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A B S T R A C T 

Slippage of bolted joints plays an important role in the behavior of transmission tower 

structures under various loading. Two main types of bolted joints are commonly used in 

towers; column-to-column and beam-to-column joints. The effect of slippage of the bolted 

joints on the behavior of transmission towers was previously analyzed using two approximate 

models; instantaneous and continuous joint slippage models. The previously proposed models 

of joint slippage implied that joint slippage has little effect on a transmission tower load 

carrying capacity. These models have also shown that deflections of towers due to slippage 

are very small compared to the overall deformation. These studies have considered on)y 

beam-to-column joints, ignoring column-to-column joints. The previous models based on the 

above assumptions and models based on rigid joint behavior were not able to capture the 

response of transmission towers under considerable differential settlements caused by frost 

heave. 

In this thesis, two common bolted joint types used in transmission tower structure are 

analyzed and discussed based on a series of full-size tower joint experiments conducted at the 

University of Manitoba. It is observed that joints stiffness properties such as equivalent 

modulus of elasticity, yield strength and fracture strength are much lower than that of the 

connected members. The experimental results also show that previously reported 

instantaneous and continuous joint slippage models do not accurately simulate the behavior of 

bolted joints. 
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Two finite element models are proposed in this thesis to simulate the slippage of the two 

main joint types; column-to-column (type-A joints) and beam-to-column (type-C joints). 

Stiffness matrices of the new joint finite elements are established with the aid of the 

experimental data. An elastic geometrically nonlinear finite element code is developed using 

Fortran 90 to analyze the 3-D response of transmission tower structures taking into account the 

effect of joint slippage. A graphical user interface based on Visual Basic is attached to the 

finite element code to allow practicing engineers to input all data, build the tower finite 

element model and display the tower response in an efficient and convenient manner. 

The response of a 2-D tower substructure and a 3-D full-scale tower used by Manitoba 

Hydro is analyzed by using the finite element code. The numerical study shows that slippage 

of beam-to-column and column-to-column joints have significant effects on the tower load 

carrying capacity. Column-to-column joint slippage shows the most significant impact on the 

transmission tower behavior by either reducing the tower load carrying capacity or 

significantly increasing the tower deflection under working loads. On the other hand, joint 

slippage has a positive effect on the tower response under frost heave induced displacements 

as substantial redistribution of tower member forces takes place due to joint slippage and 

actual member forces are much lower than those predicted by standard structural analysis 

software based on the rigid joint assumption or simplified slippage models. 
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Chapter 1: Introduction 

Chapter 1 

I N T R O D U C T I O N 

1.1 General 

Transmission towers are the main structural component of a power transmission line. In a 

typical transmission line, high voltage conducting wires are supported by transmission towers of 

30-50 meters height placed at intervals of 200 - 600 meters. Their structural stability and 

integrity are the most important factors in safe and reliable electric power transmission and 

distribution from generating stations to distant cities. Transmission towers, Figure 1.1, are often 

three-dimensional latticed structures made of steel members with bolted connections. Towers 

made of tubular steel columns and polymer composite materials are becoming popular in recent 

years. 

Figure 1.1: Transmission tower. 



Chapter 1: Introduction 

Latticed structures are relatively light in comparison to other conventional types of 

structures. They are considered highly efficient in terms of their load carrying capacity to weight 

ratio. In addition, they are easy to fabricate and construct. Transmission tower structures are 

normally composed of several hundreds of galvanized steel asymmetric thin-walled angle 

sections eccentrically connected by bolted joints. Typical towers have a square body 

configuration with identical bracing in all faces. The configuration design of a transmission 

tower largely depends on its uses. There are several types of transmission towers as shown in 

Figure 1.2. Some of the parameters that determine the most suitable tower configuration include 

the amount of transmitted power, type ofthe transmission circuit, environmental factors (e.g., 

temperature, wind, and potential for ice accumulation) and geography of the region (e.g., 

mountains, rivers, cities, etc.). 

Most electric utilities prefer to limit the variety of transmission towers in their 

transmission systems for ease of maintenance and economical reasons while this may not result 

in the ideal tower design for a particular location. A utility typically has six to ten tower types 

depending on the peculiarities of the geography of the region. A thorough understanding of the 

structural behavior is very important to the design, construction and maintenance of a reliable 

and economically efficient power transmission system. Structural analysis of transmission towers 

is therefore an important area of research for electric utilities. Significant advances in structural 

analysis of latticed structures have occurred in the past decades. Today, computer-aided software 

based on the finite element method is available for both linear and non-linear analysis of 

transmission towers. 

2 



Chapter 1: Introduction 

220,000 volt double circuit 110,000 volt single circuit 220,000 volt single circuit 
transmission tower transmission tower transmission tower 

Figure 1.2: Different types of transmission towers. 

In order to understand the structural behavior of a transmission tower it is important to 

look at factors that govern the overall response such as the tower loads, tower foundations, 

member types and connections, tower geometry, etc. A major component of the tower design 

load is related to the heavy conductor wire loads representing the self-weight of the conductor 

wires that run between the towers. Needless to say, the tower self-weight is another significant 

dead load. 

Towers are also subjected to a variety of environmental loads such as wind, earthquake, 

ice and frost heave related loads. Ice accumulation in tower members and conducting wires, as 

shown in figure 1.3, increases the dead weight significantly during ice storms such as the 1998 

Quebec ice storm and leads to catastrophic failures. Figure 1.4 shows a failed transmission tower 

following the 1998 ice storm in Quebec. 
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Chapter 1: Introduction 

Figure 1.3: Ice accumulations in Figure 1.4: Transmission tower failure 
conductor wires due to Ice storm, Quebec, 1998. 

Another important loading on tower structures is galloping induced loads. Galloping is 

low frequency (from 0.1 to 1 Hz), large amplitude (from 0.1 to 1 times the sag of a transmission 

line between two towers), wind induced vibrations of both single and bundle conductors, with a 

single or a few loops of standing waves per span. This is caused by moderately strong, steady 

crosswind acting upon an asymmetrically iced conductor surface. In cold regions such as 

Northern parts of Canada, frost heave is an important factor in tower design. Frost heave is a 

seasonal loading condition that depends on the ground temperature, and the amount of water 

pockets in soil layers. In the winter time, freezing of underground water pockets under a 

foundation pushes the tower legs upward causing differential settlements (Figure 1.5) and a 

significant upward loading at the legs. Figure 1.6 shows a typical tower leg movement due to 

frost heave in North Dakota. Marthaller (1997) has reported that in a North Dakota case, the 

elevation difference between the tower legs was as large as 325mm. 
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Chapter 1: Introduction 

Cold Season • F f o n lino Warm Season 

Figure 1.5: Foundation movement due to frost heave. 

Leg#l Leg#2 

Figure 1.6: Tower foundation movement due to frost heave in North Dakota, (1997). 

1.2 Problem Statement 

An important consideration in the design and construction of transmission towers in the 

Northern regions of Canada is frost heave. This study is motivated by discussion with Manitoba 

Hydro engineers who indicated the need for better understanding of the response of a tower 

under loading caused by frost heave. Frost heave induces differential upward movement of tower 

legs causing significant redistribution of tower member forces. Site inspections have shown 

differential displacements amounting to over 300mm at the tower leg bases and local buckling of 

tower legs. The conventional structural analysis software currently used by design engineers for 
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Chapter I: Introduction 

latticed tower analysis is based on the assumption of either pin-ended trusses or 3-D frames with 

rigid joints. Design engineers have found that tower leg members are subjected to loads 

exceeding their ultimate design load when a tower is analyzed under typical frost heave 

displacements by using the standard structural analysis software. However, site inspections show 

that towers are stable and sound and show no evidence of member failure except for local 

buckling of tower legs under a few cases of extreme frost heave induced displacements. 

A possible explanation of the discrepancy between member forces predicted by standard 

software and actual tower behavior is the rigid joint assumption used in standard tower analysis 

software. The software packages do not account for slippage at bolted joints of the tower and 

bending stiffness of main legs. In addition, it is believed that non-linear geometric stiffness also 

has an effect on the overall deformations of a tower. Tower design engineers believe that bolted 

joints allows for significant slippage at tower member joints and thereby allow substantial 

redistribution of member forces when subjected to frost heave. This together with additional 

bending stiffness of leg members and geometric stiffness results in a tower being capable of 

withstanding significant frost heave induced displacements. It is therefore necessary to verify the 

observations of design engineers by a refined structural analysis that accounts for joint slippage, 

tower leg bending stiffness and geometric stiffness of leg members. Findings of such a study 

would be useful to the design engineers to estimate the actual member forces due to frost heave 

and to improve the current design practices. In addition, current tower maintenance practices can 

also benefit from a better understanding of the tower member forces and deformations due to 

frost heave. 
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1.3 Literature Review 

Many attempts have been made to analyze transmission towers over the past decades. 

Before the era of digital computers, statically indeterminate transmission towers were analyzed 

by approximating them into statically determinate planer trusses (Bergstrom, 1960). With the 

introduction of computers in the analysis and design process, many software packages have been 

developed to analyze transmission towers as three-dimensional truss or frame structures. These 

programs, based on linear elastic properties of the members, are capable of calculating the joint 

displacements and members internal forces using the stiffness method of structural analysis 

(Marjerrison, 1968). Early studies modeled the towers angle members as truss elements, pin-

connected at the joints that do not carry bending stresses. This model required extra redundant 

members or springs to eliminate the singularity of the stiffness matrix without altering the 

characteristic of the structure (Lo, 1975). This approach was further enhanced by utilizing beam 

elements and considering the bending stiffness of the joints. The bracing members were still 

modeled as tension or compression only members with buckling consideration. The analysis 

requires an iterative process to find which members have exceeded their buckling load and to 

remove them from the analysis. Another enhancement was added by utilizing a technique called 

"formex formulation". This formulation utilizes the repeated patterns in a tower and its 

symmetry to reduce the effort involved in generating the nodes and elements of a tower analysis 

model (Haristchian and Maalek, 1984). Linear elastic models were later improved by 

introducing geometric nonlinear or second order elastic analysis (ASCE 1988; Roy 1984). The 

second order deformation analysis considers the force equilibrium of the structure in the 

deformed configuration rather than the original configuration and a nonlinear strain displacement 

relation. This type of analysis is significant when the displacement of the structure is large. 
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Chapter 1: Introduction 

A latticed transmission tower consists of columns, which are the main legs, and bracings 

that connect the legs together either horizontally or diagonally. The members are connected by 

different kinds of bolted joints. The behavior of bolted joints plays an important role in tower 

behavior. Figure 1.7, shows the in-plane behavior of beam-to-column connections based on 

experimental studies by Jones et al. (1980) and Chen and Zhou (1987). Incorporation of bolted 

joint behavior in tower analysis is an important consideration based on the observations made by 

design engineers. For simplicity, most of transmission tower analyses model the beam-to-column 

connection as a pure hinge connection, which is similar to the behavior of the single web-angle 

connection shown in Figure 1.7. 

The figure is covered due to copyright legalities 

Please Refer to; 

Al-Bermahp, F.G.Ai, ahd Kitipornchai, S., 
"Elasto-Plastic Nonlinear Analysis of Flexibly Jointed Space Frames", 

Journal of Structural Engineering, 118(1), 108-127, (1992) 

Figure 1.7: Effect of joint rotational stiffness on the structure response for different joint types, 
Al-Bermani et al., (1992). 
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Chapter 1: Introduction 

Many studies have been done to understand the behavior of bolted joints under different 

loading conditions. These studies concluded that slippage at a bolted joint plays a very important 

role in defining the stiffness of a joint and the global stiffness of a structure. A simple bolted 

joint, as shown in Figure 1.8, consists of two members and a bolt. The diameter of the hole in 

each member is normally slightly larger than the bolt diameter leaving some clearance between 

the bolt and members. A bolted joint has three configurations as shown in Figure 1.9; minimum 

clearance, normal clearance, and maximum clearance. A typical test, for this simple joint, shows 

that the behavior of the joint under uni-axial tension is very different from the behavior of an 

individual member. Due to the clearance between the hole and the bolt, the two members start to 

slip over each other after reaching the threshold slippage load. The stiffness of the joint before 

slippage is almost similar to the stiffness of the members. After slippage starts, the joint stiffness 

reduces dramatically until the joint reaches a bearing status. The stiffness then starts to increase 

slightly until it reaches the yielding point. The maximum, normal, and minimum clearance 

arrangements reach the same yielding point. This means that the slippage amount does not affect 

the failure point of a structure but rather affects the deformation pattern of a structure. In other 

words, the amount of clearance has a significant effect on the generated internal forces in the 

joint under certain displacement. This observation could explain the discrepancy between the 

standard structural analysis results and the real field behavior of transmission towers under frost 

heave loading. 

9 



Chapter 1: Introduction 

Bolt 

Figure 1.8: Simple bolted Joint. 

_____ * 

___L 

Maximum Clearance Normal Clearance Minimum Clearance 

Figure 1.9: Different clearance configurations of a bolted joint. 

There are three types of joints in a typical transmission tower structure. These are the 

column-to-column, beam-to-column, and beam-to-beam joints. The column-to-column joint is 

normally simulated as a rigid joint, whereas the other two, beam-to-column and beam-to-beam 

joints are simulated as pinned joints. It means that these joints have zero rotational stiffness. In 

reality, the joints are neither fully rigid nor fully pinned. The stiffness of a joint lies somewhere 

between the two limiting cases of rigid and pinned joints and depends on the details of the type 

of connection. Chen and Lui (1987) modified a beam-column joint to include a flexible 

connection spring. A two-node zero length non-linear rotational spring element is proposed to 

model the rotational stiffness of a joint. The connection element is attached to the end of a 
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beam-to-column element via kinetic transformation and the stiffness is then reduced using static 

condensation. Al-Bermani and Kitipornchai (1992) extended this procedure to a three-

dimensional beam-column element. Both studies showed that the response of a structure is 

highly sensitive to the magnitude of the joint rotational stiffness. Al-Bermani and Kitipornchai 

(1992) enhanced the modeling of transmission towers by considering different kinds of 

nonlinearities. In addition to the second order deformation analysis, they considered the effects 

of joint rotational flexibility, torsional deformations and elastic-plastic behavior of the tower 

members. 

As mentioned previously bolt slippage is recognized as a significant factor in the 

behavior of transmission towers. Only a few studies have addressed this issue primarily due to 

lack of experimental data. Peterson (1962) concluded that up to one-half of the measured 

deflections of transmission towers could be due to bolt slippage while the remainder was due to 

elastic deformation. Marjerrison (1968) concluded that the deformations of holes and bolts of 

the tower joints are responsible for increasing the theoretical deflections of a tower by three 

times. The first attempt to simulate bolt slippage in towers is due to Williams and Brightwell 

(1987). They presented a stochastic model to assess the effect of joint slippage on bolted lattice 

structures. They included the joint axial movement in axial strain of bracing or leg members. 

They concluded that there was no deterministic way in which the amount of joint deformation 

can be specified for each member of a structure. Devlecchio and Soom (1991) studied the effect 

of statistical tolerances of location on the amount of available slippage or movements that can 

occur in bolted assemblies. They showed that the increase in average hole-to-hole distance 

reduces the available rotational displacements but not the translational displacements. They have 

also shown that increasing the number of holes decreases the movement available at joints. 

11 
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Dutson and Folkman (1996) reported that clearance in joints was found to significantly change 

the dynamic behavior by altering the damping characteristics of a structure. 

Kitipornchai et al. (1994) developed two idealized slippage models, namely instantaneous 

and continuous slippage models, to study the effect of bolt slippage on the ultimate strength and 

deformations of a transmission tower. Bolted joints, in both models, behave rigidly until the 

slippage load. After the slippage load, the continuous slippage model assumes that a joint slips 

incrementally as the load increases until the maximum allowed slippage. The instantaneous 

slippage model assumes that a joint experiences the full allowable slippage just at the onset of 

slippage and then behaves rigidly. They concluded that, bolt slippage has no effect on tower 

load carrying capacity. However, it significantly affects the deformation of a tower under 

working loads. This conclusion was drawn based on the response of a transmission tower under 

force boundary conditions. Kroeker (2000) analyzed a full-scale transmission tower with joint 

slippage under both force and displacement boundary conditions using a continuous slippage 

model. He showed that axial stresses in the critical members were greatly reduced when 

slippage was considered. Pai and Hess (1998) experimentally showed that bolt slippage under 

dynamic loads loosens the fastener, and changes the stiffness of a joint. Pai and Hess (2002) also 

studied a fastener using a 3-D finite element model. The results showed that loosening could 

occur at relatively low shear loads due to localized slip. 

Ungkurapinan (2000) and Ungkurapinan et al. (2003) performed an extensive experimental 

study on the stiffness of three types of joints that are commonly used in transmission towers. 

One type of joint corresponds to a column-to-column joint and the other two are beam-to-column 

joints. They studied the behavior of bolted joints at the three different clearance configurations, 

i.e., full clearance, normal clearance, and zero clearance. The stiffness behavior of the joints was 

12 
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obtained for tension forces. The experimental data is a good resource for numerical simulation 

of bolted joint behavior. Ungkurapinan (2000) fitted the continuous slippage model proposed by 

Kitipornchai, et al (1994) to his data and gave explicit load-deformation relationships for 

different bolted joint configurations. The load-displacement relations obtained by 

Ungkurupanian (2000) for the transmission tower bolted joints are useful for future studies 

dealing with transmission towers. 

1.4 Objectives and Scope 

Current structural analysis packages and finite element models require further 

improvement to account for joint slippage when applied to analyze transmission towers. Joint 

slippage modeling should be based on reliable experimental data. The recent study by 

Ungkurapinan (2000) provides a sound experimental basis for the behavior of bolted joints in 

transmission towers. In an effort to provide practicing engineers with a tool to better understand 

the behavior of latticed transmission towers, this study presents a finite element based software 

package to analyze transmission towers that incorporates joint slippage, bending stiffness of leg 

members and geometric stiffness. In the current study, the experimental data obtained by 

Ungkurapinan (2000) are analyzed for two joint types; column-to-column and beam-to-column. 

The behavior of the joints is discussed and equivalent joint parameters such as modulus of 

elasticity, yielding strength, and hardening conditions are obtained from the experimental data. 

Based on the joint parameters, a nonlinear finite element formulation for the two types of joint is 

developed. The behavior of selected tower structures under force and displacement boundary 

conditions is investigated by considering joint slippage. The thesis is arranged into five chapters 

including this first chapter. 
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Chapter 2 describes the finite element formulation of a transmission tower structure. It 

includes a discussion of the nonlinear finite element analysis of a 2-D beam element and its 

generalization to 3-D beams that are used to model transmission towers. Next, a discussion of 

the behavior of bolted joints of transmission towers and related experimental results is presented. 

Thereafter, the finite element formulation of joint elements is presented. Last, a discussion of the 

application of boundary conditions and non-linear solution algorithms is presented. 

Chapter 3, describes the in-house FE program developed to analyze transmission towers. 

The program structure, input file format, main program subroutines, element types available, 

solution scheme, and the output results are discussed. Thereafter, the user interface program and 

the main interface components are described. 

Chapter 4 shows selected results from the FE program. The FE program is first verified by 

comparing its results for different structures against the commercial FE code " A N S Y S " , 

Kitipornchai, et al (1994) and Kroeker (2000). Thereafter the study of a 2-D frame structure is 

engaged to examine the influence of different joint types on the behavior of a structure. Finally, 

a full scale tower under dead and working loads and different frost heave conditions is analyzed 

to examine tower responses under different loading modes and the influence of joint slippage. 

The Chapter 5 presents conclusions and recommendations for future work. 
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Chapter 2 

F I N I T E E L E M E N T A N A L Y S I S O F T R A N S M I S S I O N 

T O W E R S 

2.1 General 

Latticed transmission towers have several hundreds of elements and joints, three-dimensional 

geometry and complex loading. Their structural analysis is performed by using computer-based 

techniques, primarily the finite element method. Linear analysis of transmission towers as 3-D 

truss or framed structures is now a relatively straight forward task considering the current state-

of-the-art of the finite element method. Non-linear behavior of transmission towers is portly 

associated with large deflections of the tower and/or plastic deformation of members due to 

external loads. The consideration of large deflections and elasto-plastic material behavior in 

finite element analysis is also now well established. As mentioned in Chapter 1, another 

important source of nonlinearity in transmission towers is the non-linear joint behavior. 

Practically all joints in transmission towers are bolted joints and significant slippage exists at 

these joints (Ungkurupinan 2000). Currently available struructral analysis software packages do 

not provide tools to simulate the non-linear bolted joint behavior based on experimental 

observations. In this Chapter, the development of a non-linear finite element model for 

transmission towers that accounts for experimentally observed nonlinear bolted joint behavior 

and geometric stiffness effects is presented. 
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The first section of this chapter discusses the nonlinear finite element analysis of a 2-D beam 

element and its generalization to 3-D beams that are used to model transmission towers. The 

next section discusses the behavior of bolted joints of transmission towers. Thereafter, the finite 

element formulation of joint elements is presented. The last section discusses the application of 

boundary conditions and non-linear solution algorithms. 

2.2 Non-linear Finite Element Model For Beams 

A member of a transmission tower can be modeled either as a 3-D beam element with axial 

forces or a 3-D truss element. The tower leg elements and horizontal bracing elements are 

usually modeled as 3-D beam elements while diagonal bracing elements are modeled using 3-D 

truss elements. The beam elements in transmission towers are long and made of angle sections. 

Therefore, Bernoulli-Euler beam theory, in which the shear deformations are ignored, is used. 

Material non-linearity is not considered in the present analysis as towers are not designed to 

undergo plastic deformations. However, large deformations and rotations are considered. 

Figure 2.1 shows a beam element before and after deformation, and the following 

relationships can be developed by considering the deformation of an element along the neutral 

axis. 

ds-dx ds 
- 1 (2-1) 

dx dx 

ds2 ={dwf + {dx + du)2; ds_ 
dx 

crwY f dw^ 
dx) \dx J 

J 

du 1 |dw 
dx 2 I dx 

(2-2) 
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where 

dx: is the element length before deformation. 

ds: is the element length after deformation. 

du: is the deformation component in x-direction. 

dw: is the deformation component in y-direction. 

Figure 2.1: Beam under large rotation and deformation 
(a) Beam element with degrees of freedom (b) Detailed view of an incremental element 
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For a general point " C " at a distance z from the neutral axis, the strain can be expressed by, 

du 1 
eY(z)= — + — 

dx 2 - z • 
d2w 

dx2 
(2-3) 

To develop the finite element equations based on energy methods, assume that a beam 

element has a uniform cross sectional area A, length L, moment of inertia about the z-axis Iz and 

Young's modulus, E. The strain energy of the element is: 

U=\-Ee2dV=\\-E 
V OA 

Expansion of Equation (2-4) yields, 

1du 1 (dw^2 

^dx 2 dx z--
d2w 
dx2 

dA-dx (2-4) 

L i 

0 A 

(du^ \\ 'du\ 
V-

(dw\ 

Kdx , \ Kdx, ) 4 [dx) 

(d2w^ 
/ 

(du\ 1 fdw^ 2> 
2 fd2w~\ 

2 z- — + - + z 
Kdx2 , V \dx) 2 {dx) J 

dA • dx (2-5) 

Equation (2-5) can be further simplified by neglecting the higher order term, {dwldxf, and 

noting that (duldx) is constant along the length to obtain: 

U = \ViE — ] dx-\dA 
\dx j 

\E\d-^ 
0 \ a x J 

+ 
dw 
dx 

f du^ 
ydxj + • 

( dw^ 

J . A 

1\ 

dx • \E I — 

V j 

dA 

'd2w^ [AE dx- \z2dA 
J dx2 J 

(2-6) 

In Equation (2-6), the first term corresponds to the standard truss element stiffness matrix 

[K(t)], the second term corresponds to the stress-stiffening matrix [K((j)], the third term vanishes, 

and the final term corresponds to the standard beam stiffness matrix [K(b)]. 

To derive the stiffness matrices of a beam element (Figure 2.1a), the following 
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displacement interpolations are used. 

where 

and 

u{x) = {N] N2] 

/V, = 1 - - ;N2=-
1 L 2 L 

w {x) = {Hl H2 H3 H4] 

where 

= - y ( l - 3 Z x 2 + 2 * 3 ) ; H2 = \(L2x-2Lx2 +X3) 

H3 = \{?>Lx2 -2x3) ; H4= \(-Lx2 + x') 
L L 

(2-7) 

(2-7) 

(2-8) 

(2-8a) 

(2-8b) 

Utilizing the shape functions described above and applying the standard energy based finite 

element formulation, the following element stiffness matrices corresponding to different modes 

of deformations can be derived. 

[ K « ] _ _ _ 

[ K w ] 4 

L J 30Z 

" 1 - 1 " 

-1 1 

" 12 6L -12 6L 
6L 4L 2 - 6 1 2L2 

- 1 2 - 6 1 12 -6L 
61 2L 2 -6L 4L 2 

"36 31 -36 31 

31 4 i 2 - 3 1 -L2 

-36 - 3 1 36 -3L 

31 I 2 - 3 _ 4L1 

(2-9) 

(2-10) 

(2-11) 

Next, the 2-D beam element formulation is generalized to analyze a 3-D beam element. 
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Figure 2.2 shows a three dimensional beam element with local axes, x, y and z, and global axes, 

X, Y and Z. For a node i, the degrees of freedom in the local coordinates are denoted by uxi, vyi, 

wZi, 6xi, dyi, and 6zi whereas the degrees of freedom in the global coordinates are identified by K 

, uy., uZj , 6X. , dy. , 6Zi. For clarity, the DOFs in the local coordinates are shown at node-i 

whereas the DOFs in the global coordinates are shown at node-j. The axial and torsional 

deformations are assumed decoupled from the bending deformations. In addition, the bending 

deformations in xz-plane and xy-plane are also assumed decoupled. 

Figure 2.2: Three dimensional beam element 

The beam element shown in Figure 2.2 can be subjected to bending deformations in the xy 

and xz planes. The stiffness matrices given by Equations (2-9, 2-10, and 2-11) can be applied 

separately to both planes to obtain the following stiffness matrices for a 3-D beam element in the 

local coordinates. 
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L ' Jxyz 
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F 
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Symm 
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6EIZ 

F 
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0 0 0 0 0 
EA 
L 
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12 EJ2 

F 
0 0 0 

6EIZ 

F 
0 

\2EJZ 
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0 
6EIy 

0 0 0 
\2Ely 

0 0 
F 

0 
F 

0 0 0 
F 

0 0 0 
GJ 
L 

0 0 0 0 0 
GJ 
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F 
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4Ely 

L 

0 
6EIZ 
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2EIZ 

L 
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6EIZ 

F 
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(2-12) 

The stress stiffening stiffness matrix in local coordinates is given by: 

[ K W 1 30L 

0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 3L 0 -36 0 0 0 3L 
36 0 -3L 0 0 0 -36 0 -3L 0 

0 0 0 0 0 0 0 0 0 

AL2 0 0 0 -3L 0 -L2 0 

AL2 0 3Z 0 0 0 -L2 

0 0 0 0 0 0 

Symm 36 0 0 0 -31 
36 0 31 0 

0 0 0 

AL2 0 

AL2 

(2-13) 
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The nodal DOF and force vectors corresponding to the above stiffness matrices are: 

iu) = \u u u 0 0 0 u u it 9 0 0 1 , 
X ixyz L <* <y , z , x <y • , Z J* jy . JZ J* J> JZJ 

IF) = [F F F M M M F. F F M M M T 
t >xyz L a 'y , z <* <y , Z JX jy JZ J* ^ JZ J 

(2-14) 

where MX, MY, and MZ are the bending moments about x-axis, y-axis, and z-axis, respectively; 

Ix, ly, and L are the moments of inertia about the cehtroidal x-axis, y-axis and z-axis respectively; 

subscript "xyz" represents the local coordinates; superscript (t,b) means that the stiffness matrix 

is combined for truss and beam; and superscript " a " denotes the geometric nonlinear stiffness. 

The total stiffness matrix of a 3-D beam element is the sum of the linear and stress stiffness 

matrices and, 

[K] = + 
- xyz _ JC 

(2-15) 

The stiffness matrix in the global coordinates is given by, 

[T] [0] [0] [ O l -

l O ] I*] [0] ["I 
[0] [0] [T] [0] 
[0] [0] [0] [T] 

[T] [0] [0] [0] 
[0] [T] [0] [0] 
[0] [0] [T] [0] 
[o] [o] [o] [r] 

(2-16) 

where [K] X Y Z 's the stiffness matrix in the global coordinates and [T] is the transformation 

matrix. 

The elements of the transformation matrix are calculated from the nodal coordinates of a 

beam element and [T] has to be updated based on the current position coordinates and definition 

of the centroidal principal local axes of the beam cross section. For beam elements, the two nodal 
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coordinates of an element cannot uniquely define the orientation of its local coordinates. Thus, 

an extra node, located on the local x- and z- axes, is required. This node defines an orientation 

angle, /?, of the element local y-axis to the global X - Y plane. Thus, for an element with the 

nodal coordinates (xi, y i , zi) and (x2, y_, z 2), a third node at coordinates (x3, V3, zi) defines the 

angle (fl) according to the following relation (ANSYS Theoretical Manual, 2005). 

, „ x ( V . x e H V . x V . ) V,-( (V 1 xe)x(V 1 xV 2 ) ) 

Kv.xeHv.xV-)! KvOl-Kv .xe^-Kv .xV,)! 

where 

V i is a vector along the element x-axis between nodes 1 and 2 

V 2 is a vector in the element x-z-plane between nodes 1 and 3 

e is a unit vector parallel to global Z-axis unless Vi is parallel to Z-axis, in which case e is 

taken to be parallel to the X-axis. 

With this definition of /?, it can be shown that 

Ax 
L 

Ay 
L 

(As ) (A . ) (57Z . ) - (Ay) C (Ax) C - ( A y ) (Az) (57Z.) 

J(Ax)2

+(Ayf 

(Ax)(Az)(C/L) + (Ay)S 

V ( ^ ) 2

+ ( A y ) 2 

(Ay)(Az)(C/_ , ) + (Ax) S 

V (Ax) 2

+ (Ay) 2 

Az 
L 

LS 

V (^ ) 2 +(Ay) 2 

LC . 

j'(Ax)2+(Ayf 

(2-18) 

where C=cos(/5), S=sin(y_?) and 

Ax = x2 - x,, Ay = y2 - y\, Az = z 2 - z, i . = ^ ( A x ) 2 + ( A y ) 2 + ( A Z ) 2 
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2.3 Bolted Joint Behavior 

The members of a transmission tower are normally connected by one of the three types of 

bolted joints, namely, column-to-column, beam-to-column, and beam-to-beam joints. The joints 

provide a higher level of flexibility to a tower because of the loosening of bolts or slippage. The 

numerical simulation of bolted joints is based on an instantaneous or a continuous slippage 

model (Kitipornchai et al., 1994). In the instantaneous slippage model, a joint is assumed to start 

slipping at an axial load, Ps. Then the joint continues to slip while Ps is constant until the joint 

clearance is fully accumulated (Figure 2.3). The final amount of slippage As is added to the 

element length L in the case of tension members and subtracted from the member length in 

compression members. The main problem of this model is the stiffness singularity at the onset 

of slippage. This singularity requires a special numerical treatment and may cause convergence 

problems in the analysis. It is noted that joint behavior represented by this model does not 

favorably match the experimental results reported by Ungkurapinan (2000). 

Displacement 

Figure 2.3: Instantaneous and continuous slippage models. 
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In the continuous slippage model, it is assumed that slippage takes continuously and can be 

represented by a Ramberg-Osgood type function. In this model the incremental slip in the 

member is expressed by: 

where P is the axial force in the member, Ps is the slippage load, A is the elastic displacement 

of the member, and m and n are parameters that control the slip-load relation. 

The model behavior is highly sensitive to the values of m and n, which affects the shape ofthe 

load-deformation relation. The continuous slippage model assumes that internal axial loads are 

not affected by joint slippage. The stiffness of a member undergoing slippage is defined by 

(Kitipornchai et al., (1994)): 

The above two models do not take into account the yielding of a joint, which depends on 

material and joint types (Ungkurapinan (2000)). Furthermore, the two models were developed 

and applied to study slippage of only beam-to-column joints. The experimental findings of 

Ungkurupinan (2000) show that different types of bolted joints(column-to-column, beam-to-

column, beam-to-beam) have different stiffness characteristics and slippage behavior. In 

addition, slippage of a particular joint type depends on the arrangement of bolts and bolt 

clearances. Ignoring these factors in the finite element simulation probably led to the conclusion 

that joint slippage has no or little effect on the behavior and the load carrying capacity of 

transmission towers (Kitipornchai et al., (1994)). 

(2-19) 

(2-20) 
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In order to account for joint slippage in towers in a more complete manner, the present study 

aims to develop different joint elements based on the experimental work done by Ungkurapinan 

(2000) who obtained the axial stiffness of column-to-column and beam-to-column joints through 

a series of simple tension tests for each type of joint. The column-to-column joint was labeled 

by Ungkurupinan (2000) as "type-A joint" and the beam-to-column joint was labeled as "type-C 

joint". Each joint was tested with three different clearance configurations: maximum, normal, 

and minimum. Figure 2.4 shows the details of the joint types, their locations in a transmission 

towers, and the test specimens used by Ungkurapinan (2000). 

For type-A joints, Ungkurapinan (2000) measured the deformations at the joint ends and at 

each of the joint bolts to figure out the contribution of each bolt in the joint behavior under 

loading. Since the current study focuses on the joint stiffness, only the deformations at the joint 

ends are considered. Figure 2.5 shows the measured behavior of the three configurations of 

type-A joint under loading. Ungkurapinan (2000) reported that narrowing the gap reduces the 

joint deformation and increases the stiffness from an early load, however, this gap has no 

significant influence on tensile load carrying capacity. 

Ungkurapinan (2000) has idealized these results to simplify the modeling of joint stiffness 

(Figure 2.6). The joint behavior is described by 8-10 parameters as shown in Figure 2.6 for type-

A joint. These joint parameters also facilitate the interpolation or extrapolation of the load-

deformation relationship of similar joints with different number of rows of bolts. 

26 



Chapter 2: Finite Element Analysis of Transmission Towers 

Joint 
T y p e - A 

Figure 2.4: The test specimens and details of the column-to-column and beam-to-column joints. 
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The figure is covered due to copyright legalities 
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Figure 2.5: Typical test results for the three configurations of the type-A joints reported by 
Ungkurapinan (2000) 
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The figure is covered due to copyright legalities 
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M.Sc. Thesis presented to the University of Manitoba, Winnipeg, (2000) 

(I ij 

. , fulfill Ijjl 

; • 

'•..V 
• . ••• '• 

• . 

Figure 2.6: Idealized load-deformations relations and related parameters for the three 
configurations of the type-A joints reported by Ungkurapinan (2000) 
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For type-C joints (beam-to-column joints), Ungkurapinan (2000) measured the deformations 

at the joint ends and at each of the bolts to determine the contribution of each bolt to the joint 

behavior. Joints with one, two, three, and four bolts w.ith the three clearance configurations were 

tested by Ungkurapinan (2000). Since the current study focuses on joints with one or two bolts, 

only the deformations at the joint ends with one or two bolts are considered. Figure 2.7 shows 

the behavior of the three configurations of type-C joints obtained from experiments. 

Ungkurapinan (2000) reported that type-C joints experience higher slippage than type-A joints. 

As in the case of type-A joints, Ungkurapinan (2000) idealized the experimental results to 

simplify the modeling of joint stiffness. The idealized curves are shown in Figure 2.8 for the 

three configurations of the type-C joint. 

30 



Chapter 2: Finite Element Analysis of Transmission Towers 

T h e figurcis covered due to copyright legalities 
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Figure 2.7: Typical test results for the three configurations of the type-C joints reported by 
Ungkurapinan (2000) 
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The figure is covered due to copyright legalities 
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Figure 2.8: Idealized load-deformation relations and related parameters of the three 
configurations of the type-C joints reported by Ungkurapinan (2000) 
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The experimentally obtained load-deformation curves can be divided into four regions 

corresponding to different joint behavior mechanisms as shown in Figure 2.9. The first region is 

the micro-slip region in which the two connected elements are overcoming their asperities. The 

joint stiffness in this region is much weaker than the stiffness of each element. After the 

asperities are shaved off, the two elements start to slip over each other giving rise to a macro slip 

region which identifies the lowest level of stiffness for the joint (stiffness may become singular 

in this region). The end of the second region is identified by the maximum clearance of the joint 

and the joint response enters a third region representing a bearing state in which the load is 

transformed by shearing of the bolts. In the third region, the joint stiffness is slightly increased 

due to the addition of the bolt shear stiffness to the global stiffness. Further loading eventually 

gets the joint into plastic deformation when members or bolts start to yield. Investigation of the 

experimental results corresponding to the fourth stage shows that yielding of the joint occurs at a 

load level much lower than the yield load of the connecting members. The joint load carrying 

capacity is therefore much lower than that of the individual members. This important 

observation was not considered in the slip models proposed by Kitipornchai, e ta l (1994) and 

Kroeker (2000). 
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Figure 2.9: Deformation regions of a bolted joint 
I-Micro-Slipping II-Macro-Slipping Ill-Bearing Vl-Plastic zone 

2.4 Bolted-Joint Finite Element Model 

In the present study, beam-to-beam type joints are assumed to have negligible effect on the 

overall response of a tower as such types of joints do not involve major load-bearing members. 

Primary tower joints are either column-to-column or beam-to-column type. The finite element 

modeling of these two joint types are presented in the ensuing sections. 
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2.4.1 Column-to-Column Joint (Type-A) FE model 

Beam elements 
Tower Upper Leg 

Nonlinear Spring \ 

Beam elements 

/ 
Joint-A element 

Type-A Joint 

Tower Lower Leg/ 

Figure 2 .10: A Column-to-Column, Type-A, Joint and the finite element model 

Figure 2 .10 shows a detailed configuration of a type-A joint. Each tower leg is composed of 

segments of angle sections connected with column-to-column (Type-A) joints. This type of 

joints normally transfers axial and bending loads between the two column elements. 

Experimental results are only available for axial loading. No experimental data is available for 

transverse or torsional loading. However, a close examination of the joint geometry and its load 

carrying capacity behavior may justify the assumption of rigid behavior in these two directions. 

The finite element modeling of the type-A joint sets through simple steps. Tower upper leg is 

modeled as beam elements with nodes "f \ "e", and "rf" and tower lower leg is modeled beam 

elements with nodes "a", "6", and "c". The type-A joint element is simply the series connection 
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between the beam element ("e"-"d") and the nonlinear spring ("c"-"d") which in the final 

configuration is represented by a single element with nodes "1" and "2". The equivalent type-A 

joint axial stiffness can be calculated as; 

J A 

f EA^ 
v L j 

(2-21) 

Where; L is the length between nodes ("c" - "e"), E is the modulus of elasticity, A is the cross 

sectional area, and KjA is the extracted stiffness from the load-deformation curves of type-A 

joints reported by Ungkurapinan (2000) . The joint is thereafter modeled as a 2-node beam 

element with a nonlinear axial stiffness given by Equation 2-21. This method has the advantage 

of not adding extra nodes to the FE model of the structure. The joint behavior for transverse, 

bending and torsional deformations is assumed to be the same as that of the beam element. 

Substituting equation 2-21 into equation 2-12 gives the type-A joint element stiffness as: 
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The corresponding nodal vectors of DOFs and forces are: 

[u] = [V ' «. u 6 6 6 u u u 6 6 0. T, 
l hyz L a >y n a v ,Z J* jy P J* iy iz J ' 

j \L~LL) 

[F\ =[F. F F M M M F F F M M M. 1 

I ) xyz L « >y , z >x >y IZ P jy JZ J* iy >z J 

Where; 

u, v, w, 6X, 9yand 6Z are the displacements and rotations of a point on neutral axis in the local 

coordinates (x, y, and z), 

E is Young's modulus of the beam material, 

Mx, My, and Mz are the bending moments about x-axis, y-axis, and z-axis, respectively, 

J, Iy, and Iz are the moments of inertia about the centroidal x-axis, y-axis and z-axis. 

k,A is the equivalent local axial stiffness of a type-A joint which is obtained from: 

2.4.2 Beam-to-Column Joint (Type-C) 

Figure 2.11 shows the detailed configuration of a type-C joint. The four tower legs are 

supported together by diagonal and horizontal truss elements having angle sections. A truss 

element is usually connected directly to a main leg by one or two bolts. As in the case of type-A 

joints, experimental data is available only for loading in the axial direction. 

A close examination of the joint geometry and its load carrying capacity reveals that the 

transverse and torsional stiffnesses of the joint are very small compared to the axial stiffness and 

thus may be ignored. Hence, the joint is modeled as a truss element connected in series with two 

nonlinear springs at its ends.. 
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Figure 2.11: A Beam-to-Column joint, and the finite element model. 

A type-C joint element is simply the series connection between a truss element ("Z>"-"c") and 

the two nonlinear springs ("c"-"rf") and ("a"-"_»") representing the connections at the end. Nodes 

("a"-"<f) become ("_"'-"_?") in the final reduction. Thereafter, the equivalent type-C joint axial 

stiffness can be calculated as; 

Where; L is the length between the nodes "a" and "rf", E is the modulus of elasticity, A is the 

K, +2 EA (2-23) 
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cross sectional area, and KJC is the stiffness computed from the load-deformation curves of type-

C joints reported by Ungkurapinan (2000). 

The equilibrium ofthe type-C joint finite element can be expressed as, 

' kc 0 0 -kc 0 0 ' 
0 0 0 0 0 

0 0 0 0 
kc 0 0 

0 0 
0 

2.4.3 Joint Stiffness Calculations 

For the two types of joint elements discussed above the stiffness at a given load or 

displacement is obtained as the local tangent to the experimental load-deflection curve at a given 

point, i.e., 

k = dF I du . (2-25) 

The finite element program, developed in this thesis, has subroutines containing the joint 

load-deformation relations until the joint ultimate or fracture load. As discussed in Section 2.3, 

there are four stages in a joint load-deflection curve. The second stage of continuous slippage is 

identified by a rapid change in the slope of the curve. The third or the onset of yielding stage is, 

however, not easily identifiable and the following approximate equation is used for its definition 

(if it is not experimentally defined): 

(2-26) 

"*1 

F* 
F, 

• • — • > 

Ux2 Fx2 

Uy2 Fy2 

S2, F,2. 

(2-24) 
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where Ff is the fracture load of the joint, Fy is yield load of the joint, Sf is the fracture stress of 

the member, and Sy is the yield stress of the member. 

The experimental load deflection response of a joint is then used to generate the joint stiffness 

as a function of the joint displacement using equation (2-25). Figures (2.12 and 2.13) show 

typical joint stiffness variations for type-A and type-C joints with various initial clearances. 

£ 
E 2 
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Joint with Minimum Clearance 
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Joint Displacement [mm] 

Figure 2.12: Stiffness of type-A joint obtained from experimental results. 
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Figure 2.13: Stiffness of type-C joint obtained from experimental results. 

2.5 Tower Boundary Conditions 

The boundary conditions of a transmission tower are force and displacement boundary 

conditions. The force boundary conditions are related to external loads and self weight. The 

latter is applied on all tower nodes. The self weight load vector for an element is given by, 

' Beam 

/ I2 L 
0 - 0 0 0 — 0 - 0 0 0 

2 12 2 

0 - 0 0 - 0 
' 2 2 

12 
(2-27) 

where q is the weight per unit length of an element. 

The external loads constitute all other working loads. One type is the conductor wire loads 

that act on the appropriate locations of the tower arms. The element load vectors are transformed 
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to the global coordinate system by the following relation. 

PI 
[o] 
[o] 
[0] 

[0] 
[T] 

[0] 
[0] 

[0] 
[0] 
[T] 

[0] 

[0] 
[0] 

[0] 
[T] 

(2-28) 

The conventional displacement boundary conditions are fixed ends at the foundation level of a 

tower. An important loading case to be considered in the present study is the frost heave induced 

displacements of the tower legs. This loading is modeled by prescribing a positive displacement 

in the y-direction for at the tower leg bases. As mentioned earlier, frost heave generally causes 

differential movement of tower foundations and the tower legs bases experience different 

displacements. The frost heave induced loading is normally analyzed by prescribing the vertical 

displacements at the tower leg base while fixing the other degrees of freedom. To solve the 

global matrix equation for prescribed kinematic boundary conditions, the elimination method is 

used for the constrained nodal degrees of freedom and the penalty method is used for the degrees 

of freedom contributing to the induced displacement. The elimination and penalty methods are 

summarized below. 

(i) The Elimination Method 

Consider a system of finite element equations with ^-unknowns and a prescribed 

displacement boundary condition, Uj=a. The kinematic B C is imposed by first modifying the 

force vector by subtracting Kjj*uj from each element of the force vector as shown in Equation 

(2-29). Thereafter, the j'h row and j'h column of the stiffness matrix are eliminated together with 

the j'h element of the displacement and force vectors. The remaining system of (n-1) equations is 
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solved by using standard procedures. 

" i 

'i-v̂ -,:>: • (2-29) 

(ii) The Penalty Method 

Consider the same system of equations and B C described above. To achieve the same result 

using the Penalty method, a very large number; penalty number a, is added to the stiffness Kjj. 

There are different ways of assigning the penalty number but in the present study a value equal 

to 105 * Kjj is used. The force Fj is then replaced by the prescribed displacement w, multiplied by 

the penalty number. Thereafter, the following system of equations is solved for the unknown 

displacements, including Uj. 

K K 
1.7 

KLi ... a + KhJ 

K„ 

K 

K, 

Kn,j " - " K n 

V 
< u • = • F > — . a*ui • 

J J J 

u F„ Fn 

(2-30) 

Where; a = \tf*Kj] and Uj - a 

The penalty method is typically used with the linear and nonlinear analyses for the 

displacement boundary conditions due to frost heave settlements. On the other hand, the 

elimination method is used for the fixed nodes. 
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2.6 Updating Geometry and Solution Scheme 

'////////// 

time=! 

l +Af , l+A( ( T J '+AI /, [Tf'M 

% 'A, L, 
'IJJTI.'M 

°X, "A, °L, 
"I, °[T],°{u} 

Figure 2.14 Beam under large rotation and deformation 

For large deformations, as shown in Figure 2.14, the loads and specified nonzero B C 

conditions are applied incrementally and the initial stress-free configuration must be updated at 

each load increment to account for the deformed configuration. The finite element procedure is 

summarized below (see Figure 2.15): 

It is assumed that the solution is known at a given time / and the aim is to find the solution for 

time t+/\t. 

1- Update the geometry; ' X = '" A 'X+ 'Au 

2- Update the element's dimensions; 

3- Update the transformation matrix 

' I = ^ ( ' A c ) 2

+ ( ' A v ) 2

+ ( ' A z ) 2 

' [ r ] = /('x) 

' K = ' K + ' K 
4- Obtain the current stiffness matrix ~ U m a r a using the updated geometry and loads. 

' A - - . ( ' + 4 , A « ) = ' + A , A F 
5- Solve the system equation v h where t + A t A F is the load increment and 

( t + d tAu)i is the unknown displacement to be solved for the first iteration. The stiffness matrix in 

step 4 and the displacement in step 5 are considered as first iteration values of the load increment 

t+At 
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6- Update the geometry; ( ' + / V x ) , = ' X + ( , + A , Au) . where i is the iteration number 

( , + A ' L ) = JtAx) 2 + (,+A'Ay) 2 + ( A z ) 2 

7- Update the element's dimensions; v *V '' V A v /, 

(~PD-(/("xft 
8- Update the transformation matrix 

9- Obtain the current stiffness matrix using the updated geometry and 

loads. 

(i+"K) -{'^AH) =  , + A IAF 

10- Solve the system equationv v >M for the unknown displacements ( A u ) / + / 

Repeat Steps 6 to 10 to get the displacement values of the next iteration (i+1). Continue until 

iteration limit is reached or until convergence is achieved. In the current analysis the 

convergence criterion is : ( t + A t Au) j - ( t + A tAu)j.i < 1E-7. 

t+At 

Figure 2.15 Iterative solution of nonlinear system equations 
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r-

Chapter 3 

JO I N T SLIPPAGE ANALYSIS PROGRAM 

3.1 General 

This chapter presents the details of the finite element program developed in this thesis. The 

program structure, input file format, main program subroutines, element types available, solution 

schemes, and sample output results are discussed. Then the chapter presents the user interface 

program and the main components of the interface. The finite element program was written using 

Compaq virtual F O R T R A N version 6.1 professional edition that facilitates programming using 

F O R T R A N 90, (Compaq, 2001). The version 6.1 has the latest Microsoft integrated visual 

development environment with full FORTRAN-90/95 language features. In addition, it has an 

advanced compiler optimizer to optimize the running time. Furthermore, Compaq has amended 

an extended math library, in addition to the standard built-in ISML math library (Compaq, 2001), 

for advanced scientific applications. Fortran 90 has many features that enhances the 

programming of the finite element method (Smith, 2001). 

3.2 The FE Program Structure 

The finite element program has the following modules: 

• Read and process the model data, control parameters and the boundary and the loading 

conditions. 

• Evaluate the individual element stiffness in local and global coordinate system. 

• Assemble the global stiffness matrix 
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• Solve the system of equations and obtain the nodal deformations due to prescribed loads. 

• Calculate the reactions, stresses and strains of the structural elements (Post processing 

phase). 

In the following a brief description of each module is given. 

3.2.1 Input Data 

This module is composed of three main parts: reading and initial processing of data, 

calculating active degrees of freedom (DOF) and calculating the global force boundary condition 

vector. 

• Initial Processing of Data: 

This part of the module reads the data header, which includes the number of 2D/3D elements 

and nodes, the maximum number of iterations, the user specified tolerance limits and an 

identification of the analysis type, i.e., linear or nonlinear. Then the module dynamically 

declares the size of the arrays and matrices that depend on the number of nodes, elements and 

degrees of freedom. Following the declaration of arrays, this program module generates the 

entire finite element model data base including materials property tables, list of element types, 

nodal coordinates and the connectivity matrix. 

' Finally this module reads the kinematic boundary conditions and external loading conditions 

of the structure and calculates the bandwidth of the global stiffness matrix and the number of 

equations. The program dynamically declares the arrays and matrices that depend on the 

bandwidth and number of equations. The input data file structure is as follows; 
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# of etem # of nodes. 2-D or 3-D 
12 8 3 
EA EI, 

3172e6 2246400 

element types 
2 

Mux No. of Iter. Tolerance Nonlinear flag. 
200 

El; 
2246400 

0.1 
1728000 

-1 

/joint_l.dat/ 

1 

0 

1 1 1 1 1 1 1 2 

0 0 0 0 0 0 0 
X Y z 

0.000 1.000 0.000 
0.000 0.000 0.000 
1.000 1.000 0.000 
1.000 0.000 0.000 
1.000 0.000 1.000 
1.000 1.000 1.000 
0.000 1.000 1.000 
0.000 0.000 1.000 

0 0 0 0 

1E-7 1 
Number of Incr. 

100 

Material Properties for element type I 

Joint element flag 

Location of joint data file (elem. type 2) 

Elements types array 

Elements orientation angles array 

Nodal Coordinates 

1 2 
1 3 
3 4 
5 6 
6 7 
7 8 
3 6 
1 7 
6 8 
3 5 
1 4 
2 7 

Connectivity Matrix 

Number of restrained nodes 

Node Number ux ur uz ROTX ROTY ROTZ 
2 0 0 0 1 1 1 
4 0 0 0 1 1 1 
5 0 0 0 1 1 1 
8 0 0 0 1 1 1 

4 Number 

Node Number FX FY FZ MX MY MZ 
1 1.0 -1.0 1.0 0.0 0.0 0.0 
3 1.0 -1.0 . 1.0 0.0 0.0 0.0 
6 1.0 -1.0 1.0 0.0 0.0 0.0 
7 1.0 -1.0 1.0 0.0 0.0 0.0 
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• Active DOF Vector: 

This subroutine sorts and counts the global DOF for the structure nodes. During this operation, 

the program omits the constrained DOF and creates an array for the active DOF. If a DOF has a 

nonzero specified value, it is considered active and its treatment is postponed until after the 

assemblage of the global stiffness matrix. 

• Force Boundary Conditions: 

This subroutine, calculates the distributed load vector for the structure in three steps. In the 

first step, it calculates the local distributed load vector for each element using Equation (2-19). 

Then this local load vector is transformed to the global coordinate system using Equation (2-20). 

Finally, these load vectors are assembled based on the active DOF vector. After calculating the 

distributed load vector, the subroutine reads the external concentrated load vector from the input 

data file and adds it to the distributed load vector to get the total load vector. 

3.2.2 Assembly of the Global Stiffness Matrix 

This module calls the stiffness subroutine of each element according to its type. In the 

stiffness subroutine, the element geometry, cross sectional area, moment of inertia, and element 

length are updated and the stiffness matrix for the particular element is calculated. Also, the 

stiffness subroutine performs stiffness transformation from local coordinates to the global 

coordinate system. 

Based on the active degrees of freedom vector, the global stiffness matrix is assembled. Since 

the global stiffness matrix is banded and symmetric, the subroutine saves only the upper triangle 

of the matrix in a rectangular form. The array size of the global matrix is given by: 
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Array Size = number of active degrees offreedom * (half-band width + 1) (3-1) 

The collection of the array elements is illustrated in following figure. The added zeros to the 

left of the matrix are used to simplify the transformation from the global stiffness matrix index to 

the array index and vice versa. 

Half Band Width, b 

' v « + 2 

k,.. 

t(A-l)n+2 

0 
0 

0 
0 
0 

Symmetry 
... k 2n-2> 

^bn-b-\ 

l 2 « ; ; l 

k 

0 

•tt. a. 

0 ••• 0 

where, 

Kt: is the stiffness value at the index i in the stiffness array. 

n : is the number of system equations which is equal to the active degrees of freedom. 

b: is the half band width. 

3.2.3 Solution ofthe System of Equations 

Once the global stiffness matrix is assembled, the program calls the Gauss elimination 

subroutine to solve the equation system that is followed by back substitution to obtain the 

incremental displacements for the given load increment. Based on these incremental 

displacements, the program updates the nodal coordinates and calculates an updated global 

stiffness matrix. The updated global stiffness is used with the residual load vector to obtain the 

iterative displacements for the increment. The procedure is repeated until the residual 
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displacement norm satisfies the user specified tolerance limits and convergence is achieved. 

After the convergence criterion is achieved, the structure geometry, load and displacement 

vectors, stresses and internal forces are updated to the end of increment values and the program 

proceeds to the next load increment. If the convergence criterion could not be achieved after the 

allowed number of iterations, the program stops and gives a message indicating non-convergence 

report. Figure 3.1 shows a flow chart of the nonlinear finite element code. 

In nonlinear analysis, the structure response depends on the history of load application. In the 

analysis of transmission towers, the external concentrated loads, the body forces as well as the 

distributed loads are applied, in the first load step. These loads are applied incrementally 

according to the designated number of increments specified by the user. Any consequent 

displacements boundary condition, like those, due to frost heave or foundation settlement, are 

applied in a next loading step, taking into account the deformation history of the structure. These 

displacements are divided by the designated number of increments to define the incremental 

displacements for each sub-step. 

3.2.4 The FE Program Output Results 

After obtaining the nodal displacements of the structure, the program calculates the final 

structural quantities of all tower elements and joints. The program output includes the reactions, 

internal loads for each member, and the final condition for each joint. The joint quantities are 

the slippage amount and the joint carried load. As discussed above, normally joints yield before 

structural members. From the input experimental results, the program predicts the yield load for 

each joint type. Then, it reports the status of all joints and the internal load in each joint as a 

percentage of its yield load. For structural members, the internal compressive loads are checked 
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for the possibility of buckling. If a member compressive load is more than eighty percent of its 

buckling load, the program flags the element in the output report. In addition, the program 

reports the final configuration of the deformed structure due to all applied loads. 

Re-Calcu 
Stiffnes 

late Joint 
s if any 

Re-Calculate Local 
Loads 

Update C ieometry 

C Start ^ 

Read nodes, elements, 
properties, and B C 

Counter i for Load Steps 

Counter j for Sub Steps 

Counter k for Iterations 

Assemble Global Stiffness 

I 
Apply Incremental B C 

Solve for Displacements 

Failed End )̂ 

j=j+l 

/ = / + 1 

C End Q 

Figure 3.1: Flow chart of the nonlinear finite element code. 
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3.3 The User Interface 

Graphical user interfaces are useful tools to process very comprehensive input data to a 

computer program through a few simple steps. The current FE program is incorporated with a 

graphical user interface (GUI) to ease the handling of the data input. This interface is a M S -

Windows application written in Visual Basic Language. Microsoft Visual Basic is a production 

environment used to create computer applications for the Microsoft Windows family of 

operating systems. The interface program consists mainly of forms which are the main 

interactive screens with the user. These forms contains graphical objects through which, the user 

input the needed data for the finite element analysis. The graphical objects interact with the 

mouse actions through subroutines written in Basic Programming Language. 

The interface consists of a starting screen and a main screen. The starting screen, as shown in 

Figure 3.2, shows the title of the program and facilitates different input fields. Through these 

input fields, a user defines the job working directory, job title and whether it is an existing or a 

new job. The starting screen also gives the option of choosing the tower type under study. 

However, this option is not enabled yet in the current version of the interface program. 

The main screen has three phases, as shown in Figure 3.3, pre-processing, solution and post

processing phases. Saving and resuming the data base of the job are always available at any 

point by pressing the related buttons. Entering any of the three phases is done by clicking on the 

related tab, as shown in Figure 3.3. 
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JOINT S LIPPAGE ANALYSIS MRROGRAM 

Working Directory 

Tower Type 

Start 

ZJCA 

Exit 

zi r New « O/d 
Jobe Name I r » « ' . i 

The program has the database of the first tower only. 

Figure 3.2: Starting screen of the user interface of the program. 

3.3.1 The Pre-Processinq Phase 

The pre-processing phase defines the coordinates of the tower nodes, element type of each 

member, section properties of each member and joints properties. These data are fed to the 

interface program through three tabs; geometry input, meshing and elements properties tabs. A 

A user can select any of these tabs by clicking on the tab title, Figure 3.3. 
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Figure 3.3: Main screen of the user interface. 

In the first tab, "Geometry Input", the tower is divided into four main sections based on the 

geometrical relation between the members of each section. The coordinates of the members of 

each section can be defined by using a few parameters like the width and height of each pattern 

within the section. This method defines 230 coordinate points of the tower members by the 

knowledge of only 16 input data. The program starts with default values for these parameters. A 

user can change it by clicking on the "Edit" button. After defining the new values of these 

parameters a user clicks on the "Ca lc . . . " button to calculate the nodal coordinates of the tower 

based on the input parameters. Then a user can examine the tower geometry by clicking the 
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"Preview" button. Figure 3.4 shows the front view of a tower after clicking on "Preview" 

button. The other views can be shown by clicking the related buttons, see Figure 3.5 (a & b). 

Also, zooming on particular section of the four sections of the tower is available by clicking on 

the zooming button at bottom left corner of the logo of each section; see Figure 3.5 (c & d). 

Tower l_Frm 
Save Data Base Resume Data Base Export ANSYS File Quit 

Pre-Processing Solution 1 Post-Processing 

1 
X 

x • 

Edit... I Preview 

Front View 

Side View 

Iso. View 

Geometry Input j Meshing | Elements Properties | 

Figure 3 .4: Preview of the tower front view in the geometry tab in the pre-processing phase. 
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In the second tab, "Meshing", a user defines the element type, joint type, and section number 

for each member of the tower. Figure 3.6 shows the contents of the "Meshing" tab, which are; 

interacting fields and informative fields. The interacting fields are; scroll bar for browsing the 

tower members, element type and joint type checking boxes, section number spinning button. 

The informative fields are isometric views of the tower members, illustration view of the element 

cross section and information boxes for the element number, element coordinates, and section 

properties. The interface program starts with default values for the meshing tab, however, it 

allows a user to change any of these values by clicking the "Edit" button. A user can browse 

these default values by scrolling the element number scroll bar. The examined element is 

highlighted in the isometric view. A user can change the element type, joint type, and section 

number for each tower member. After finishing the editing of the member meshing parameters, 

a user saves the new data by clicking on " O K " button. 

In the third tab, "Elements Properties", a user defines the main properties of the tower 

member cross sections which are the angle side lengths and thickness. Also a user can examine 

the joint stiffness by plotting the experimental load-displacement diagram and the extracted 

stiffness displacement diagrams for different joint types. Each diagram can be plotted by 

clicking the related button as shown in Figure 3.7 and Figure 3.8. The interface program starts 

with default values for the "Elements Properties" tab, however, it allows a user to change any of 

these values by clicking the "Edit" button. After finishing the data input for the section 

dimensions, a user saves the new data by clicking " O K " button. 
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Figure 3.6: "Meshing" tab contents in the pre-processing phase. 
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Tower 1_Frm 
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Figure 3.7: "Elements Properties" tab contents in the pre-processing phase. 
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Figure 3.8: "Elements Properties" tab contents in the pre-processing phase. 
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3.3.2 The Solution Phase 

The solution phase defines the number of load steps, boundary conditions for each load step, 

convergence tolerance, number of iterations, and number of sub-load steps for each load step. 

These data are fed to the interface program through two tabs; loads and boundary conditions, and 

solution parameters. A user can select any of these tabs by clicking the tab title, Figure 3.9. 

In the first tab; "Loads and Boundary Conditions", the relevant nodes are shown with labels 

for the directions of the coordinate axes. The nodes of the four tower legs are labeled L\, L2, L3 

and L4. These nodes have displacement boundary conditions in all load steps. The nodes 

corresponding to the cable connection points are labeled P i , P2 and P3. The program starts with 

default values for the "Loads and Boundary Conditions" tab, however, it allows a user to change 

any of these values by clicking the "Edit" button. A user browses the available boundary 

conditions by using the load step ^number scroll bar. Then a user can change the forces or 

displacement boundary conditions for designated load step. After finishing the editing of the 

boundary conditions, a user saves the new data by clicking " O K " button. . 

In the second tab; "Solution Parameters", see Figure 3 .10, a user defines the nonlinear 

analysis parameters. These parameters are the convergence tolerance, maximum number of 

iterations, and number of sub-steps for each load step. Also, a user specifies which load step 

should be active or inactive. After defining the solution parameters, the finite element analysis is 

performed by clicking " S O L V E " button. 
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Figure 3 . 9 : "Loads and Boundary Conditions" tab contents in the Solution phase. 
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Figure 3.10: "Solution Properties" tab contents in the Solution phase. 
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3.3.3 The Post-Processing Phase 

The post-processing phase is the final stage of the transmission tower analysis. This phase 

has only one tab which starts with isometric views of the tower members, a scroll bar for 

browsing the tower members, element type and joint type information boxes, and "Read Results" 

button, see Figure 3.11. After the finite element solution is completed, a user clicks on the read 

results button to start the post-processing phase. Also after each new analysis, a user should click 

on the read results button to re-read the results file and refresh the results data. If the results file 

is not available or the solution could not reach a converged solution, a warning message pops up 

with the message "Results file is not available", see Figure 3.12. 

If a results file is available, a frame appears showing the axial loads, axial displacements and 

stresses of the first element. The results for other elements can be displayed by using the scroll 

bar, see Figure 3.13. The post-processing screen allows the display of results for all sub steps 

and load steps. A user can change the load step or sub step results by using the "Load Step No." 

and the "Sub-Step N o " buttons. For each element, the element type, its joint type (if any), nodal 

displacements, axial force, axial stress, ratio between the axial stress and the member yield 

stress, ratio between the axial load and the Euler buckling load and axial displacement are 

displayed by the post-processor. If an element contains joint effects, the post-processing phase 

presents the amount of slippage displacement and the ratio between the axial load and the joint 

yield load. 
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T o w e r 1_Frm 
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Read Results 

Figure 3.11: Post-Processing phase showing tower geometry. 
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Figure 3.12: Post-Processor display i f result fde is not available. 
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Figure 3.13: Post-Processor display showing the results for element 77 at load step number 2 and last sub-step. 
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Chapter 4 

TRANSMISSION TOWER ANALYSIS 

4.1 General 

This chapter presents the numerical results from the FE program developed in this study. The 

FE program is first verified by using A N S Y S and results reported by other researchers. 

Thereafter a 2-D structure is analyzed to study the influence of different joint types on the 

behavior of a structure. The behavior of a full-scale tower under different frost heave conditions 

is also analyzed by using the FE program and a discussion of the results is presented. 

4.2 FE Program Verification 

Several simple structures are analyzed in this section to establish the accuracy of the FE code. 

The code is first compared by considering the results for a simple cantilever beam obtained from 

the A N S Y S program. Thereafter, the code is further verified by comparing with the studies done 

by Kitipornchai, et al (1994) and Kroeker (2000) that account for joint slippage. 

4.2.1 Simple Cantilever 

A 3-D cantilever beam, 1.0 m long and 12x12 mm cross-section, is analyzed by using the FE 

code (Figure 4.1). The beam is loaded with an axial load F x and two lateral loads F y and F z each 

equal to (0.01 F x). The magnitude of F x is varied from zero to 400N. Geometric nonlinearity is 

assumed in the analysis. The analysis is carried out by dividing the load into 100 steps. Three 

different models are analyzed; the first with one finite element, second with four finite elements 
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and third with fifty finite elements. The results for different finite element models are shown in 

Figures 4.2, 4.3 and 4.4. The current FE code and A N S Y S give almost identical deflections for 

the 4 and 50 element models. The results for the one-element model show that the current code 

gives results more closer to the 4- and 50- element models when compared to the corresponding 

results from A N S Y S . It should be noted that the FE code developed in this study updates the 

geometry, geometric stiffness, and transformation matrix at each iteration whereas A N S Y S 

performs these updates only at the beginning of each load step. Several other cases involving 2-

D and 3-D trusses and frames were analyzed by using the current FE code and A N S Y S , and the 

results were almost identical. 

x F x = 0 ^ 400 [N] 

0.01 F x 
l y 

•FA 

0.01FX 

1 [m] 

777P77/ 

1 Elem. 
7Z&77> 
4 Elems. 

Figure 4.1: 3-D beam model used in FE code verification. 
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T 1 1 1 1 I 1 1 r 

Deformation in x-diiection [ mm ] Deformation in y- and z directions [ mm ] Rotations about y- and z-axis [ den ] 

Figure 4.2: Comparison of deformations obtained from A N S Y S and the current FE code for 
one-element model. 

Defonnation in x direction [ mm ] Defonnation in y- and z directions [ mm ] Rotations about y- ami z-axes [ tier) ] 

Figure 4.3: Comparison of deformations obtained from A N S Y S and the current FE code for 
four-element model. 
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Defoimatioii In x-ilirection [ mm ] Defoim.itlon In y- .md z-illrectlons | mm ] Rotations about y- .mil z-oxis [ (leg ] 

Figure 4.4: Comparison of deformations obtained from A N S Y S and the current FE code for 50-
element model. 
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4.2.2 Double Diagonal Plane Truss 

F 

AE = 10000 kN 
F = lOkN 
L = 250 mm 

F 
Figure 4.5: Double-diagonal plane truss. 

A double diagonal plane truss, (Figure 4.5) was investigated by Kitipornchai, et al (1994) and 

Kroeker (2000) in their investigations of bolted joint slippage. The same truss is analyzed here 

to verily the FE code for a case without slippage and to compare the current slippage model, 

based on experiments, with the idealized slippage models used by Kitipornchai, et al (1994) and 

Kroeker (2000). The dimensions and material properties of the truss members are shown in 

Figure 4.5. The diagonal members of the truss i.e., (elements 4 and 5), are assumed to have 

beam-to-column joints with one bolt at the ends of each element. The stiffness of this joint is 

extracted from the idealized slippage curves obtained by Ungkurapinan (2000), (Figure 2.8 in 
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Chapter 2). Thereafter the equivalent stiffness of a diagonal element considering the effect of the 

two joints at its ends is calculated as; 

The above value of Kc is used in equation 2-23 of Chapter 2, for elements 4 and 5 in the FE 

analysis. Note that the cross sectional area of the truss elements is very small, A=0.00004762 m 2, 

when compared to the cross sectional area of the joint members used by Ungkurapinan (2000). 

Table 4-1 shows that the vertical deflection of the node 2 of the truss without considering the 

joint slippage is exactly same as that obtained by Kitipornchai, et al (1994) and Kroeker (2000). 

The deflection of node 2 is slightly greater when the joint slippage is considered for the 

compression diagonal rather than the tension diagonal. This behavior is similar to the results 

obtained by Kroeker (2000). Note that the results reported by Kitipornchai et al (1994) and 

Kroeker (2000) are for a continuous slippage model. Table 4-1, also shows the deflection of 

node 2 when joint slippage is considered at the diagonal member joints and at all joints of the 

truss. It is evident that as more joints are allowed to slip the deformation of node 2 increases 

substantially. 

Table 4-1: Comparison of deflection of Node 2 (F=3.145 kN). 
Vertical Deflection of Node 2 (mm) 

No 
Joint 

Slippage in 
No 

Joint 
Tension 
Diagonal 

member joint 

Compression 
Diagonal 

member joint 
Both Diagonal 
member joints 

All 
Joints 

Kitipornchai, et al 
(1994) 0.301 0.339 0.328 - -

Kroeker (2000) 0.301 0.328 0.335 - -
Current Model 0.301 0.422 0.454 0.758 0.955 

K. +2 
EA 
L 

(4-1) 
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4.2.3 Simple Transmission Tower 

Figure 4.6: Simple transmission tower model. 

A simple transmission tower with joint slippage (Figure 4.6) was analyzed by Kitipornchai, et 

al (1994) and Kroeker (2000). The tower member dimensions and material properties are shown 

in Figure 4.6. The tower legs as well as the horizontal bracings are modeled as beam elements. 

The cross bracings are assumed to have beam-to-column joint elements with one bolt at the ends 

of each element. The stiffness of this joint is extracted from the idealized curves obtained by 
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Ungkurapinan (2000) (see Figure 2.8 in Chapter 2). As in the previous example Equation (4-1) 

is used and column-to-column joints are not considered. 

Table 4-2 shows that results from the current code agree very closely with the results reported 

in the literature for a structure without joint slippage. The results reported by Kitipornchai, et al 

(1994) and Kroeker (2000) are for the continuous slippage model only. It should be noted that 

the current slippage model allows joint to deflect more than 5 mm (Figure 2.8, Chapter 2), while 

the pervious models restrict the joint deflection to 1 mm. As a result, the deflection from the 

present analysis is higher for the cases involving joint slippage. 

Table 4-2: Comparison of transverse deflection (Uz) of point A 
f o r ( F Z , F Y , F X ) = 27.9 * ( 5, 15, 1) kN 

Deflection in (mm) 
No Joint Beam-to-Column Joints 

Kitipornchai, et al (1994) 15.76 18.51 
Kroeker (2000) 14.54 15.48 
Current Model • 14.43 41.61 

The above comparisons show that the FE code developed in this study is accurate for non

linear structural analysis without joint slippage. However, due to the difference between the 

current slippage model based on experiments and the idealized slippage models proposed by 

Kitipornchai et al (1994) and Kroeker (2000), the current FE code results did not agree with 

previous results for structures with joint slippage. The main differences between the present and 

the past models are the maximum joint deflection and joint yield load limit. The previous studies 

restricted the joint deflection to 1 mm and ignored the joint yield limit. The current model 

considers the joint yield limit in defining the ultimate behavior of a structure and adopts the 

deflection of a joint according to the experimental results of Ungkurapinan (2000). 
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4.3 Effect of Slippage on the Response of Towers 

4.3.1 2-D Tower Case 

Figure 4.7: Finite element model of the transmission tower substructure. 

Figure 4.7 shows a sub-assembly of a typical transmission tower used by Manitoba Hydro for 

the Radisson-Dorsey H V D C transmission line. This subassembly is first idealized as a 2-D 

structure to investigate the effect of joint nonlinearity on the load carrying capacity of the tower. 

Three different models are considered; first one with fully rigid joints, second one with one type 

of joints being nonlinear and third with both types of joints being nonlinear. Figure 4.7 shows 
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the finite element model with the locations and types of joints used in this subassembly. Type-A 

joints, column-to-column joints, are used to connect the subassembly with the rest of the tower 

whereas type-C joints, beam-to-column joints, are used to connect the braces and horizontal 

members to the main columns. The subassembly has six braces and two horizontal members. In 

the all-rigid joints case, these braces and horizontal members are modeled as truss elements 

whereas the rest of the structural members are modeled as beam elements. In the nonlinear joint 

models, the truss elements are replaced by equivalent link elements that represent the brace 

elements with two type-C joints at their ends. The gage size of the substructure members is 

equal to the gage size of the tested joints of Ungkurupinan (2000) which is an angle section of 

4x4x0.25 inches. 

The subassembly is studied with three load cases. The first load case has a lateral load that 

is one sixth of the vertical load [similar to a case used by Kitipornchai et al. (1994)]. In the other 

two load cases, the lateral load is set to one half and one twentieth of the vertical load (Figure 

4.7). In all load cases and joint types, the analyses are carried out until a maximum vertical load 

of 1200 N is reached or until the onset of yielding (which ever occurs first). 

The results of the above loading cases are summarized in Figures 4.8 and 4.9. Figure 4.8 

shows that for the first load case, when the slippage of type-A joint is ignored, the slippage in the 

type-C joints has transferred more loads to the columns resulted in slightly decreasing the load 

carrying capacity. Although, the yield limit of type-C joints is very small compared to that of the 

column material, see (Table 4-3), the structure has failed due to yielding of the columns rather 

than due to yielding of the type-C joints. Figure 4.8 also shows that type-A joints has yielded at 

a load level less than half of the full loading capacity which has a significant impact on the load 

carrying capacity of the structure. It worth noting that slippage of type-A joints has a dominant 
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effect on the behavior of the structure. Slippage of type-C joints has more impact on the 

flexibility of the structure than slippage in type-A joints, as can be seen from Figure 4.9. 

For the other load cases, Figure 4.8 shows that reducing the ratio of the lateral load to the 

vertical load decreases the effect of the slippage of the type-C joints. In a similar way, 

increasing this ratio would significantly decrease the load carrying capacity of the structure. On 

the other hand, changing the ratio of the lateral load to the vertical load has no or little effect on 

the behavior of the slippage of the joints. 

Table 4-3: Comparison between the yield loads of the structure different members 

Rigid Structure Column-to-Column joint Beam-to-Column joint 
Yield Load [kNj 425.0 200.0 75.0 

1200 -j 
z 1100 -1100 -
(A 1000 -

T3 
re 900 -
o 800 _i 800 
re o 700 
t 600 -
> 500 -
E 400 -

xim
 

300 -
re 
2 200 -

100 -

• Rigid Structure 
M Joint Type-C 
A Joint Type-A 

Both Joints 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
Lateral to Vertical Load Ratio 

Figure 4.8: Effect of joint slippage on load carrying capacity for various load ratios and joint 
types. 
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Figure 4.9: Tower tip deflections in x- and y- directions for a tower with different types of 
joints. 
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4.3.2 Full-Scale Tower 

24-kN 

Z (transverse) X (longicudinal) 

Figure 4.10: Full-scale transmission tower used by Manitoba Hydro. 
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The full-scale transmission tower shown in Figure 4.10 is part of Manitoba Hydro's Nelson 

River DC transmission system. The tower has 708 angle members with 16 different angle sizes 

from L51xL51x4.8 in the upper section of the tower to L152xL152xl3 in the bottom section of 

the tower. These members are primary members supported with secondary members to reduce 

the un-braced length. The tower is, modeled using 500 elements and 217 nodes (Yue, 1994). 

The weight of the neglected secondary members is assumed to be 20% of the weight of the 

reduced tower structure (Yue, 1994). 

The tower legs and horizontal bracing members are modeled as beam elements with bending 

stiffness using Equations 2-12, 2-13, and 2-14. The tower legs elements have a common third 

node located at the tower center line. The third nodes of the horizontal bracing elements are 

defined by the intersection of the tower center line and the maximum moment of inertia plane of 

each element. The cross-bracing members are modeled as truss elements without bending 

stiffness. The loading case shown in Figure 4.10, is one of the extreme load cases considered by 

Kroeker (2000). 

Table 4-4 shows that, the deflection of node A (Figure 4.10) of the tower without considering 

the joint stiffness agrees closely with the results obtained by Kroeker (2000) under the tower self 

weight and external loading shown in Figure 4.10. Note that the height of the tower tip in the 

current model is 61.221 m, which is taken from Manitoba Hydro's drawings, while it was 61.392 

m in Kroeker's model. This probably and the consideration of geometric stiffness in the analysis 

are the reasons for the minor difference between the results. 

Table 4-4: Comparison of tower deflections ( U x , U Y , and U z ) at point A 
U x (mm) Uy (mm) U z (mm) 

Kroeker (2000) -0.00 -29.972 531.56 
Current Model 0.20577E-14 -33.597 517.29 
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Locations of 
Type-A Joints 

Figure 4.11: Finite element model of full-scale tower with the six locations of the type-A joints. 
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Figure 4.11 shows the finite element model of the full-scale transmission tower showing the 

locations of the column-to-column joints and the numbering of the tower legs. Note that beam-

to-column joints are used at all cross bracings. The effects of column-to-column and beam-to-

column joints stiffness on the response of the tower is investigated through several loading cases. 

The first case is for the tower under its self weight and working loads shown in Figure 4.10. The 

axial loads of column and beam elements at a particular height from the tower base are 

normalized with respect to their yield loads and the maximum absolute axial load of this group is 

identified. These normalized maximum axial loads at particular height are then plotted against 

the normalized height from the tower base for column and beam elements. Figure 4-12 shows 

the normalized axial loads of leg members if the joint slippage is ignored. Consideration of joint 

slippage in the analysis results in slightly higher axial loads in the tower legs as shown in Figure 

4-13. The results for beam elements are shown in Figures 4.14 and 4.15. It is evident that the 

maximum axial loads in beam members are generally smaller than that in column members and a 

majority of beam elements have axial loads less than 30% of the yield loads. 
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Figure 4.12: Normalized axial loads of tower columns under self weight and working loads 

without joint slippage. 
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Figure 4.13: Normalized axial loads of tower columns under self weight and working loads 

with joint slippage. 

85 



Chap. 4: Transmission Tower Analysis 

50 p 
3* 45-

Tower Height Precentage % 

Figure 4.14: Normalized axial loads of tower beams under self weight and working loads 
without joint slippage. 
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Figure 4.15: Normalized axial loads of tower beams under self weight and working loads with 
joint slippage. 
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Figure 4-16 and Figure 4-17 show the estimated normalized axial loads in the tower elements 

due to a frost-heave induced displacement of Leg #2 by 100 mm, without joint slippage. 

Ignoring joint slippage in the analysis, results in a significant increase in the member axial loads 

tending to failure of some members. Including the joint slippage in the analysis, however, results 

in only 27% increase in the axial loads. This confirms that in a real tower substructure, force 

redistribution takes place as a result of joint slippage when subjected to frost heave 

displacements at the base. 

Figure 4.16: Increase of normalized axial load of tower columns due to a frost-heave 
displacement of 100 mm (without joint slippage). 
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120 
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Tower Height Precentage % 

Figure 4.17: Increase of normalized axial load of tower beams due to a frost-heave 
displacement of 100 mm (without joint slippage). 

Tower Height Precentage % 

Figure 4.18: Increase of normalized axial load of tower columns due to a frost-heave 
displacement of 100 mm (with joint slippage). 
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0 20 40 60 80 100 
Tower Height Precentage % 

Figure 4.19: Increase of normalized axial load of tower beams due to a frost-heave 
displacement of 100 mm (with joint slippage). 

In the third case, a displacement of 100 mm of adjacent legs, (leg #2 and leg #3), is 

considered. The results are shown in Figures 4-20 and 4-21. The results are similar to those 

shown in Figures 4.18 and 4.19 for both with and without joint slippage. It appears that the 

displacement of an adjacent leg reduces the force generated due to frost-heave. 
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Figure 4.20: Increase of normalized axial load of tower columns due to a frost-heave 
displacement of 100 mm of two adjacent legs (without joint slippage). 

20 40 60 80 
Tower Height Precentage % 

100 

Figure 4.21: Increase of normalized axial load of tower beams due to a frost-heave 
displacement! 00 mm of two adjacent legs (without joint slippage) 
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Tower Height Precentage % 

Figure 4.22: Increase of normalized axial load of tower columns due to a frost-heave displacement 
of 100 mm of two adjacent legs (with joint slippage). 
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Figure 4.23: Increase of normalized axial load of tower beams due to a frost-heave displacement 
of 100 mm of two adjacent legs (with joint slippage). 
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In the forth case, a single leg is assumed to experience a frost-heave induced displacement of 

300 mm, which corresponds to field conditions of some towers in Northern Manitoba. Figure 4-

24 and Figure 4-25 show the normalized axial loads in the tower elements due to this large 

displacement when joint slippage is included in the analysis. It is evident that under these large 

displacements at the base, tower column members near the base experience axial loads larger 

than their yield loads. Some beam members near the base also have axial loads very closer to 

their yield loads. 
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Figure 4.24: Increase of normalized axial load of tower columns due to different frost heave 
displacements (with joint slippage). 
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Figure 4.25: Increase of normalized axial load of tower beams due to different frost heave 
displacements (with joint slippage). 
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Chapter 5 

CONCLUSIONS 

5.1 Summary and Conclusions 

Slippage of bolted joints has an important role in transmission tower structural behaviour. In 

the present study, new finite element joint models accounting for slippage are developed based 

on a set of experimental results for bolted joints. A column-to-column joint (Type-A joint) is 

treated as a conventional beam connection with an extra nonlinear spring connected in series to a 

beam element. A beam-to-column joint (Type-B joint) is treated as a conventional truss element 

with an extra nonlinear spring connected in series to a truss element. Stiffness matrices for the 

proposed finite elements are obtained by using the experimental results for the load-deflection 

response of each joint type. The proposed joint models give more realistic stiffness 

characteristics of a tower joint in the axial direction. 

An elastic geometrically nonlinear finite element code is developed based on Fortran 90 for 

the analysis of transmission tower structures. The code takes into account the effect of bolted 

joint slippage as well as geometrically nonlinear behavior of a tower. A graphical user interface 

developed in Visual Basic to perform pre- and post-processing functions is also included in the 

finite element code. 

The numerical study shows that slippage of type-C joints has a significant effect on the load 

carrying capacity of a transmission tower depending on the ratio of the lateral and vertical loads. 

The current study also shows that the effect of slippage of the type-A joints on a transmission 
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tower load carrying capacity is more significant than that of joint type-C. Furthermore, this 

effect is independent of the ratio of the lateral load to the vertical load. The yield limit of a type-

A joint is the most dominant parameter controlling the ultimate load of a tower. It is also 

observed that slippage of type-A joints is as significant as slippage of type-C joints for lateral 

deformations. Slippage is also the most dominant parameter affecting vertical displacements. 

The behavior of a 3-D full-scale tower under its dead and selected working loads is 

investigated with and without joint slippage. The results show that joint slippage has a minor 

influence on tower member force distribution under dead and external loads. Thereafter, the 

response of a tower under different frost heave induced displacements is investigated. The 

results show that upward displacement of a single leg induces large axial forces in the tower 

members if joint slippage is neglected. However, further frost heave induced displacement of an 

adjacent leg causes minor changes in the tower member axial forces. The numerical results show 

that ignoring the joint slippage in the analysis results in tower leg axial forces that are almost 

twice the forces corresponding to a case with joint slippage. In the case of bracing elements, the 

axial forces could be as high as six times of the slippage case. These findings provide a scientific 

basis for the assessment of structural integrity of transmission towers in Northern Manitoba 

under frost heave induced displacements. 

5.2 Future Work 

Following future work is proposed based on the findings of the present study: 

1. Experimental investigation of 3-D stiffness characteristics of tower joints is 

recommended to understand the behaviour under 3-D loading. The tests should be 
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done for a wide range of bolts sizes and arrangements, and member cross-sections. 

2. Development of a finite element model for tower joints considering friction and contact 

conditions. 

3. Consideration of dynamic loads in finite element analysis. 
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