

20.0 

1.48 

40.0 

1.66 

oo 

1.98 

For stmctural members that connect to gusset plates or a cross-member, the aspect 

ratio is conservatively considered as infinite since the air flow is restrained from passing 

around the ends of the members. 
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C. 1.4 Effect of Yaw Angle, 

Yaw angle is defined as the angle between the direction of wind and the normal to 

the surface of the member, measured in the horizontal plane, h is often termed as "angle 

of attack" and may vary by as much as ±20 degrees. Effect of yaw angle on force 

coefficient can be tabulated from 0° to 180°. Yaw angle is a significant parameter for 

some shapes, while the effects of yaw angle are negligible for other shapes (circular). 

Effect of yaw angle on the force coefficients for common stmctural members has been 

tabulated in Table C.2 (SAA, NRCC, Cp 3, Sachs, Koten). 

Table C.2. Effect of Yaw Angle on Coefficient of Drag (CD) 

Member Type 

Unequal angle (1:2) 

Equal angle 

Channel 

I-shape (2:1) 

I-shape (1:1) 

Double angle 

Cmciform 

T-shape(l:l) 

Yaw Angle i 

0 

1.90 

1.80 

2.05 

2.05 

1.60 

1.60 

1.75 

2.00 

45 

1.80 

2.10 

1.85 

1.95 

1.50 

1.50 

0.85 

1.20 

90 

2.00 

-1.90 

0.00 

0.50 

0.00 

-0.95 

0.10 

-1.60 

135 

-1.80 

-2.00 

-1.60 

-

-

-0.50 

-0.75 

-1.10 

180 1 

-2.00 

-1.40 

-1.80 

1 

-

-1.50 

-1.75 

-1.70 
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C.2 Force Coefficients for Single Framed Stmctures 

To understand the various parameters that influence force coefficients on the 

mast. It is important to study the parameters that affect the force coefficient of a single 

lattice frame. The three main parameters that effect the force coefficients of single frame 

are solidity ratio (defined in the next paragraph), yaw angle and aspect ratio. Force 

coefficients for three sided (triangular) or four sided (rectangular) towers are influenced 

by factors that are related to shielding, this is separately discussed in the next section. 

C.2.1 Effect of SoHditv Ratio 

The solidity ratio ((j)) is defined as the solid area of the members by the area 

enclosed by the boundary of the frame. For a lattice framework of low solidity ratio 

(large openings) the flow can easily pass through the frame openings, thus the force 

coefficient is lower. For frames with high solidity, the flow is partially restrained from 

going through the openings and is required to go through the edges of the frame, for such 

type of frames the influence of aspect ratio is important. Variation of force coefficients 

with solidity ratio is given in Table 2.3. The data in Table 2.3, obtained by Cohen 

(1957), is for zero yaw angle and for frames with infinite aspect ratio. The compiled data 

has been reproduced from Mehta and Lou (1983). 

Table C.3. Effect of Solidity Ratio on Composite Force Coefficient of Single Tmss 
Frame with Flat Sided Members. 

Solidity ratio 

Force coeff. 

0.0 

1.95 

0.1 

1.85 

0.2 

1.65 

0.3 

1.55 

0.4 

1.5 

0.5 

1.45 

0.6 

1.42 

0.7 

1.45 

0.8 

1.5 

0.9 

1.55 

1.0 

1.95 
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C.2.2 Effect of Yaw An pip 

When the wind direction is at an angle to the surface, the force coefficient reduces 

in most cases. Hence it is a common practice to design for force coefficient values 

occurring with wind acting normal to the frame. Yaw angle effect for a single tmss 

frame (solidity ratio = 0.39) with flat-sided members, obtained by Ower (1948), is 

tabulated in Table C.4. The compiled data has been reproduced from Mehta and Lou 

(1983). 

Table C.4. Effect of Yaw Angle on Composite Force Coefficient of Single Tmss 
Frame with Flat Sided Members. 

Yaw angle 

Force coeff. 

0 

1.6 

10 

1.65 

20 

1.6 

30 

1.55 

40 

1.4 

50 

1.1 

60 

0.7 

70 

0.4 

80 i 90 

0.15 - 1 
1 1 

C.2.3 Effect of Aspect Ratio 

The aspect ratio of a frame is defined as the ratio of its length to its breadth. As 

mentioned earlier, a frame is influenced more by the aspect ratio when the solidity ratio is 

high. However, the solidity of practical frames seldom exceeds 0.5. The normal range of 

aspect ratios for frames in free-standing towers is 4 to 10 and for guyed mast towers, it is 

between 20 and 100 (Mehta and Lou, 1983). Flachsbart (1935) provided a 

comprehensive information on the influence of aspect ratio on force coefficients of lattice 

frames. For low solidity ratios (<0.5) for all aspect ratios, the force coefficient reduce less 

than 10%. 
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C.3 Multiple Framed Stmctures - Effect of Shielding 

The wind loads on single lattice frames and the effect of shielding on subsequent 

lattice frames, in case of multiple frame arrays, have been studied extensiveK' but their 

documentation in different codes is not consistent. Shielding factor (r|) is defined as the 

ratio of force coefficient for the leeward frame to the force coefficient for a single frame. 

Many investigators (Pagon, 1959; Flachbart, 1977; Whitbread. 1979; Georgiou 

and Vickery, 1979; Willford and Allsop, 1990) have provided experimental data for the 

influence of shielding factor on the force coefficients of multiple frames. In addition, 

Australian and the Canadian wind load standards, and the ISO standard for wind load on 

cranes also have a well documented procedure for considering the shielding effects. The 

American and the British codes for wind loads do not have a well defined procedure for 

assessing the effect of shielding on multiple frames. 

The principal variables for shielding effect on lattice frames are frame solidity and 

spacing ratio. The shielding factor obtained from various codes and papers are tabulated 

in Table C.5. 

The Australian Standard for wind loads, AS 1170.2 - 1989, clearly indicates that 

the shielding factors (Ksh) given in tables 3.5.4.1 and 3.5.4.2 of the code, (for determining 

wind forces in lattice frames, tmsses and towers) are derived from the study of Georgiou 

and Vickery (1979). The effective solidity for frames with circular cross-section 

members has been derived from Whitbread (1979). The wind tunnel test data by 

Georgiou and Vickery (1979) appears to be the most extensive. Although Australian 

standard derives its shielding factors from this paper, the single digit round off can result 

in decreased accuracy. 

123 



• • . - ' . - • ' J B — ^ ^ B ^ H M P ^ HKIT 

Table C.5. Influence of Solidity Ratio ((})) on Shielding Factors (r|). 

Solidity 

((D) 

0.2 

0.3 

0.4 

0.5 

Reference 

SAA/ 

Georgiou and Vickery 

NBCC 

Flachsbart 

ISO 

Whitbread 

SAA/ 

Georgiou and Vickery 

NBCC 

Flachsbart 

ISO 

Whitbread 

SAA/ 

Georgiou and Vickery 

NBCC 

Flachsbart 

ISO 

Whitbread 

SAA/ 

Georgiou and Vickery 

NBCC 

Flachsbart 

ISO 

Whitbread 

Frame 

0.5 

0.80 

0.75 

0.75 

0.40 

0.40 

0.60 

0.56 

0.56 

0.32 

0.33 

0.40 

0.38 

0.36 

0.21 

0.29 

0.20 

0.19 

0.16 

0.15 

0.26 

spacin 

1.0 

0.80 

0.81 

0.82 

0.75 

0.52 

0.70 

0.65 

0.65 

0.59 

0.42 

0.50 

0.48 

0.48 

0.43 

0.34 

0.30 

0.32 

0.32 

0.25 

0.26 

g ratio ( 

2.0 

0.80 

0.87 

0.87 

0.80 

0.61 

0.70 

0.73 

0.73 

0.63 

0.49 

0.60 

0.59 

0.59 

0.50 

0.38 

0.40 

0.44 

0.45 

0.33 

0.26 

%) 

4.0 

0.90 

0.90 

0.91 

0.88 

0.68 

0.80 

0.78 

0.80 

0.76 

0.56 

0.70 

0.65 

0.68 

0.66 

0.42 

0.60 

0.52 

0.56 

0.55 

0.26 
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The National Building Code of Canada-1990. has referred to Georgiou and 

Vickery (1979) for the wind loads on building frames. The shielding factors {k,) given in 

Figure B-22 of the code seem to closely match with those given by Flachsbart (1977). 

although no reference to his work is mentioned. Flachbart (1977). proposed the 

following relation for shielding factors. 

0.25 ri= I.15[l-I.45(pr''] 

Whitbead (1979), proposed the following relation for shielding factors, 

7 7 = / 
'.45 ^(<th0.5} A^^^-^V. 

In the British Standard for wind loads, BS 6399: 1995, wind loads on Lattices and 

unclad building frames (clause 2.7.4) are estimated by summing the loads on individual 

members. When the lattice is dense or shielded, the conservatism of the method has been 

admitted. ISO 4302-1981(E), Wind Load on Cranes, has tabulated shielding factors {T]) 

as a function of spacing ratio and solidity. These values do not seem to match with 

Georgiou and Vickery (1979) or with Flachsbart (1977). 

In the American Standard for wind loads, ASCE 7-95, force coefficients for open 

signs and lattice frameworks (single), C/have been tabulated (Table 6-9 of the code) and 

force coefficients for square and tmssed towers have also been tabulated (Table 6-10 of 

the code). However, there is no mention of shielding factors. For triangular tmssed 

towers, 

CF = 3.4(f-4.7(l)-\-3.4. 

If the tower contains round members, a multiplication factor for CF is used 

Multiplication factor = 0.5I(f + 0.57. 
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