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CHAPTER 1. INTRODUCTION

Problem Definition


Cable dynamics is a topic that has been studied for many decades. While the problem of the dynamics of a taut cable is relatively easily solved, the general problem of a slack cable is much more involved. When a slack cable is subjected to external loads its geometry changes significantly. A changing geometric configuration resulting from large deflections constitutes a system whose response is non-linear in nature. This inherent non-linearity of the problem precludes a simple mathematical solution.


Cable dynamics have caused problems in various fields. One recurring problem that has a direct bearing on everyday life is that of wind loads on power lines, cables and support structures. Wind loads have two major effects on power line cables. One effect is small amplitude, high frequency oscillations that result from vortex shedding and is called aeolian vibrations. The other effect is large amplitude oscillations that are called galloping.


Galloping is a phenomenon that is generally associated with ice storms, which is when its effect is felt most. Power line cables tend to get weighed down by a coating of ice that increases their weight to 3 or 4 times the normal value. When these heavy cables are exposed to certain wind conditions, they oscillate with deflections on the order of 4% of the span. There are two major  consequences of these large motions: (a) the lesser problem of interphase clashes resulting in power outages and (b) cable or support tower failure. The latter problem is severe in that failure at one point leads to a cascade failure of tower after tower like falling dominos.

Past Work


Various physical theories have been advanced to explain the phenomenon of power line galloping. One question that has been addressed by these theories is that of how heavy winds cause high amplitude vertical cable motion. Significant among these theories is the torsional theory [3] that suggests that galloping is caused by wind-induced torsional oscillations of the iced conductor that generate vertical oscillatory aerodynamic forces. 


With an attempt to finding a simple engineering solution to the problem of structural damage, McConnell and Theodoro [1] developed a mathematical model. Their model works for different boundary conditions with the cable modeled as a taut string and the insulator support as a mass, spring and damper. Based on a simple linear two-degree-of-freedom model of the cables and support structures, they demonstrated that a simple energy absorber can be used to damp out loads on structures. Also, a prototype absorber was installed on a power line support structure at Jefferson, Iowa. Measurements at the site captured some periods of high oscillations close to theoretically predicted natural frequency values. Detailed studies of damper activity under galloping conditions could not be conducted due to technical difficulties.

Finite Element Method Approach


The theoretical design of an absorber is a challenging proposition owing to the geometric non-linearity of the problem. While an accurate mathematical design procedure is almost ruled out, approximation techniques may be used to provide a strong basis for the design of such an absorber. The Finite Element Method (FEM) is a valuable tool for solving a wide variety of problems in structural analysis. Over the decades, FEM has grown to cover a wide spectrum of problems ranging from linear static analysis to non-linear dynamic analysis. A problem of the complexity of power line dynamics is a perfect candidate to put this spectrum of capabilities to good use. It was decided to use FEM as a tool to designing effective energy absorbers.


NASTRAN 68.2, a general purpose finite element package, was chosen as the tool for this study. NASTRAN supports the entire gamut of finite element functionality required for this study and hence proved ideal.


Studying the design of an absorber requires that we standardize loading conditions and study the response of the system to these loads. It was decided to load the finite element models at their natural frequencies to obtain worst case responses. An effective absorber would have to be effective even under these extreme conditions.  We note that the natural frequency of a system is defined only for linear systems and is really an approximation of the worst case scenario, in this case.


Non-linear dynamic finite element analyses on large models are extremely time consuming and make big demands on resources. Also, results tend to be quite unpredictable and to diverge easily. In order to get a quick and accurate handle on the behavior of the system, a simple linear model was built. The effect of varying absorber parameters was studied. Results are presented.


Based on the results of studies on the simple model, a preloaded absorber was modeled. Results of non-linear transient analyses performed to study the effect of preload are presented.

Finally, a comprehensive finite element model of a power line acted upon by a distributed load, was analyzed. A preliminary assessment of the effect of including an absorber was made.

CHAPTER 2. THE FINITE ELEMENT METHOD

The Basics

Fundamental differential equations denoting state equilibrium, stress-strain relations and compatibility (strain-displacement relations) govern the behaviour of a continuum. Theories in solid mechanics require that these systems of equations be satisfied for every infinitesimal element in the continuum. State variables (displacements) in a given situation may be determined by solving these equations with appropriate boundary and initial conditions.


Most known solutions for problems in solid mechanics correspond to simple geometries and involve idealized assumptions. Real-life systems, however, have complicated geometries, are subjected to unusual load patterns and in many cases, even violate the basic assumptions of linear behaviour that form the basis for these known solutions. The finite element method (FEM) provides numerical procedures for handling these realistic problems in structural mechanics.


FEM has become a very popular technique for the computer solution of problems in engineering. FEM is routinely used to solve problems in a wide variety of industrial applications in areas ranging from the analysis of automotive components to the design of structures against seismic loads. FEM first involves formulating the governing differential equations in a form known as variational or weighted residual form. The formulation is then discretized by representing the system as an assemblage of finite elements interconnected at connection points called nodal points. This results in a system of linear algebraic equations in the state variables, i.e., the displacements of the nodal points. The effective solution of these finite element equations constitutes the last step in the basic solution process.


The finite element method involves handling large matrices and vectors of numbers that represent the problem being solved. The system under study is represented by a characteristic matrix called the stiffness matrix (K) that is, in a certain sense, the physical distribution of stiffness. In the case of dynamic problems the distribution of mass in the  sytem is represented by yet another matrix called the mass matrix (M). These two matrices are encountered quite routinely in the finite element solution process. In the case of damped dynamic systems, the damping matrix (B) represents the damping configuration. In addition to these, the physical distribution of loads is approximated by a load vector (P) which is applied as point forces at the nodal degrees of freedom. Most problems involve solving for the state variables of the system and these variables constitute the displacement vector (
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). The displacement vector is obtained as a consequence of expressing the displacement field in an element in terms of nodal displacement using interpolation functions known as shape functions. The first and second derivatives of displacement (velocity and acceleration respectively) then make up the velocity and acceleration vectors, 
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 respectively. Once the behavior of the system is represented mathematically as arrays of numbers that correspond to linear equations, solving for variables of interest is straightforward.

Simple Static Analysis


The finite element method is used routinely in static structural analysis. In its simpler forms static analysis involves systems exhibiting linear behavior. A set of non-varying loads is applied to the appropriately constrained system and its response in terms of nodal displacements is desired. The solution process involves obtaining the displacement configuration that satisfies equilibrium conditions.


In its finite element representation, a static problem is given by the equation:

K
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        (2.1)

Solving for displacements involves inverting the stiffness matrix and premultiplying the load vector. Various efficient algorithms are available for the effective solution of such systems of equations.

Linear Dynamic Analysis


Dynamic analysis is required for the study of systems which are subjected to loads that change with time. Structures in the field are routinely subjected to time-varying loads so that the responses to these loads are also time variant. Studying this behavior is a more complicated and involved finite element process. 


In addition to stiffness, a dynamic system is characterized by the inertial effects of the distribution of mass and energy dissipation mechanisms which are usually modeled as viscous dampers. As a structure moves in response to applied loads, forces are induced that are a function of both the external loads applied and the motion in these individual components. From a finite element perspective, dynamic analysis involves the use of the mass matrix and of the velocity and acceleration vectors. 


The general form of the finite element equations for dynamic analysis is given by

K
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Finite element analysis for dynamic problems involves one of two different approaches. When dynamic behavior with a zero values F vector is considered, we perform what is known as a free vibration analysis. The study of the response of a structure to a non-zero time variant load involves a transient response analysis. We discuss these in greater detail.

Free vibration analysis


Every structural system is characterized by the existence of many frequencies known as the natural frequencies of vibration of the system. When set into undamped vibration at any of these frequencies, the structure is capable of sustained oscillations where the system energy undergoes periodic conversion from potential energy to kinetic energy and back to potential energy. Natural frequencies are extremely critical in understanding the response of a structure to dynamic loads. Structures have heightened responses to dynamic loads at these natural frequencies. It is therefore essential to evaluate their natural frequencies of vibration with a view to studying their response to these dynamic loads.


The general form of the finite element equation for dynamic analysis, when combined with the assumption of undamped sinusoidal oscillations over time, results in the eigenvalue problem.

K
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where ( is a natural frequency. For non-trivial solutions to exist we require that det(K - (2M) be zero. Solving this equation gives as many eigenvalues as the size (n) of the square matrices K and M. Thus the finite element approach provides (approximations of) the first n natural frequencies of a structure where the lower values of ( are more accurate than the higher values. Better results for the frequencies of the system are obtained by using smaller (and hence more) finite elements. Solving for eigenvalues also results in the computation of eigenvectors which represent the mode shapes, i.e., the relative displacement of the nodes in the model.


Several methods exist for the extraction of real eigenvalues. Since actually expanding the determinant and obtaining the zeroes of the corresponding polynomial is not feasible for higher order polynomials, these methods are numerical in nature. The solution methods may be classified into one of two groups, namely transformation methods and tracking methods. In the transformation methods, the eigenvalue equation is first transformed into a special form from which eigenvalues may easily be extracted. In the tracking methods the eigenvalues are extracted one at a time using an iterative procedure.

Transient response


Transient response analysis is used to compute the response of a structure to a time-varying excitation. The transient excitation is explicitly defined in the time domain and all the forces applied to the structure are known at each instant in time. Displacements, velocities and accelerations along nodal degrees of freedom, and forces and stresses in elements are evaluated as functions of time over the period of application of the excitation.


Depending on the structure and the nature of the loading, two different methods can be used for a transient response analysis: modal superposition and direct time integration. We look into the details of the latter due to its relevance to the current study.


Direct transient response analysis

In direct transient response, structural response is computed by solving eq. (2.2) using direct numerical integration. The fundamental structural response (displacement) is solved at discrete times, typically with a fixed integration time step (t. The central differencing procedure and Newmark's method are two common techniques used.



The central differencing method uses a central finite difference representation for the velocity and acceleration at discrete times. This is done by using Taylor's theorem to expand the degrees of freedom (displacements) in time and truncating the expansion after the first three terms. The expressions thus obtained can be used to determine velocity and acceleration in terms of displacements and enable us to write the general equation in an iterative form. Given initial conditions, the iterative forms of the equations can be used to step through time.


The Newmark method is similar to the central differencing scheme. In the central differencing procedure, formulas for projecting ahead in time are derived based on Taylor's series with all terms of O(((t)3) and higher order neglected. Newmark's method essentially retains another term in the expansion based on coefficients chosen by the analyst. We defer mathematical treatment of transient response analysis until Chapter 3.

Non-linear Static Analysis


Systems in which the deflections are directly proportional to external loads and to which the superposition principle may be applied are linear in nature. In their finite elements representation, such systems generally have unchanging stiffness and mass matrices and analysis is straightforward as outlined in the above sections. Intuitively, structures in which deflections are small compared to the geometric dimensions of the structure and in which stresses are well within the linear portion of the stress-strain plot exhibit linear behavior.

There are engineering applications where systems are not linear. In solid mechanics, we distinguish between two sources of non-linearity - those due to material behavior (plasticity, visco-elasticity, etc.), and those due to kinematic or structural geometrical changes - that are called geometric non-linearity. Geometric non-linearity is generally ascribed to large deflections in which the structure’s deformed configuration must be accounted for in the equilibrium equations and strain-displacement equations. In this study we limit our assumptions of non-linearity to geometric non-linearity.


The main feature of non-linear analysis is the requirement of an incremental (and iterative) process to obtain a solution. In a static analysis, the loading applied to the structure is gradually incremented through several small steps to its actual value. The load increment size has the most significant effect on the efficiency and the accuracy of the solution process

The finite element matrix equation for a non-linear static analysis takes an incremented form.

(K  + KG)(
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While K is the system stiffness matrix of the system in its initial coordinate system, KG is the geometric stiffness matrix that arises from the initial load vector P applied to the system. (P represents the change in forces and (
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 the incremental displacements. Eq. (2.4) thus governs deformation through incremental displacements when forces change by (P.


A straightforward procedure to solve for final displacements would be incremental in nature. For each increment in the loading, the K and KG matrices would have to be constructed and the incremental displacement calculated. After the right number of loading increments, the sum total of all the incremental displacement vectors would be the final displacement vector. The incremental procedure, however, causes predicted results to start drifting away from the proper solutions at larger loads. This effect is typical of the technique and is physically due to the fact that equilibrium is not being satisfied accurately. A discrepancy exists between member loads from external forces and those from element stresses. This discrepancy tends to get worse as the deformation progresses. In order to get around this problem, the structure needs to be brought back into equilibrium at each load step using a technique called Newton-Raphson's method.

Newton-Raphson's Method


For a general function f representing an applied load as a function of displacement u, 

f(u0 + (u) = f(u0) +
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where Fo =  f(u0), KT =
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Given the values of Fo and KT at a certain u = u0, this approximation enables us to set up an iterative process to determine (u at which f equals a value Fo.

Fn =  f(u0 + (u) =  Fo + KT (u0).(u



        (2.7)

whence KT (u0).(u = Fn – Fo

    
        (2.8)

Eq. (2.8) gives us (u, and hence u1 = u0 + (u1 where suffixes denote iteration steps. As a next step we could obtain (u2, given KT(u0) and f(u1) and proceed similarly until Fn - Fi ( 0 and convergence is achieved. 

An analogy can be drawn between the above general mathematical case and the finite element matrix equation for nonlinear static analysis. The difference {Fn} - {Fi} represents the imbalance between the applied load {Fn} and the actual internal force {Fi} calculated for the i-th displacement configuration. Through such an iterative process, a configuration un at which equilibrium exists can be determined. The Newton-Raphson iteration procedure forms the backbone of a non-linear static analysis.

The matrix equation

([KT] + [KG]) ({
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is used and the process is kicked off with a prescribed load step ({P}. The incremental displacement vector thus obtained is, however, not taken to be correct for that load step. An iterative process with (P replaced by the imbalance in the external and internal loads (if any) is set up and convergence sought. This procedure is repeated for every load step until the entire load is applied.


The matrices [KT] and [KG] should ideally be modified for every iteration and at each load step. This, however, is an expensive process in terms of time consumed due to typical matrix sizes and because of the complexity of the algorithms involved. The stiffness matrices, therefore, are generally updated judiciously and this update strategy determines the solubility of the problem. Figs. 2.1(a) and 2.1(b) are graphical representations of the Newton-Raphson method and highlight the effect of matrix updates on the rate of convergence. Updating the matrix clearly reduces the number of iterations to convergence. The gain should, however, be weighed against the time spent on the updates.

Nonlinear Dynamic Analysis


As with the linear case, non-linear dynamic analysis builds on the techniques used for static analysis. The Newmark method is combined with the Newton-Raphson method for nonlinear solutions. The analysis proceeds through a time-stepping process with equilibrium established at each time-step through an iterative process. Just as non-linear static analysis uses incremental forms of the linear static analysis procedure, non-linear dynamic analysis too uses incremental forms of the Newmark procedure to step through time. At each time step, convergence is sought in order to establish the incremental displacement vector. The net displacements, velocities and accelerations are then calculated from these incremental values. Once again we defer mathematical treatment until Chapter 3.
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CHAPTER 3. MSC/NASTRAN FOR FINITE ELEMENT ANALYSIS


A wide variety of software tools exists for general purpose finite element analyses. As compared to specialty programs which concentrate on particular types of analyses, these address a wide range of engineering problem solving requirements such as statics, dynamics, non-linear behavior, thermal analysis etc. MSC/NASTRAN, marketed by the McNeal-Schwendler Corporation, contains a wide range of features including sophisticated capabilities for non-linear dynamic analysis. Owing to the level of sophistication required for the current study, MSC/NASTRAN was chosen.


MSC/NASTRAN is a general purpose finite element analysis program. It has a modular architecture and consists of modules that are collections of FORTRAN subroutines designed to perform a specific task such as processing model geometry, assembling matrices, applying restraints, solving matrices, calculating output quantities, conversing with the database, printing the solution etc. The modules are controlled by an internal language called the Direct Matrix Abstraction Program (DMAP). Each type of analysis available in MSC/NASTRAN is called a solution sequence and each solution sequence is a prepackaged collection of hundreds of thousands of DMAP commands which send instructions to the modules that are needed to perform the requested solution. 

Structure of an Input File


All information required for an analysis using MSC/NASTRAN is provided through an input text file with a .dat filename extension. The MSC/NASTRAN input file contains a complete description of the finite element model, including type of analysis to be performed, the model's geometry, a collection of finite elements, loads, constraints (boundary conditions) and requests for the type of output quantities to be calculated. The input file contains five distinct sections (three of which are required) and three one-line delimiters. Fig. 3.1 shows the structure of an MSC/NASTRAN input file.


The optional NASTRAN statement is used to modify certain optional parameters such as working memory, datablock size etc. It is used for exceptional circumstances and is not needed in most runs.


The File Management Section is also optional and is used primarily to attach or initialize MSC/NASTRAN databases and FORTRAN files. 


The Executive Control Section consists of statements whose primary function is to specify the type of analysis solution to be performed. Statements such as ID to identify the job and TIME to set maximum time limits for execution are also used in this section.
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The CEND delimiter signals the end of the Executive Control Section.


The Case Control Section contains commands that specify and control the type of analysis outputs required (eg: forces, stresses and displacements). Case control commands also manage sets of Bulk Data input, define analysis subcases and select loads and boundary conditions. 


The Bulk Data Section always follows the Case Control Section and begins with the BEGIN BULK delimiter. Bulk data entries contain everything required to describe the finite element model - geometry, coordinate systems, finite elements, element properties, loads, boundary conditions, and material properties. The ENDDATA delimiter is the last entry in the Bulk Data Section.


Appendices A through E contain sample NASTRAN input files with appropriate comments. We will be referring to the appendices extensively in subsequent chapters.


Upon successful execution of an MSC/NASTRAN job, a variety of output files are created. The analysis results are contained in a file with the same name as the input file, with a .f06 extension. Plots are generated in a file with a .plt extension. System information and error messages are sent to a .log file. Database file information and a module execution summary can be looked up in a .f04 file that is also created. In addition, database files for restarts can also be generated during an analysis.

NASTRAN for Direct Linear Transient Analysis


Direct transient response involves computing structural response by solving a set of coupled equations using direct numerical integration. The matrix equation
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is used to obtain the displacement at discrete times, typically with a fixed integration time step (t.


The iterative process in MSC/NASTRAN is set up by using a finite difference representation for the velocity and the acceleration at discrete time..
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MSC/NASTRAN also averages the applied force over three adjacent time steps. The result of applying these to eq. (3.1) and rearranging terms is

     [A1]{
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This approach is similar to the classical Newmark direct integration method except that {P(t)} is averaged over three time points and [K] is modified such that the dynamic equation of motion reduces to a static solution if  [M] or [B] does not exist. 


The transient solution is obtained by decomposing [A1] and applying it to the right hand side of the above equation. In this form, the solution behaves like a succession of static solutions with each time step performing a forward-backward substitution (FBS) on a new load vector. The transient nature of the solution is carried through by modifying the applied force matrix [A2] with the [A3] and [A4] terms. 

NASTRAN for Non-linear Dynamic Transient Analysis


MSC/NASTRAN's non-linear static analysis as applicable to this study may be considered to be a special case of non-linear transient analysis with the velocity and acceleration vectors being null throughout. Hence we directly look at the mathematical details of non-linear dynamic analysis. 


NASTRAN's non-linear transient analysis employs Newmark's method with the two-point recurrence formula for one-step integration, i.e.,
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where (t denotes the time step increment and the subscript n the time step. ( and ( are parameters that characterize the Newmark method. The equilibrium equation for the system at time step (n+1) is:
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where {F} and {Pn+1} denote the internal and external forces respectively. Eq. (3.7) is recast in an incremental iterative form for the Newton-Raphson procedure as:

M{
[image: image55.wmf]U

&

&

 n+1 i+1} + C{
[image: image56.wmf]U

&

n+1i+1} + K n+1i{(
[image: image57.wmf]U

i+1)} = {Pn+1 - Fn+1i}  

         (3.8)

for the i-th iteration.


Solving eqs. (3.5) and (3.6) for the velocity and acceleration vectors results in 
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where  {
[image: image74.wmf]U

 n+1 i+1} = {
[image: image75.wmf]U

 n+1 i} + {(
[image: image76.wmf]U

i+1} 

The governing equation for the iterative process is obtained by substituting eqs. (3.9) and (3.10) into eq. (3.8) to obtain
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where the residual load vector {Rn+1i} is given by

{Rn+1i} = { Pn+1 - Fn+1i} - 
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The tangential stiffness matrix [K n+1 i] in eq. (3.11) may be replaced with Kn (modified Newton's iteration) or a stiffness matrix evaluated at any preceding time step.


Using a value of 0.5 for ( and introducing the expression
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gives us
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Now, if ( is given the value 0.25, the acceleration term conveniently disappears to give 
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 The iteration is kicked off with initial conditions
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Several finite element analyses were performed in the course of this study. We have briefly looked at the mathematical background that helps us understand the nature of the computations involved. We now proceed directly to applying these principles for the problem at hand.

CHAPTER 4. POWER LINE SYSTEM – PRELIMINARIES


The study of power line systems using the finite element method begins with selecting a representative structure. Modeling requires a clear understanding of physical properties and constraints and representing these appropriately. A preliminary free vibration analysis is performed to compute natural frequency values.


A typical power line consists of conductor cables strung over support structures that are usually made from either wood or steel. Cables are typically one to two inches in diameter and consist of conducting strands wrapped in layers over a steel stranded core. The cables are suspended from the support towers using insulators which serve the function of electrically isolating the cables from the tower structure. Towers are typically evenly spaced except for locational reasons that make an even spacing infeasible. Cables are installed with an initial sag which is normally described in terms of the sag to span ratio.

Finite Element Model


Cable spans with a distance of 200 m between towers were chosen for analysis. Results in theoretical studies are strongly dependent on the nature of boundary conditions. By choosing a large enough number of spans and confining all studies to the two central spans, the effect of end conditions can be sufficiently diluted. Six spans were therefore considered for modeling. Fig. 4.1 is a schematic representation of the basic finite element model. Appendix A lists the NASTRAN input data file for the descriptions in the rest of this chapter. Some of the critical input card numbers in the data file have also been labeled in Fig. 4.1.




Cable spans


The six cable spans were modeled as six parabolic curves with an initial central sag of 2m (1% of span). A 1% initial sag to span ratio increases to 3% when gravitational load is applied. Each cable was modeled as an assemblage of NASTRAN beam elements. Ten beam elements were pieced together for each of the spans. The GRID input cards in the data file in appendix A define nodal points in the finite element model. Grid points 1 through 61 are nodal points on the six cable spans. These points were connected using beam elements as defined in the CBEAM entries numbered 201 through 260. Except for grid points 1 and 61 (which were completely constrained) degrees of freedom of all span nodes were restricted to the plane of the cables (the XY plane). The physical properties of the beam elements were defined using a PBEAM card (numbered 401) which was referenced from the CBEAM cards corresponding to the spans. The cable elements were given a 1" cross-sectional diameter and corresponding physical properties. A MAT1 entry (no. 501) referenced from the PBEAM entry, was used to define the properties of the material of the cable. Values of 5.147x1010 N/m2 for the elastic modulus and 13,110 kg/m3 for the density (four times the regular span weight to account for ice accumulation) were chosen. 

Insulators


Insulators were modeled at the five central suspension points represented by grid points 11, 21, 31, 41 and 51. Grid points 101 through 105 were defined at a distance of 2m from the suspension points and connected to them using CBEAM elements 275 through 279 (the insulators). Like the cable elements, the insulators' nodal degrees of freedom were restricted to the XY plane. In order to simulate pinned-pinned beams for the insulators, the rotational degrees of freedom of the ends of the insulators were disconnected from the corresponding grid points. A cross-sectional diameter of 5" and corresponding physical properties were assigned through a PBEAM entry numbered 402. A MAT1 entry numbered 502 was used to provide a value of 2175 kg/m3 for the density and 5.0x1010 for the elastic modulus of the insulators. 

Towers


Towers, from which insulators are suspended, were modeled as a combination of two springs, one in the horizontal direction and one in the vertical direction. Theodoro and McConnell [1] provided equivalent spring constant values for these springs. Non-linear dynamic analysis breaks down when high stiffness elements exist in the model. The vertical stiffness of the towers has a high enough value that it may be approximated as a rigid connection. However, it is necessary to use a spring element to obtain an output plot of force as a function of time. As a result, just one vertical spring (the central tower) was retained.  This lone tower was modeled using a CELAS2 entry numbered 353. The vertical degrees of freedom corresponding toe the other towers were constrained in the GRID entries 101, 102, 104 and 105. The horizontal springs were retained for all towers and modeled as CELAS2 elements 361 through 365 with a stiffness of 22,000 N/m. 

Free Vibration Analysis


The model in Fig. 4.1 was used for a free vibration analysis. The analysis was specified through an EIGRL input card (no. 901) with a request for frequencies under 0.5 Hz. The basic model is just a geometric description of the spans, insulators and towers. It is therefore necessary to incorporate the effect of stiffening due to gravity. Gravitational loading was incorporated by providing the value and direction of acceleration due to gravity through a GRAV input card (no. 601). Solution 106 (SOL 106) for non-linear static analysis was used to gravitationally stiffen the model and this was followed by a free vibration analysis of the stiffened model (the EIGRL card automatically ensures this). The NLPARM parameter entry (no. 801) controls the non-linear static analysis for gravitational stiffening. The gravitational loading was applied over 100 increments. The AUTO option which automatically activates reevaluation of stiffness matrices based on convergence rates was picked. A subcase was defined in the case control section for the gravitational loading phase.

Results


The fundamental natural frequency of the 6-span system is of primary interest to us. It is the first mode that is predominantly active in the field. A value of 0.235 Hz was obtained for the first mode of span oscillation. A diagrammatic output of mode shapes obtained through the OUTPUT(PLOT) case control card confirmed the mode shapes corresponding to 0.235 Hz. 
 

CHAPTER 5. SIMPLE SPRING-MASS-DAMPER MODEL


Theodoro and McConnell [1] proposed the use of an energy absorber to limit the maximum loads acting on tower structures during ice storms and galloping conditions. The objective of the current study is to provide a theoretical basis for designing such absorbers, based on finite element simulations. Such simulations require that we incorporate energy absorbers in the finite element model that emerged in Chapter 4 and perform a series of analyses by varying absorber parameters. These transient (non-linear) analyses on a model that contains about 200 degrees of freedom would be extremely involved and make huge demands on resources and time. In order to be able to obtain general results, it becomes necessary to use a simpler model approximating the real system. This chapter describes the development of and studies on a simple spring-mass-damper model of the power line system. 

Finite Element Model


Fig. 5.1 is a schematic representation of the simplified finite element model. As with Fig. 4.1, Fig. 5.1 is labeled with grid point and element numbers. Two kinds of analyses were performed on this model - free vibration analyses and dynamic analyses. Appendices B and C are listings of sample data files for these two types respectively and we refer to these two appendices in this chapter. 


In developing the simple model the focus was first narrowed down to a single tower. The vertical tower spring (CELAS2 no. 201, Kt in Fig. 5.1) was retained to facilitate NASTRAN output plots of structural reaction. The horizontal stiffness was eliminated because all subsequent analyses were restricted to the vertical direction. Grid points 1 through 4 were defined and restricted to motion in the Y-direction. The insulator was retained as a beam element (CBEAM no. 204) connecting grid points 2 and 3. The cable spans connecting to the insulator were replaced with a spring (CELAS2 no. 205) connecting grid points 3 and 4 and a mass (CMASS2 no. 207) at grid point 4. The value of the mass (Ms in Fig. 5.1) was set to approximately two-thirds the mass of a span, i.e. 875 Kg. The stiffness of the spring (Ks in Fig. 5.1) was set such that the natural frequency of the simple model was 0.235 Hz, i.e. the same as the fundamental frequency of the spans. This value worked out to 1900 N/m.


An energy absorber may be modeled as a combination of a spring and a damper in parallel and mounted between the tower and the insulator. CELAS2 no. 202 and CDAMP2 no. 203 (Ka and Ca respectively in Fig. 5.1) connect grid points 1 and 2 in parallel and represent the absorber. In addition, a small damper Cs (CDAMP2 no. 206) of 50 Ns/m was inserted in parallel with Ks to incorporate structural damping of about 2% of the critical value. Appendix B is the data file used for free vibration analyses later and so does not include Ca and Cs. 



Details of Analyses


The efficacy of an absorber is determined by its ability to damp out the effect of an applied forcing on the supporting structure, i.e. the towers holding the cables. In order to study this aspect, periodic loads were applied on the mass (Ms) and the force in the vertical tower spring (Kt) plotted as a function of time. The performance of an absorber depends strongly on the values of Ka and Ca. A wide range of values of absorber stiffness and damping was used. 

Free vibration analyses


It was decided to apply periodic loads to the mass Ms at the fundamental frequency of vibration of the simple model. Introducing an absorber spring (Ka) changes the fundamental frequency of the system from the 0.235 Hz value that was obtained for the spans. A value of 60,000 N/m was first picked for Ka based on back-of-the-envelope calculations by limiting the absorber to a 0.5m deflection at the point of cable failure. Five other values of Ka, i.e. 50,000 N/m down to 10,000 N/m, were picked at equal intervals. An input file similar to appendix B was used for each case with the values of Ka set to the appropriate value and a free vibration analysis performed. 


The simple model consists largely of linear elements, the only exception being the insulator beam. In order to be consistent with Chapter 4 and with subsequent analyses gravitational pre-stressing was applied through the GRAV card. Such a stiffening has no effect whatsoever on the computed frequency and only serves to reflect reality. Frequencies under 10 Hz were requested using the EIGRL card.

Transient analyses


Armed with six natural frequencies for six different values of Ka, input files similar to the listing in appendix C were created for each of a wide range of damper (Ca) values for each of the six values of Ka. Over a 100 input files were created. The listing in appendix C clearly differs from that in appendix B in the specification of loading and of the details of the analysis. It should also be noted that the kind of analysis is specified as SOL 129, i.e. a non-linear dynamic analysis. Once again it should be mentioned that the simple model has no non-linearity in it except for the CBEAM element (the insulator) and the reason for using SOL 129 is to be consistent with subsequent analyses.  


A complex loading history was defined for the model. The loading consists of a gravitational preload (for reasons of consistency) set to increase from zero to its full value over 10 s along with a transient load on mass Ms defined by 




F(t) = A(1-e-0.2(t-50))sin(((t-50)) for 50 <= t <= 550

This is essentially a sinusoidal load that increases from a zero amplitude to an amplitude of A, exponentially with a time constant of 5 s. Thus, a gravitational loading was applied over the first 10 s and held for another 540 s and the transient load as defined by F(t) was applied in parallel from the 50th to the 550th second. The frequency of the loading (() was set to the natural frequency value calculated previously.


The above load pattern was achieved using the GRAV, FORCE, LSEQ, TLOAD1, TABLED1, TLOAD2 and DLOAD bulk data cards in appendix C. The GRAV and FORCE entries define the static components of the loading for the gravitational and sinusoidal loads respectively. The TLOADi and TABLEDi cards define the dynamic components. The LSEQ entries combine the two to define the net loading. The DLOAD entry actually puts together the transient components involved and applies the combined load through the DLOAD case control card. 


At first Ca was set to zero and a few different values for A were tried. A value corresponding to an 8 m peak-to-peak deflection at Ms was picked for each of the six values of Ka. The structural damping (Cs) keeps the oscillations in check. These analyses represent the equivalent of power lines under the influence of natural loads with no absorbers to protect them. For each value of Ka, the value of Ca was varied over a wide range and the loading previously described was applied with A set to the value just computed, in each case. The reaction at the tower and the displacement at the mass were plotted as functions of time. 


The accuracy and stability of the incremental and iterative non-linear transient process were controlled through parameters set using the TSTEPNL bulk data cards. TSTEPNL no. 901 controls the process for the first 50 s while TSTEPNL no. 906 controls the remainder of the analysis. Two subcases were defined in the case control section corresponding to this division. The ADAPT option which automatically adjusts the incremental time and activates a bisection algorithm in case of divergence was picked. 

Results and Conclusions


Figs. 5.2 and 5.3 show a sample force plot at the tower spring and a plot of deflection at the mass Ms respectively with Ca set to zero. Figs. 5.4 and 5.5 show the results for the same set of values with a non-zero Ca. These plots correspond to a value of 20,000 N/m for Ka. The loading described previously is clearly reflected in all four plots. The first 50 s correspond to gravitational loading applied slowly. The sinusoidal load then takes over and increases gradually (to avoid transients) to its maximum value. A steady state response is finally reached. It is noteworthy that while the loading has an amplitude (in this case) of 265 N, the response at the tower has an amplitude of over 7000 N, a clear indication of the effect of dynamic loads. The 8 m peak-to-peak response can be seen in Fig. 5.3. A reduction in structural reactions and deflections at Ms with the introduction of damping Ca is clearly visible when we compare Figs. 5.2 and 5.3 with Figs. 5.4 and 5.5.


Fig. 5.6 summarizes the results of over a hundred analyses in a plot of the ratio of tower spring force amplitudes for different values of Ca to that at Ca = 0 versus the values of Ca. The six curves correspond to the six different values of Ka mentioned previously. Two primary conclusions can be drawn from Fig. 5.6. Firstly, lower values of Ka are necessary for significant reductions in the amplitude of force in the tower to occur. For Ka = 60,000 N/m, the reductions are small compared to those for Ka = 20,000 N/m or Ka = 10,000 N/m. Secondly, the higher the value of Ca, the greater the reductions. Even extremely high values (not graphed) of up to 25,000 Ns/m were tried and found to cause even greater reductions. 


The first conclusion agrees with intuition. Lower values of Ka allow enough motion in the damper to cause it to absorb a good share of the energy being pumped in. As for the second conclusion, it is known from practical experience that dampers with higher damping values tend to lock up and hence cease to be effective. This locking effect, however, is a practical issue and has nothing to do with the mathematical notion of a viscous damper that the finite element method uses. Hence in a practical situation it is conceivable that the curves in Fig. 5.6 start to climb again at very high values of Ca. 


As with any theoretical study, there exist practical limitations to applying analytical results. Small values of Ka would result in large deflections in the absorber and there are limits to how large a deflection is allowable. Very large values of Ca would not be practically realizable due to the locking effect and due to considerations of fluid viscosities and absorber sizes. It is therefore clear that the design of an absorber would involve a narrow range in terms of stiffness and damping constant values if a simple springs and damper were used. In order to use the wide range of possible stiffness values (especially lower values), the use of a preloaded spring is necessary. Such an absorber would be active only when forces are high enough to cause structural damage and would operate in a small window of high loads.
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CHAPTER 6. PRELOADED SPRING-MASS-DAMPER MODEL


From the observations made in Chapter 5, it was concluded that realizing a practical absorber requires that the absorber be preloaded. Preloading a spring involves compressing it initially so that the coils close tightly under the effect of the preload. Activating the spring requires that the compressive preload be countered and canceled out. Fig. 6.1(a) is a force-displacement characteristic of an ideal preloaded spring. The spring does not respond at all until a high enough load (equal to the preload) is applied. Mathematically, this corresponds to a spring with two different stiffnesses (slopes) - an infinite initial stiffness until the preload is countered and a finite stiffness after. 


Analyzing a model with a preloaded absorber introduces an additional parameter, namely the preload involved. It would be an extremely involved exercise to run analyses for the six values of Ka and for each of the values of Ca used to generate Fig. 4.7, for different values of the preload. Finite element studies on our simple model with a preloaded spring-damper absorber are therefore limited to studying the effect of preload with one particular set of absorber parameter values. This chapter discusses the details of these finite element analyses with specific reference to new issues that we did not run into in Chapter 5.

Finite Element Model


Appendix D is a sample input data file for our spring-mass-damper system with a preloaded absorber. The only physical difference between the models in appendices C and D is that the CELAS2 element numbered 202 in appendix C is replaced with a CGAP element numbered 202 in appendix D. The CGAP element is essentially a spring that takes two different values of stiffness based on whether it is in compression or in tension. By appropriately preloading the spring (in our load history) it is possible to obtain the characteristic in Fig. 6.1(b). Fig. 6.1(b) differs from Fig. 6.1(a) in that the highly ideal infinite initial stiffness is replaced with a very high initial stiffness, resulting in a characteristic plot containing a stiffness (slope) change from a high (but finite) values to a lower value, once the preload is countered. The CGAP entry references the PGAP card (no. 403) which specifies these two stiffness values. For this study a value of 20,000 N/m was chosen for Ka and hence the two stiffnesses chosen were 2.0x106 N/m and 20,000 N/m. We note that 2.0x106 N/m is 100 times larger than 20,000. 

Details of Analyses


In all the analyses in Chapter 5, the loading was applied at the natural frequency of the system. In a preloaded system, however, the stiffness of the absorber takes one of two different values at different points in time. Hence the natural frequency of the system also takes on two different values and so loading the system at a single frequency would be an incorrect measure of 



system response. Specifically, a zero preload corresponds to a damper that is always active and a very high preload corresponds to a completely inactive damper. These two extremes clearly represent two different natural frequencies. The loading for this part of the study was therefore defined as a combination of two sinusoidal loads at different frequencies. The nature of the loading was not changed. The two frequencies used were 0.224 Hz and 0.235 Hz corresponding respectively to the presence and absence of the absorber. While this loading does not model a real life situation, it serves the mathematical purpose of exciting the system at the two natural frequencies.


The load history for the preloaded system underwent some changes in comparison with the analyses in Chapter 5. The loading corresponding to preloading the spring was defined after the initial gravitational pre-stressing phase. As with the gravitational loading, preloading was achieved by tying static FORCE entries (no. 602) at grid points 1 and 2 to a transient TLOAD1 entry (no. 703). The preload was applied over 20 s beginning at the 20th second and retained throughout the analysis. The transient loading consisting of two different sinusoidal loads over 500 s was defined as in Chapter 5. The specification of the analysis was broken up into three parts through three subcases corresponding to the gravitational loading, the preloading loading and the sinusoidal loading. 


With Ka set at 20,000 N/m, a value of 2000 Ns/m was picked for Ca, corresponding approximately to the critical damping of the system. We note that under the effect of gravity the tower spring experiences a force of about 8575 N. The preload was therefore varied from 0 N to 18,000 N at intervals of 1000 N. The load amplitude of 200 N was computed by running a few analyses with the preload and Ca set to zero and trying different load levels until a peak-to-peak deflection of 8 m was obtained at mass Ms. The damped system was then loaded at this load level for each value of preload and plots of tower reaction and displacement at Ms as functions of time were generated.

Results and Conclusions


Figs. 6.2 and 6.3 are force and displacement plots for the system with Ca set to zero. Figs. 6.4 and 6.5 are the corresponding plots with the preload set at 6000 N. Since the loading is a  combination of loads at two different frequencies, the plots look different from those in Chapter 5. The gravitational pre-stressing is quite evident in all the plots. The effect of preload is visible in Fig. 6.5 as a displacement of the mass from the 20th second to the 40th second. A comparison of Figs. 6.2 and 6.3 with Figs. 6.4 and 6.5 clearly shows a decrease in tower reaction and displacement amplitudes due to the action of the absorber. 


Fig. 6.6 is a plot of the ratio of maximum tower reaction amplitude for the system with the absorber to that for the system without the absorber as a function of preload. The value of 0,809 corresponding to a preload value of 0 N agrees closely with the equivalent value in Chapter 5. As the preload increases, this value increases to a value of about 1.0 indicating that the effect the damper slowly decreases and the damper finally becomes completely ineffective. We note that a preload close to or greater than the static gravitational load is highly undesirable. Smaller preloads up to 75% of gravitational load on the tower perform satisfactorily.


Once again it is possible to reason about these observations from intuition. The weight of the mass Ms counters the preload that we apply to the absorber. When the preload is small, the 8575 N load due to gravity causes the absorber to be fully operational and most or all of the external loading experiences the effect of the damper. For values of preload well over 8575 N, the damper remains completely unoperational even when the external load is applied and so no damping occurs. For preloads around 8575 N, the absorber operates or not depending on the external load applied.













CHAPTER 7. FINITE ELEMENT ANALYSIS OF POWER LINE SYSTEM


In Chapter 5 we discussed the results of finite element studies on a simple model of a sample power line system with an energy absorber. We obtained a good feel for the range of suitable values for absorber parameters and for practical limitations involved in designing such absorbers. The logical next step is to study the effect of installing absorbers on the original 6-span system, keeping in mind the results obtained with the simple model. 

Finite Element Model


Fig. 7.1 is a schematic representation of the finite element model used in this part of the study. Fig. 7.1 should be compared with Fig. 4.1 for similarities and differences. Appendix E lists the data file used for the analysis in this chapter. Quite naturally, there are striking similarities to appendix A.


The only additions made to the physical model in Fig. 4.1 for this analysis were the five spring-damper absorbers between the insulators and the tower springs. Adding the absorbers involved adding five grid points and connecting them to the insulators through CELAS2 (nos. 301 through 305) and CDAMP2 (nos. 311 through 315) elements in parallel. Owing to the complexity involved, CGAP elements (preloaded springs) were not used. A value of 20,000 N/m was used for the stiffness of the absorber springs and 2000 Ns/m was used for the damping constants (as in Chapter 6).

Dynamic Analysis


A distributed sinusoidal load with an amplitude of 10 N/m and a frequency of 0.224 Hz was defined. The distributed load was defined using PLOAD1 entries (nos. 603 through 608) and the transient component was defined as before using TLOAD2 entries. Gravitational pre-stressing over the first 10 s of the analysis was included as before and the dynamic load was applied for 500 s beginning with the 50th second. 


Two non-linear dynamic analyses were performed on this model using the SOL 129 executive control card. For the first analysis, the damping constants were set to 0 Ns/m and for the second they were set to 2000 Ns/m. In addition to the 2% structural damping included through the MAT1 entry (see appendix A; value of 0.04) some numerical damping was introduced for stability though the "PARAM, NDAMP, 0.025" entry. Plots of tower reactions at the central tower and displacements at the centers of the two central spans as functions of time were obtained. 

Results and Conclusions


Figs. 7.2 and 7.3 are force and displacement plots respectively for the undamped system. The two displacement plots were identical and so only one of them is included here. Figs. 7.4 and 7.5 are the corresponding plots for the damped system. The plots appear inverted when compared with those in earlier chapters. This is the result of the fact that the 6-span model is actually inverted geometrically and has no bearing whatsoever on the analysis.


A comparison of Figs. 7.2 and 7.3 with Figs. 7.4 and 7.5 shows a huge reduction in forces and displacements with the introduction of the dampers. While it is inviting to give the dampers all the credit for this 61.8% reduction in tower reaction, we should caution that there are other factors that should be considered. There is a lot of unpredictability involved in non-linear dynamic analyses and this is quite apparent in the inexplicable shapes of the output plots. Specifically, the numerical damping introduced for stability could result in some unpredictability. One conclusion, however, remains. The introduction of absorbers clearly causes a reduction in structural forces, and though numerical results from Figs. 7.2 through 7.5 may need closer scrutiny, these figures may be looked upon as proof of a principle. 

 










CHAPTER 8. CONCLUSIONS AND FUTURE WORK


This study clearly demonstrates the ability of energy absorbers to protect power line structures from galloping loads. Designing an absorber requires the use of soft absorber springs and high damping constants close to the critical damping for the system. The use of soft springs results in large displacements that are not preferable. Preloading is suggested as an alternative to building voluminous absorbers. Very high preloads close to or greater than the gravitational load on tower structures, however, result in insufficient absorber activity. Preloads under 75% of the static load of iced cables are recommended.


Non-linear dynamic analyses on a complete cable system suffer form the uncertainties involved in the analysis procedure. While such analyses provide insights into comparisons of system behavior under different conditions, interpreting the numerical results of these finite element analyses requires more work. We recommend this as a future area of research.

 APPENDIX A. DATA FILE - FREE VIBRATION ANALYSIS: SIX SPANS

$Frequency analysis of a 6-span cable system

$Gravitationally pre-stressed

SOL 106

TIME 30

CEND

$******************************************************

SUBCASE 1

   SUBTITLE=GRAVITATIONAL LOADING

   LOAD=601

   NLPARM=801

   METHOD=901

   DISPLACEMENT=ALL

$******************************************************

$

OUTPUT(PLOT)

AXES Z, X, MY

VIEW 0., 0., 0.

SET 1200=ALL

FIND SCALE, ORIGIN 1100, SET 1200

PLOT MODAL DEFORMATION 0 PEN 3

$******************************************************

BEGIN BULK

$

$-----------CONVENTIONS-FOR-NUMBERING------------------

$

$Grid Point numbers             
-    1 to 200

$Element numbers                
- 201 to 400

$Property numbers               
- 401 to 500

$Material numbers               
- 501 to 600

$Loading numbers                
- 601 to 700

$Enforced Constraint numbers 
- 701 to 800

$Parameter numbers              
- 801 to 900

$Analysis specification numbers
- 901 to 1000

$

$-----------GEOMETRY-AND-CONNECTIVITY------------------

$

$ SPAN 1

GRID,1,,0.0,0.,0.,,123456

GRID,2,,20.0,0.72,0.,,345

GRID,3,,40.0,1.28,0.,,345

GRID,4,,60.0,1.68,0.,,345

GRID,5,,80.0,1.92,0.,,345

GRID,6,,100.0,2.00,0.,,345

GRID,7,,120.0,1.92,0.,,345

GRID,8,,140.0,1.68,0.,,345

GRID,9,,160.0,1.28,0.,,345

GRID,10,,180.0,0.72,0.,,345

GRID,11,,200.0,0.00,0.,,345

$ SPAN 2

$GRID,11,,200.0,0.,0.,,345

GRID,12,,220.0,0.72,0.,,345

GRID,13,,240.0,1.28,0.,,345

GRID,14,,260.0,1.68,0.,,345

GRID,15,,280.0,1.92,0.,,345

GRID,16,,300.0,2.00,0.,,345

GRID,17,,320.0,1.92,0.,,345

GRID,18,,340.0,1.68,0.,,345

GRID,19,,360.0,1.28,0.,,345

GRID,20,,380.0,0.72,0.,,345

GRID,21,,400.0,0.00,0.,,345

$ SPAN 3

$GRID,21,,400.0,0.,0.,,345

GRID,22,,420.0,0.72,0.,,345

GRID,23,,440.0,1.28,0.,,345

GRID,24,,460.0,1.68,0.,,345

GRID,25,,480.0,1.92,0.,,345

GRID,26,,500.0,2.00,0.,,345

GRID,27,,520.0,1.92,0.,,345

GRID,28,,540.0,1.68,0.,,345

GRID,29,,560.0,1.28,0.,,345

GRID,30,,580.0,0.72,0.,,345

GRID,31,,600.0,0.00,0.,,345

$ SPAN 4

$GRID,31,,600.0,0.,0.,,345

GRID,32,,620.0,0.72,0.,,345

GRID,33,,640.0,1.28,0.,,345

GRID,34,,660.0,1.68,0.,,345

GRID,35,,680.0,1.92,0.,,345

GRID,36,,700.0,2.00,0.,,345

GRID,37,,720.0,1.92,0.,,345

GRID,38,,740.0,1.68,0.,,345

GRID,39,,760.0,1.28,0.,,345

GRID,40,,780.0,0.72,0.,,345

GRID,41,,800.0,0.00,0.,,345

$ SPAN 5

$GRID,41,,800.0,0.,0.,,345

GRID,42,,820.0,0.72,0.,,345

GRID,43,,840.0,1.28,0.,,345

GRID,44,,860.0,1.68,0.,,345

GRID,45,,880.0,1.92,0.,,345

GRID,46,,900.0,2.00,0.,,345

GRID,47,,920.0,1.92,0.,,345

GRID,48,,940.0,1.68,0.,,345

GRID,49,,960.0,1.28,0.,,345

GRID,50,,980.0,0.72,0.,,345

GRID,51,,1000.0,0.00,0.,,345

$ SPAN 6

$GRID,51,,1000.0,0.,0.,,345

GRID,52,,1020.0,0.72,0.,,345

GRID,53,,1040.0,1.28,0.,,345

GRID,54,,1060.0,1.68,0.,,345

GRID,55,,1080.0,1.92,0.,,345

GRID,56,,1100.0,2.00,0.,,345

GRID,57,,1120.0,1.92,0.,,345

GRID,58,,1140.0,1.68,0.,,345

GRID,59,,1160.0,1.28,0.,,345

GRID,60,,1180.0,0.72,0.,,345

GRID,61,,1200.0,0.00,0.,,123456

$

GRID,101,,200.0,-2.,0.,,23456

GRID,102,,400.0,-2.,0.,,23456

GRID,103,,600.0,-2.,0.,,3456

GRID,104,,800.0,-2.,0.,,23456

GRID,105,,1000.0,-2.,0.,,23456

$

$ SPAN 1

CBEAM,201,401,1,2,1.,1.,0.

CBEAM,202,401,2,3,1.,1.,0.

CBEAM,203,401,3,4,1.,1.,0.

CBEAM,204,401,4,5,1.,1.,0.

CBEAM,205,401,5,6,1.,1.,0.

CBEAM,206,401,6,7,1.,1.,0.

CBEAM,207,401,7,8,1.,1.,0.

CBEAM,208,401,8,9,1.,1.,0.

CBEAM,209,401,9,10,1.,1.,0.

CBEAM,210,401,10,11,1.,1.,0.

$ SPAN 2

CBEAM,211,401,11,12,1.,1.,0.

CBEAM,212,401,12,13,1.,1.,0.

CBEAM,213,401,13,14,1.,1.,0.

CBEAM,214,401,14,15,1.,1.,0.

CBEAM,215,401,15,16,1.,1.,0.

CBEAM,216,401,16,17,1.,1.,0.

CBEAM,217,401,17,18,1.,1.,0.

CBEAM,218,401,18,19,1.,1.,0.

CBEAM,219,401,19,20,1.,1.,0.

CBEAM,220,401,20,21,1.,1.,0.

$ SPAN 3

CBEAM,221,401,21,22,1.,1.,0.

CBEAM,222,401,22,23,1.,1.,0.

CBEAM,223,401,23,24,1.,1.,0.

CBEAM,224,401,24,25,1.,1.,0.

CBEAM,225,401,25,26,1.,1.,0.

CBEAM,226,401,26,27,1.,1.,0.

CBEAM,227,401,27,28,1.,1.,0.

CBEAM,228,401,28,29,1.,1.,0.

CBEAM,229,401,29,30,1.,1.,0.

CBEAM,230,401,30,31,1.,1.,0.

$ SPAN 4

CBEAM,231,401,31,32,1.,1.,0.

CBEAM,232,401,32,33,1.,1.,0.

CBEAM,233,401,33,34,1.,1.,0.

CBEAM,234,401,34,35,1.,1.,0.

CBEAM,235,401,35,36,1.,1.,0.

CBEAM,236,401,36,37,1.,1.,0.

CBEAM,237,401,37,38,1.,1.,0.

CBEAM,238,401,38,39,1.,1.,0.

CBEAM,239,401,39,40,1.,1.,0.

CBEAM,240,401,40,41,1.,1.,0.

$ SPAN 5

CBEAM,241,401,41,42,1.,1.,0.

CBEAM,242,401,42,43,1.,1.,0.

CBEAM,243,401,43,44,1.,1.,0.

CBEAM,244,401,44,45,1.,1.,0.

CBEAM,245,401,45,46,1.,1.,0.

CBEAM,246,401,46,47,1.,1.,0.

CBEAM,247,401,47,48,1.,1.,0.

CBEAM,248,401,48,49,1.,1.,0.

CBEAM,249,401,49,50,1.,1.,0.

CBEAM,250,401,50,51,1.,1.,0.

$ SPAN 6

CBEAM,251,401,51,52,1.,1.,0.

CBEAM,252,401,52,53,1.,1.,0.

CBEAM,253,401,53,54,1.,1.,0.

CBEAM,254,401,54,55,1.,1.,0.

CBEAM,255,401,55,56,1.,1.,0.

CBEAM,256,401,56,57,1.,1.,0.

CBEAM,257,401,57,58,1.,1.,0.

CBEAM,258,401,58,59,1.,1.,0.

CBEAM,259,401,59,60,1.,1.,0.

CBEAM,260,401,60,61,1.,1.,0.

$

$

CBEAM,275,402,101,11,1.,1.,0.,,+CB6

+CB6,6,6

CBEAM,276,402,102,21,1.,1.,0.,,+CB7

+CB7,6,6

CBEAM,277,402,103,31,1.,1.,0.,,+CB8

+CB8,6,6

CBEAM,278,402,104,41,1.,1.,0.,,+CB9

+CB9,6,6

CBEAM,279,402,105,51,1.,1.,0.,,+CB10

+CB10,6,6

$

$Lone tower

CELAS2,353,2.0+5,,,103,2

$

$Horizontal tower stiffnesses

CELAS2,361,2.2+4,,,101,1

CELAS2,362,2.2+4,,,102,1

CELAS2,363,2.2+4,,,103,1

CELAS2,364,2.2+4,,,104,1

CELAS2,365,2.2+4,,,105,1

$

$-----------PROPERTIES---------------------------------

$

$ CONDUCTOR PROPERTIES AND MATERIAL

PBEAM,401,501,4.966-4,1.96-8,1.96-8,,,,+PB1

+PB1,,,,,,,,,+PB1

+PB1,YES,1.0,4.966-4,1.96-8,1.96-8,,,,+PB1

+PB1,,,,,,,,,+PB1

+PB1,0.,0.,0.,0.

MAT1,501,5.147+10,,,13.110+3,,,0.04

$

$ INSULATOR PROPERTIES AND MATERIAL

PBEAM,402,502,1.267-2,1.277-5,1.277-5,,,,+PB2

+PB2,,,,,,,,,+PB2

+PB2,YES,1.0,1.267-2,1.277-5,1.277-5,,,,+PB2

+PB2,,,,,,,,,+PB2

+PB2,0.,0.,0.,0.

MAT1,502,5.0+10,,,2.175+3,,,0.04

$

$-----------LOADING------------------------------------

$

GRAV,601,,9.8,0.,1.,0.

$

$-----------PARAMETERS----------------------------------

$

NLPARM,801,100,,AUTO,2,100,P,NO,+NP1

+NP1,,0.05,,5,,5,,,+NP1

+NP1,9

PARAM,LGDISP,2

PARAM,DBDROPT,0

PARAM,NMLOOP,101

$

$-----------ANALYSIS-SPECIFICATION----------------------

$

EIGRL,901,0.,0.5

$

ENDDATA

APPENDIX B. DATA FILE - FREE VIBRATION ANALYSIS: SIMPLE MODEL

$Frequency analysis of simple model

$Gravitationally pre-stressed

$Absorber spring stiffness = 20,000 N/m

SOL 106

TIME 30

CEND

$******************************************************

SUBCASE 1

   SUBTITLE=GRAVITATIONAL LOADING

   LOAD=601

   NLPARM=801

   METHOD=901

   DISPLACEMENT=ALL

$******************************************************

$

OUTPUT(PLOT)

AXES Z, X, MY

VIEW 0., 0., 0.

SET 1200=ALL

FIND SCALE, ORIGIN 1100, SET 1200

PLOT MODAL DEFORMATION 0 PEN 3

$******************************************************

BEGIN BULK

$

$-----------CONVENTIONS-FOR-NUMBERING------------------

$

$Grid Point numbers             
-    1 to 200

$Element numbers                
- 201 to 400

$Property numbers               
- 401 to 500

$Material numbers               
- 501 to 600

$Loading numbers                
- 601 to 700

$Enforced Constraint numbers  
- 701 to 800

$Parameter numbers              
- 801 to 900

$Analysis specification numbers
- 901 to 1000

$

$-----------GEOMETRY-AND-CONNECTIVITY------------------

$

GRID,1,,0.,0.0,0.,,13456

GRID,2,,0.,-1.0,0.,,13456

GRID,3,,0.,-3.0,0.,,13456

GRID,4,,0.,-4.0,0.,,13456

$

CELAS2,201,2.0+5,,,1,2

CELAS2,202,20000.,1,2,2,2

CBEAM,204,401,2,3,1.,-1.,0.

CELAS2,205,1900.0,3,2,4,2

CMASS2,207,875.0,,,4,2

$

$-----------PROPERTIES---------------------------------

$

$ INSULATOR PROPERTIES AND MATERIAL

PBEAM,401,501,1.267-2,1.277-5,1.277-5,,,,+PB2

+PB2,,,,,,,,,+PB2

+PB2,YES,1.0,1.267-2,1.277-5,1.277-5,,,,+PB2

+PB2,,,,,,,,,+PB2

+PB2,0.,0.,0.,0.

MAT1,501,5.0+10,,,2.175+3,,,0.04

$

$-----------LOADING------------------------------------

$

GRAV,601,,9.8,0.,1.,0.

$

$-----------PARAMETERS----------------------------------

$

NLPARM,801,10,,AUTO,2,100,P,NO,+NP1

+NP1,,0.05,,5,,5,,,+NP1

+NP1,9

PARAM,LGDISP,2

PARAM,DBDROPT,0

PARAM,NMLOOP,10

$

$-----------ANALYSIS-SPECIFICATION----------------------

$

EIGRL,901,0.,10.0

$

ENDDATA

APPENDIX C. DATA FILE - TRANSIENT ANALYSIS: SIMPLE MODEL

$Transient analysis of simple model

$Load amplitude = 265 N

$About 2% structural damping

$Tower spring stiffness = 20,000 N/m  

$Load frequency = 0.224 Hz

$Damper value = 2000 Ns/m

SOL 129

TIME 30

CEND

$******************************************************

$

OTIME=ALL

SUBCASE 1

  SUBTITLE=Gravitational loading

  PARAM,TSTATIC,1

  LOADSET=675

  DLOAD=799

  TSTEPNL=901

$

SUBCASE 2

  SUBTITLE=Periodic at frequency

  PARAM,TSTATIC,-1

  LOADSET=675

  DLOAD=799

  TSTEPNL=906

$******************************************************

$

OUTPUT(XYPLOT)

XPAPER      = 22.0

YPAPER      = 25.0

XAXIS       = YES

YAXIS       = YES

XGRID LINES = YES

YGRID LINES = YES

LOWER TICS  = 1

UPPER TICS  = 0

LEFT TICS   = 1

RIGHT TICS  = 0

XTITLE = Time (s)

$

$Plot forces in tower

YTITLE = FORCE (N)

XYPLOT ELFORCE /201(2)

$

$Plot displacement at mass

YTITLE = Disp(m)

XYPLOT DISP /4(T2)

$

$******************************************************

BEGIN BULK

$

$-----------CONVENTIONS-FOR-NUMBERING------------------

$

$Grid Point numbers             
-    1 to 200

$Element numbers                
- 201 to 400

$Property numbers               
- 401 to 500

$Material numbers               
- 501 to 600

$Loading numbers                
- 601 to 800

$Enforced Constraint numbers  
- 801 to 850

$Parameter numbers              
- 851 to 900

$Analysis specification numbers
- 901 to 1000

$

$-----------GEOMETRY-AND-CONNECTIVITY------------------

$

GRID,1,,0.,0.0,0.,,13456

GRID,2,,0.,-1.0,0.,,13456

GRID,3,,0.,-3.0,0.,,13456

GRID,4,,0.,-4.0,0.,,13456

$

CELAS2,201,2.0+5,,,1,2

CELAS2,202,20000.,1,2,2,2

CDAMP2,203,2000.0,1,2,2,2

CBEAM,204,401,2,3,1.,-1.,0.

CELAS2,205,1900.0,3,2,4,2

CDAMP2,206,50.0,3,2,4,2

CMASS2,207,875.0,,,4,2

$-----------PROPERTIES---------------------------------

$

$ INSULATOR PROPERTIES AND MATERIAL

PBEAM,401,501,1.267-2,1.277-5,1.277-5,,,,+PB2

+PB2,,,,,,,,,+PB2

+PB2,YES,1.0,1.267-2,1.277-5,1.277-5,,,,+PB2

+PB2,,,,,,,,,+PB2

+PB2,0.,0.,0.,0.

MAT1,501,5.0+10,,,2.175+3,,,0.04

$

$-----------LOADING------------------------------------

$

$GRAVITY

GRAV,601,,9.8,0.,-1.,0.

FORCE,603,4,,1.,0.,-1.,0.

$

LSEQ,675,691,601

LSEQ,675,693,603

$

TLOAD1,700,691,,0,698

TABLED1,698,,,,,,,,+TD1

+TD1,0.,0.,10.,1.,550.,1.,ENDT

$

TLOAD2,701,693,,0,50.,550.,0.224,-90.

TLOAD2,702,693,,0,50.,550.,0.224,-90.,+TLD1

+TLD1,-0.2

$

DLOAD,799,1.,1.,700,265.,701,-265.,702

$-----------PARAMETERS----------------------------------

$

PARAM,LGDISP,2

PARAM,NDAMP,0.0

$

$-----------ANALYSIS-SPECIFICATION----------------------

$

$ TSTEPNL, ID, NDT, DT, NO, METHOD, KSTEP, MAXITER, CONV, +TSNL

$ +TSNL, EPSU, EPSP, EPSW, MAXDIV, MAXQN, MAXLS, FSTRESS,, +TSNL

$ +TSNL, MAXBIS, ADJUST, MSTEP, RB, MAXR, UTOL, RTOLB

$

$ TSTEPNL, 250,,1,ADAPT,2,10,PW,+TSNL

$ +TSNL,0.01,0.001,1.E-6,2,10,2,0.2,,+TSNL

$ +TSNL,5,5,0,0.75,16.0,0.1,20.

$

TSTEPNL,901,25,2.0,1,ADAPT,,100,P,+TSNL1

+TSNL1,,0.05,,5,,5,,,+TSNL1

+TSNL1,9

TSTEPNL,906,50000,0.01,1,ADAPT,,100,P,+TSNL6

+TSNL6,,0.05,,5,,5,,,+TSNL6

+TSNL6,9

ENDDATA

APPENDIX D. DATA FILE – TRANSIENT ANALYSIS: PRELOADED SIMPLE MODEL

$Nonlinear transient analysis of preloaded simple model

$Load amplitude = 200 N

$About 2% structural damping

$Tower spring stiffness = 20,000 N/m  

$Load frequencies = 0.224 Hz and 0.235 Hz

$Damper value = 2000 Ns/m

$Preload = 6000 N

SOL 129

TIME 50

CEND

$******************************************************

$

OTIME=ALL

SUBCASE 1

  SUBTITLE=Gravitational loading

  PARAM,TSTATIC,1

  LOADSET=675

  DLOAD=799

  TSTEPNL=901

SUBCASE 2

  SUBTITLE=Preload

  PARAM,TSTATIC,1

  LOADSET=675

  DLOAD=799

  TSTEPNL=902

$

SUBCASE 3

  SUBTITLE=Periodic at frequency

  PARAM,TSTATIC,-1

  LOADSET=675

  DLOAD=799

  TSTEPNL=906

$******************************************************

$

OUTPUT(XYPLOT)

XPAPER      = 22.0

YPAPER      = 25.0

XAXIS       = YES

YAXIS       = YES

XGRID LINES = YES

YGRID LINES = YES

LOWER TICS  = 1

UPPER TICS  = 0

LEFT TICS   = 1

RIGHT TICS  = 0

XTITLE = Time (s)

$

$Plot forces in tower

YTITLE = FORCE (N)

XYPLOT ELFORCE /201(2)

$

$Plot displacement at mass

YTITLE = Disp(m)

XYPLOT DISP /4(T2)

$

$******************************************************

BEGIN BULK

$

$-----------CONVENTIONS-FOR-NUMBERING------------------

$

$Grid Point numbers             
-    1 to 200

$Element numbers                
- 201 to 400

$Property numbers               
- 401 to 500

$Material numbers               
- 501 to 600

$Loading numbers                
- 601 to 800

$Enforced Constraint numbers  
- 801 to 850

$Parameter numbers              
- 851 to 900

$Analysis specification numbers
- 901 to 1000

$

$-----------GEOMETRY-AND-CONNECTIVITY------------------

$

GRID,1,,0.,0.0,0.,,13456

GRID,2,,0.,-1.0,0.,,13456

GRID,3,,0.,-3.0,0.,,13456

GRID,4,,0.,-4.0,0.,,13456

$

CELAS2,201,2.0+5,,,1,2

CGAP,202,403,1,2,1.,-1.,0.

CDAMP2,203,2000.0,1,2,2,2

CBEAM,204,401,2,3,1.,-1.,0.

CELAS2,205,1900.0,3,2,4,2

CDAMP2,206,50.0,3,2,4,2

CMASS2,207,875.0,,,4,2

$-----------PROPERTIES---------------------------------

$

$ INSULATOR PROPERTIES AND MATERIAL

PBEAM,401,501,1.267-2,1.277-5,1.277-5,,,,+PB2

+PB2,,,,,,,,,+PB2

+PB2,YES,1.0,1.267-2,1.277-5,1.277-5,,,,+PB2

+PB2,,,,,,,,,+PB2

+PB2,0.,0.,0.,0.

MAT1,501,5.0+10,,,2.175+3,,,0.04

$

$PROPERTIES OF THE GAP ELEMENTS

PGAP,403,,,2.0+6,2.0+4

$

$-----------LOADING------------------------------------

$

$GRAVITY

GRAV,601,,9.8,0.,-1.,0.

$PRELOAD

FORCE,602,1,,1.,0.,-1.,0.

FORCE,602,2,,1.,0.,1.,0.

$LOAD

FORCE,603,4,,1.,0.,-1.,0.

$

LSEQ,675,691,601

LSEQ,675,692,602

LSEQ,675,693,603

$

TLOAD1,700,691,,0,698

TABLED1,698,,,,,,,,+TD1

+TD1,0.,0.,10.,1.,550.,1.,ENDT

$

TLOAD1,703,692,,0,699

TABLED1,699,,,,,,,,+TD2

+TD2,0.,0.,20.,0.,40.,1.,550.,1.,+TD2

+TD2,ENDT

$

TLOAD2,701,693,,0,50.,550.,0.224,-90.

TLOAD2,702,693,,0,50.,550.,0.224,-90.,+TLD1

+TLD1,-0.2

TLOAD2,704,693,,0,50.,550.,0.235,-90.

TLOAD2,705,693,,0,50.,550.,0.235,-90.,+TLD2

+TLD2,-0.2

$

DLOAD,799,1.,1.,700,6000.,703,200.,701,+DL

+DL,-200.,702,200.,704,-200.,705

$-----------PARAMETERS----------------------------------

$

PARAM,LGDISP,2

PARAM,NDAMP,0.0

$

$-----------ANALYSIS-SPECIFICATION----------------------

$

$ TSTEPNL, ID, NDT, DT, NO, METHOD, KSTEP, MAXITER, CONV, +TSNL

$ +TSNL, EPSU, EPSP, EPSW, MAXDIV, MAXQN, MAXLS, FSTRESS,, +TSNL

$ +TSNL, MAXBIS, ADJUST, MSTEP, RB, MAXR, UTOL, RTOLB

$

$ TSTEPNL, 250,,1,ADAPT,2,10,PW,+TSNL

$ +TSNL,0.01,0.001,1.E-6,2,10,2,0.2,,+TSNL

$ +TSNL,5,5,0,0.75,16.0,0.1,20.

$

TSTEPNL,901,10,2.0,1,ADAPT,,100,P,+TSNL1

+TSNL1,,0.05,,5,,5,,,+TSNL1

+TSNL1,9

TSTEPNL,902,3000,0.01,25,ADAPT,,100,P,+TSNL2

+TSNL2,,0.05,,5,,5,,,+TSNL2

+TSNL2,9

TSTEPNL,906,50000,0.01,1,ADAPT,,100,P,+TSNL6

+TSNL6,,0.05,,5,,5,,,+TSNL6

+TSNL6,9

ENDDATA

APPENDIX E. DATA FILE – TRANSIENT ANALYSIS: SIX SPANS

$Nonlinear transient analysis of a 6-span cable system

$Distributed load amplitude = 10 N/m

$About 2% structural damping

$Absorber spring stiffness = 20000 N/m

$Load frequency = 0.224 Hz

$Damper value=2000 Ns/m

SOL 129

TIME 500

CEND

$******************************************************

$

OTIME=ALL

SUBCASE 1

  SUBTITLE=GRAVITATIONAL LOADING

  PARAM, TSTATIC, 1

  DLOAD=650

  LOADSET=675

  TSTEPNL=901

SUBCASE 2

  SUBTITLE=PRELOAD

  PARAM, TSTATIC, -1

  DLOAD=650

  LOADSET=675

  TSTEPNL=902

SUBCASE 3

  SUBTITLE=PERIODIC LOADING

  PARAM, TSTATIC, -1

  DLOAD=650

  LOADSET=675

  TSTEPNL=903

SUBCASE 4

  SUBTITLE=PERIODIC LOADING

  PARAM, TSTATIC, -1

  DLOAD=650

  LOADSET=675

  TSTEPNL=904

SUBCASE 5

  SUBTITLE=PERIODIC LOADING

  PARAM, TSTATIC, -1

  DLOAD=650

  LOADSET=675

  TSTEPNL=905

SUBCASE 6

  SUBTITLE=PERIODIC LOADING

  PARAM, TSTATIC, -1

  DLOAD=650

  LOADSET=675

  TSTEPNL=906

$******************************************************

$

OUTPUT(XYPLOT)

XPAPER      = 22.0

YPAPER      = 25.0

XAXIS       = YES

YAXIS       = YES

XGRID LINES = YES

YGRID LINES = YES

LOWER TICS  = 1

UPPER TICS  = 0

LEFT TICS   = 1

RIGHT TICS  = 0

XTITLE = Time (s)

$

$Plot forces in central tower

YTITLE = FORCE - damper - tower 3 (Newtons)

XYPLOT ELFORCE /353(2)

$

$Plot displacements at the center of central spans

YTITLE = Disp - SPAN 3 (metres)

XYPLOT DISP /26(T2)

YTITLE = Disp - SPAN 4 (metres)

XYPLOT DISP /36(T2)

$

$******************************************************

BEGIN BULK

$

$-----------CONVENTIONS-FOR-NUMBERING------------------

$

$Grid Point numbers             
-    1 to 200

$Element numbers                
- 201 to 400

$Property numbers               
- 401 to 500

$Material numbers               
- 501 to 600

$Loading numbers                
- 601 to 700

$Enforced Constraint numbers 
- 701 to 800

$Parameter numbers              
- 801 to 900

$Analysis specification numbers
- 901 to 1000

$

$-----------GEOMETRY-AND-CONNECTIVITY------------------

$

$                   … … …

$                   … … …

$       Span grid points as in appendix A

$                   … … …

$                   … … …

$

GRID,101,,200.0,-2.,0.,,3456

GRID,102,,400.0,-2.,0.,,3456

GRID,103,,600.0,-2.,0.,,3456

GRID,104,,800.0,-2.,0.,,3456

GRID,105,,1000.0,-2.,0.,,3456

$

GRID,111,,200.0,-4.,0.,,123456

GRID,112,,400.0,-4.,0.,,123456

GRID,113,,600.0,-4.,0.,,13456

GRID,114,,800.0,-4.,0.,,123456

GRID,115,,1000.0,-4.,0.,,123456

$

$                   … … …

$                   … … …

$  Span elements and insulators as in appendix A

$                   … … …

$                   … … …

$

$Spring-damper system

CELAS2,301,20000.0,101,2,111,2

CELAS2,302,20000.0,102,2,112,2

CELAS2,303,20000.0,103,2,113,2

CELAS2,304,20000.0,104,2,114,2

CELAS2,305,20000.0,105,2,115,2

$

CDAMP2,311,2000.,101,2,111,2

CDAMP2,312,2000.,102,2,112,2

CDAMP2,313,2000.,103,2,113,2

CDAMP2,314,2000.,104,2,114,2

CDAMP2,315,2000.,105,2,115,2

$

$Lone tower

CELAS2,353,2.0+5,,,113,2

$

$Horizontal tower stiffnesses

CELAS2,361,2.2+4,,,101,1

CELAS2,362,2.2+4,,,102,1

CELAS2,363,2.2+4,,,103,1

CELAS2,364,2.2+4,,,104,1

CELAS2,365,2.2+4,,,105,1

$

$-----------PROPERTIES---------------------------------

$

$                   … … …

$                   … … …

$              As in appendix A

$                   … … …

$                   … … …

$

$-----------LOADING------------------------------------

$

$GRAVITY

GRAV,601,,9.8,0.,1.,0.

$

$PERIODIC LOADS

$SPAN 1

PLOAD1,603,201,FY,FRPR,0.,1.,1.,1.

PLOAD1,603,202,FY,FRPR,0.,1.,1.,1.

PLOAD1,603,203,FY,FRPR,0.,1.,1.,1.

PLOAD1,603,204,FY,FRPR,0.,1.,1.,1.

PLOAD1,603,205,FY,FRPR,0.,1.,1.,1.

PLOAD1,603,206,FY,FRPR,0.,1.,1.,1.

PLOAD1,603,207,FY,FRPR,0.,1.,1.,1.

PLOAD1,603,208,FY,FRPR,0.,1.,1.,1.

PLOAD1,603,209,FY,FRPR,0.,1.,1.,1.

PLOAD1,603,210,FY,FRPR,0.,1.,1.,1.

$SPAN 2

PLOAD1,604,211,FY,FRPR,0.,1.,1.,1.

PLOAD1,604,212,FY,FRPR,0.,1.,1.,1.

PLOAD1,604,213,FY,FRPR,0.,1.,1.,1.

PLOAD1,604,214,FY,FRPR,0.,1.,1.,1.

PLOAD1,604,215,FY,FRPR,0.,1.,1.,1.

PLOAD1,604,216,FY,FRPR,0.,1.,1.,1.

PLOAD1,604,217,FY,FRPR,0.,1.,1.,1.

PLOAD1,604,218,FY,FRPR,0.,1.,1.,1.

PLOAD1,604,219,FY,FRPR,0.,1.,1.,1.

PLOAD1,604,220,FY,FRPR,0.,1.,1.,1.

$SPAN 3

PLOAD1,605,221,FY,FRPR,0.,1.,1.,1.

PLOAD1,605,222,FY,FRPR,0.,1.,1.,1.

PLOAD1,605,223,FY,FRPR,0.,1.,1.,1.

PLOAD1,605,224,FY,FRPR,0.,1.,1.,1.

PLOAD1,605,225,FY,FRPR,0.,1.,1.,1.

PLOAD1,605,226,FY,FRPR,0.,1.,1.,1.

PLOAD1,605,227,FY,FRPR,0.,1.,1.,1.

PLOAD1,605,228,FY,FRPR,0.,1.,1.,1.

PLOAD1,605,229,FY,FRPR,0.,1.,1.,1.

PLOAD1,605,230,FY,FRPR,0.,1.,1.,1.

$SPAN 4

PLOAD1,606,231,FY,FRPR,0.,1.,1.,1.

PLOAD1,606,232,FY,FRPR,0.,1.,1.,1.

PLOAD1,606,233,FY,FRPR,0.,1.,1.,1.

PLOAD1,606,234,FY,FRPR,0.,1.,1.,1.

PLOAD1,606,235,FY,FRPR,0.,1.,1.,1.

PLOAD1,606,236,FY,FRPR,0.,1.,1.,1.

PLOAD1,606,237,FY,FRPR,0.,1.,1.,1.

PLOAD1,606,238,FY,FRPR,0.,1.,1.,1.

PLOAD1,606,239,FY,FRPR,0.,1.,1.,1.

PLOAD1,606,240,FY,FRPR,0.,1.,1.,1.

$SPAN 5

PLOAD1,607,241,FY,FRPR,0.,1.,1.,1.

PLOAD1,607,242,FY,FRPR,0.,1.,1.,1.

PLOAD1,607,243,FY,FRPR,0.,1.,1.,1.

PLOAD1,607,244,FY,FRPR,0.,1.,1.,1.

PLOAD1,607,245,FY,FRPR,0.,1.,1.,1.

PLOAD1,607,246,FY,FRPR,0.,1.,1.,1.

PLOAD1,607,247,FY,FRPR,0.,1.,1.,1.

PLOAD1,607,248,FY,FRPR,0.,1.,1.,1.

PLOAD1,607,249,FY,FRPR,0.,1.,1.,1.

PLOAD1,607,250,FY,FRPR,0.,1.,1.,1.

$SPAN 6

PLOAD1,608,251,FY,FRPR,0.,1.,1.,1.

PLOAD1,608,252,FY,FRPR,0.,1.,1.,1.

PLOAD1,608,253,FY,FRPR,0.,1.,1.,1.

PLOAD1,608,254,FY,FRPR,0.,1.,1.,1.

PLOAD1,608,255,FY,FRPR,0.,1.,1.,1.

PLOAD1,608,256,FY,FRPR,0.,1.,1.,1.

PLOAD1,608,257,FY,FRPR,0.,1.,1.,1.

PLOAD1,608,258,FY,FRPR,0.,1.,1.,1.

PLOAD1,608,259,FY,FRPR,0.,1.,1.,1.

PLOAD1,608,260,FY,FRPR,0.,1.,1.,1.

$

LSEQ,675,691,601

LSEQ,675,693,603

LSEQ,675,694,604

LSEQ,675,695,605

LSEQ,675,696,606

LSEQ,675,697,607

LSEQ,675,698,608

$

TLOAD1,625,691,,0,641

TABLED1,641,,,,,,,,+TD1

+TD1,0.,0.,10.,1.,550.,1.,ENDT

TLOAD2,627,693,,0,50.,550.,0.224,-90.

TLOAD2,628,694,,0,50.,550.,0.224,-90.

TLOAD2,629,695,,0,50.,550.,0.224,-90.

TLOAD2,630,696,,0,50.,550.,0.224,-90.

TLOAD2,631,697,,0,50.,550.,0.224,-90.

TLOAD2,632,698,,0,50.,550.,0.224,-90.

TLOAD2,633,693,,0,50.,550.,0.224,-90.,+TLD1

+TLD1,-0.2

TLOAD2,634,694,,0,50.,550.,0.224,-90.,+TLD2

+TLD2,-0.2

TLOAD2,635,695,,0,50.,550.,0.224,-90.,+TLD3

+TLD3,-0.2

TLOAD2,636,696,,0,50.,550.,0.224,-90.,+TLD4

+TLD4,-0.2

TLOAD2,637,697,,0,50.,550.,0.224,-90.,+TLD5

+TLD5,-0.2

TLOAD2,638,698,,0,50.,550.,0.224,-90.,+TLD6

+TLD6,-0.2

$

DLOAD,650,1.,1.,625,10.0,627,10.0,628,+DL

+DL,10.0,629,10.0,630,10.0,631,10.0,632,+DL

+DL,-10.0,633,-10.0,634,-10.0,635,-10.0,636,+DL

+DL,-10.0,637,-10.0,638

$

$-----------PARAMETERS----------------------------------

$

PARAM,LGDISP,2

PARAM,NDAMP,0.025

$

$-----------ANALYSIS-SPECIFICATION----------------------

$

$ TSTEPNL, ID, NDT, DT, NO, METHOD, KSTEP, MAXITER, CONV, +TSNL

$ +TSNL, EPSU, EPSP, EPSW, MAXDIV, MAXQN, MAXLS, FSTRESS,, +TSNL

$ +TSNL, MAXBIS, ADJUST, MSTEP, RB, MAXR, UTOL, RTOLB

$

$ TSTEPNL, 250,,1,ADAPT,2,10,PW,+TSNL

$ +TSNL,0.01,0.001,1.E-6,2,10,2,0.2,,+TSNL

$ +TSNL,5,5,0,0.75,16.0,0.1,20.

$

TSTEPNL,901,500,0.04,50,ADAPT,,100,P,+TSNL1

+TSNL1,,0.05,,5,,5,,,+TSNL1

+TSNL1,9

TSTEPNL,902,50000,0.002,5,ADAPT,,100,P,+TSNL2

+TSNL2,,0.05,,5,,5,,,+TSNL2

+TSNL2,9

TSTEPNL,903,50000,0.002,5,ADAPT,,100,P,+TSNL3

+TSNL3,,0.05,,5,,5,,,+TSNL3

+TSNL3,9

TSTEPNL,904,50000,0.002,5,ADAPT,,100,P,+TSNL4

+TSNL4,,0.05,,5,,5,,,+TSNL4

+TSNL4,9

TSTEPNL,905,50000,0.002,5,ADAPT,,100,P,+TSNL5

+TSNL5,,0.05,,5,,5,,,+TSNL5

+TSNL5,9

TSTEPNL,906,50000,0.002,5,ADAPT,,100,P,+TSNL6

+TSNL6,,0.05,,5,,5,,,+TSNL6

+TSNL6,9

ENDDATA
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Fig. 4.1 Finite element model of six spans 
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 Fig. 5.1 Finite element representation of simple model 

















Ka = 20,000 N/m                 Ca = 0 Ns/m











Fig. 5.2 Tower force vs time - simple model with no absorber damping











Ka = 20,000 N/m                 Ca = 0 Ns/m











Fig. 5.3 Displacement at mass Ms vs time - simple model with no absorber damping














Ka = 20,000 N/m                 Ca = 2000 Ns/m














Fig. 5.4 Tower force vs time - simple model with absorber damping











Ka = 20,000 N/m                 Ca = 2000 Ns/m














Fig. 5.5 Displacement at mass Ms vs time - simple model with absorber damping














Fig. 5.6 Effect of absorber on transmitted force ratio
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(b) Preloaded CGAP element characteristic

















Fig.  6.1 Preload characteristics





(a) Ideal preloaded spring characteristic








Ka = 20,000 N/m               Ca = 0 Ns/m               Preload = 0 N














Fig. 6.2 Tower force vs time – undamped simple model with no preload








Ka = 20,000 N/m               Ca = 0 Ns/m               Preload = 0 N














 Fig. 6.3 Displacement  at mass Ms vs time – undamped simple model with no preload 











Ka = 20,000 N/m               Ca = 2000 Ns/m               Preload = 6000 N














Fig 6.4 Tower force vs time – damped simple model with preload








Ka = 20,000 N/m               Ca = 2000 Ns/m               Preload = 6000 N














Fig.6.5 Displacement at mass Ms vs time – damped simple model with preload











Fig. 6.6 Effect  of preload

















Fig. 7.1 Finite element model of six spans with absorbers
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Ka = 20,000 N/m               Ca = 0 Ns/m               No preload














Fig. 7.2 Tower force vs time – power line system with no absorber damping











Ka = 20,000 N/m               Ca = 0 Ns/m               No preload











Fig. 7.3 Midspan conductor displacement vs time – power line system with no absorber damping








Ka = 20,000 N/m               Ca = 2000 Ns/m               No preload











Fig. 7.4 Tower force vs time – power line system with absorber damping











Ka = 20,000 N/m               Ca = 2000 Ns/m               Preload = 6000 N











Fig. 7.5 Midspan conductor displacement vs time – power line system with absorber damping
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