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ABSTRACT
The objective of this rescarch was 10 (i) assess the peak dynamic and sttic
residual loads on various types of transmission line structures due 10 conductor

rupture, i) study the effect of structural flexibilty on maximum dynamic impact

Tine parameters such as conductor tension, ice load, insulator length and terrsin
types on the peak dynamic and statc residual loads,

A number of numerical models of a 30 span transmission line were
developed and analyzed using the ADINA finite clement software
package. The nital resuls were validated by comparing with the full
scaletest data.

 Fourstructure types were considered inthe detiled analyses. These were:
) sels
guyed-V stel latice tower, (3) twbular scel pole structure and (4) H-
frame wood pole sircture. The effect of the structures” flexibilty on pesk

ipported siel latice tower with different leg extensions, (2)

dynamic and static residual conductor tensions was studied. afer

conductor rupture

A sensitiviy analyss study was_conducted to sudy the ffects of various
ine desi c i ctor loading

(bare conductor, versus loads due (o half an inch and one inch radial e

hicknesses ) insulator length and terrain types (.. feve, hilly and valley
termins). The resuls from this study are presented i terms of thir cffect

on impact actors

The results obtained from the numerical simulation study indicate that the
structural flexibilty and the spanfinsulator and the span /sag ratios have

slator

considerable effects on the residual conductor tension (hence on the
force),  However, the peak dynamic tensions are affected not only by the
the structures




used for line modeling. For siff sirctures, cross arm mass has very e effct
on the peak conductor tension. For transmission line modeled with. rigid
Structures, the impact factors are not sensiiv {0 the siffess values, where as for
line modeled with flexible structues, the residual ratio depends on both the
siffness values and span/insulator and span/sag ratios. The effect of insulator

o than pesk impact factor. The

sring length has more effect on residual

o the impact factors

KEY WORDS: Broken conductor analyss, Impact fctor, Residual rai

correction factor, Residua tension, Peak dynamic force,
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10 INTRODUCTION

Overhead transmission lines are nommally designed 1o withstand two types of
Toads; primary loads due 10 ice buildup and wind, and secondary loads, that are
dynamic and the less predictable loading due o component filure or ice

shedding. galloping, etc.

A large amount of strin energy is stored under heavy loading. In the event of
conductor rupture, hardware filure or ice shedding, the sudden reease of this

stored energy produces dynamic impact loads on the supporting siructures along

longitudinal load.
impact load, the supporting structure can fil that may lead to cascading failures

of adjacent sructures

A transmission ine can be broken down nt thee basie componenis;the support
Sructre, conductors and shickd wirs, and insltors Thee are two. broad
cntegorics of support strctres or towers wsed in trsission fies; el
Supported towers and guyed towsrs. Self supporid towers inchude, sl latice:

towers (Figure 1.1), dead-end towers,steel towers, wooden poles, Heframes and

other structures that do not require cables or guyed wires 1o maintin their

integrity.



hick! Wire
sulator
Stel ltice tower

H-frame

Figure 1.1 Self Supported Towers

Guyed towers (Figure 1.2) require tha the tower be pinned at a central point with

4 or more cables/guy wires that

chor and prevent the tower from shifting

lateraly,

Gy wires

Figure 1.2 Guyed Tower



When e buildup occurs on a support strcture and s conducors, a brge sttic
load is applied. This loading s quantifisbe and predicable from hisorical
metcorlogical dta,Tee shedding i less preditable given that determining
‘where it il oceur o ine and th extent of the sheding,along with a variety
cul when designing a transmission fine.  The

of other variables makes it dif

enormous amount of potential encrgy that is released at the onset of shedding or

component filure can cause a domino effect or cascade filure of a series of

towers. The cconomie loss due to cascade flures is great and s evident in the
1998 lower Ontario and Quebe e storm tha resuled in a cascade of 130 towers

dian ist

This ice storm saw over 4 million people in lower Ontrio, Quebec and New
Brunswick lose power. The result was 28 deaths (mostly due (o hypothermia)
945 inurics, 130 filed transmission towers (Figure 1.3), more than 30,000 fallen

wilty poles and cost of over 5.4 billon dollars.

Figure 1.3 Severe Ice Loading on Conductors during the 1998 lee Storm




A more recent and local event occurred on a section of line owned by

Newloundiand Hydro during the winier of 2010, This system or string was

when an i storm moved into the Bonavista region and moved towards Trinity.

ne. The result was.

over 100 fallen poles and about 7000 homes

thout power for 4 days. Crews
worked around the clock for 4 days before power was restored 10 all areas. A

limpse of theseverity of that storm can be seen n Figure 1.4 and Figure 1.5

Figure 1.4 Fallen Heframe dor rinity lee Storm o7 2010

1 the Bonavista-

Figure 1.5 shows the severity of ice loading on the conductors during the

ngeof 15



Figure 1.5 Ice Loaded Wooden Pole line during the Bonavista-Triniy lee Storm
of2010

I, transverse and.

There are three potential cascades that can occur: ver

of the

longitudinal. A vertial cascade oceurs when a picee of hardware, seci
cross amm, or insulator fals that causes the conductor 1o fal vertially over a

seres of support siructures. A transverse cascade can oceur when there is wind

hat I s guy wire)

direction

hils
of electical transmission or the tower can be seen 1o fall perpendicular 10 the
conductor wire. A longitudinal cascade is when a tower fuils paralel 10 the

conductor wire see Figure 16).



Figure 1.6 Failed Transmission Towers of 1998 Ontario-Quebec lee Storm

The longitudinal cascade is the most common and most destructive of the three

and as a result most research & development has been focused on preventing of

filur.
longitudinal imbalance, uneven ice, wind or broken conductors (Thomas and
Peyrot [8]). The most common method of cascade prevention currntly is o

st cascade arresting towers or dead-end towers. The difference between

gure 1 at these e,

designed to withstand a higher longitudinal load. These are usually inserted at

of this solution is tha this can be costy as these towers are much more robust.

Another method that is employed i the use of impact factors (Thomas and Peyrot
[8]) when designing a tower. Therefore if a more complete knowledge base of

dynamic responses were available then this could be used in transmission line



towers or none,

system relabilty

Figure 1.7 Dead end tower

The purpose of this research i to develop a greater understanding of the dynamic

response of & transmission line immediately following a rupture, using

commercially available compuer simulation software.

L1 Scope

Overhead lines are normally designed to withstand two types of loads; primary

Toads arising from diret meteorological exposures, such as ice and wind, and
secondary loads, oftn known as the unbalanced loads due 1 ice shedding, or the

filure of a component such as conductor, hardware etc. Primary loads arc

"



. maximum wind, and some combination of wind and ice. The design retum

period is selected by balancing the nital captal costof buikding the lne against

the cost of fil i ion. Al

the line plays a significant role in seecting the design retum period. Radial lines
are typically more eritcal than paralel lines or lines within a grid as falure of a

radial line ofien causes an extended outage 0 the customer

Due 10 the large amount of stored energy under heavy loading, failure of
mechanical components in the system, such as insulators or dead-end hardware,
can produce significantly large dynamic loads that are difficult o quantify or to

design for. These dynami secondary loads, even when the primary loads are less

event i the system. A large amount of energy released can cause catastrophic

filures

A beter understanding of the dynamic loads experienced during cascade filure

Would provide designers with the tools required 10 cost effectively and reliably
design s i from single comp
filure. pecially imp ideration i »

failure of a component below the design load level, which can cause  cascade

that could otherwise be prevenied or minimized with 4 proper design

‘methodology. a strong need to. understand the post fuilure force




distibution ina ine.

30 years,

transmission

failures, The rescarch has involved 3 types of analysis; full
scale, reduced scale experimental testng, and computer simulation using analysis
software such as ADINA (Automatic Dynamic Incremental Nonlinear Analysis).

Until recently, the extent of simulation analysis has been limited; however it has

been shown n previous work (Tucker and Haldar [1]) that the ADINA software
can be used to simulate conductor breaks in the transmission line 1o obtain

‘comparable results o the fullscae test data

111 Objective ofthe Project and Scope

The present study uses a hypotheical 230KV stcel line configuraton with 30
Suctues. The 230 KV fine consists ofa single cireut horizontal configuraton.
Al woad pole T as wel a a seel tubulr pole lie is considered at this
voltage leve to assess the effct of srucure’s flexiily on the containment

Toads. Three different structure types are considered. These are (1) laticed self

por 3) tubular steel

pole sirueture and (4) wood pole H-frame structure.

“The objectives of ths study are:



10 assess the peak dynamic and stat residual loads on these structure

types due to conductor upture

‘o ect of bl
Vi on maximum dynamic impactand rsidual conducorloads.

« tocamy out  sensiiviysady of variousparameters such as 1) conductor
{ension, (2 i load. () insltor sing length and (4) erin o the pesk

dynamic and static residual loads.

icctivs, the I model of ission line that
was developed was analyzed using ADINA finite clement software package and

validsted by comparing with the full scale experimental data.

12 Thesis Organization

Chapter 2 is a summary of work that is relevant to the curent rescarch. It
describes work that has been conducted over the last century 1o further our
understanding of the dynamic response that resulis from & conductor or tower

filur.

Chapter dered

simulation. This chapter involves simulations of the EPRI Wisconsin Test Line

a validation of the assumptions used for the current rescarch



Chapter iderati DINA soft

and the variables, assumptions and methodology involved when mods

various towers in a transmission fine. Material propertis for the various

Chapter § investigaes the free vibrations of the towers and conductors and their

effct onthe Rayleigh damping coeffcient used in the analysis.

Chapter 6 explores the methodology insolved when performing a dynamic
analysis. This chapter also examines the spansag ratio, lower structural
fexibilty and thei affects on pesk conductor tension. In addition, variable cross

am mass for the flexible wooden H-frame structure was examined for it affects

o dynamic peak load with the use o th three impact ictors IFF, IFl and RR.

Chapter 7 presents a sensitfity analysis of tower type, insulator length, terrain

type, iniial on, conductor loading and provides a di there

o,

(Chapter § summarizes and discusses the findings of this research.

Chapter 9 identifiestopies for further research.



20 LITERATURE REVIEW

he first transmisson of clctiity from 3 gencraing plant in Frankfurt 10
Lauffen, in Germany occured in 1891, The pawer was transited aver  175kan
tine opersedat 2 25KV level, By 1914, fifly five transmission s were in
srvice at or sbove 70KV level. - Allough the high voltage line design uses
various strcture types due to voltge diferences,there are  few commonies
hat must b considered i the design process: selection of n aptmum conductor
size, metcorologicalloads and thlreffcts, analysis and design of strctures and
foundations et In recent years, the focus of the esearch has been (o esimate the
dymanic foads on overhead fine strctures causd by  component e, The
teview of leratue is broken down into three pars, Each pat desribs the

rescarch work carred out during a speciic period

21 Significant Research Work Prior t0 1980

Afte the Second World War, a considerable research effot was directed to

establish safe design requirements fo transmission towers. From 1950 1o 1980

the ing of

transmission lines to estimate pesk dy

mic and residul loads on the supporting
structures.In addition, much atention was paid to the mathematicsl modeling of

ransmission lines and the development of dynamic impact factors.




Haro et al [2] conducted a series of fullscale tests where they exumined the
dynamic peak force acting on the supporting structure due to a conductor

breakage. The sensitivty study included the effects of flexible and rigid towers,

ths and areas of
conductor on the dynamic and sutic residual loads. They observed. that
immediately afer the conductor rupture, the force in the conductor decreased up

0.8 value of 95% of the iitial tension. This reduction was followed by a sharp

increase in the conductor tension. The elapsed time from the initaion of the

fupture to the time where the tension again began to rise was termed s the

“slack” time. 1t

force

i fnital conductor tension. The ratio of the peak dynamic force (0 the i

conductor tension decreased with the increase in inital tension. 1t was also.

i insulator lengh. Tn additon, the flexible structures experienced 4 pegk load

which was o thirds of the oad on the rigid tructures.

Lammis et al 3] developed s mathematical model to study the cffcts of
ructural fexiilty onthe unbalnced loading imposed by the conductor rupture:
A graphical method was used to determin the unbolanced longitudinal load on
{he struture by adjusting the conducto ension based o an incress or decease
of unsresed length (USL cffect on the tesion. 1t was poinied out that the

inherent flexibilty of the tubular steel pole structure will provide cconomical




design because the loads on the structure il be reduced s

ficanly. The paper
also identified the need for a computer aided analysis method a5 opposed 10 @

eraphical approach to reduce the analyss time.

aboratory and full scale field tests on a decommissioned line. The author used
three impact actor atios for comparison of these tsts namely, Impact Ratio (R),
Residual Ratio (R,), and Tension Overload Factor (R.). These ratios are defined

a5 follows

- Dﬂmnmlmlpﬂkufhr@nm
il static force of conductor

Residual statc force
Tital statc force o conductor

Dynamic transient peak of ongitudinal force:
Rosidual statc foree

‘Where the dynamie transient peak longiudinal force is defined as the maximum

force induce inthe conductor due to the conductor rupture, the inital static force

P i
and the residual static force is defined as the force in the conductor aflr the
conductors reaches cquilibrium condition aflr the rupture. These ratios were

found 1o be directly affected by the span/sag ratio and the span/insulator atio.

P
a decrease in the impact ratio (R). The impact ratio showed a significant
reduction when the inverted V shaped insulators were used compared 1o that

obiained using regular suspension sring insulators.

2




Peyrot ct al [5] conducted a sries o tess nvolsing broken conductors, shild
wires and insulators on  decommissioned double crcuit 138 KV lne, The test
line conssted of six spas. Al of the suppoting sructures were el supported
el ltice towers. It was repored that immedisely following a conductor
ruptur, the tnsion i the nsultor siring almost reduced to 7o for  short
period of ime and then showed  scady incrase il the st pesk force in the
insulstor siring was realized. Following this ise the foee i th insultor sting
dropped agin and then the foce incressed again to @ bigher peak. From these
full sale tests, the suthors caleulated two impact fscors. These were: mpact
Facor nisl (IF) and Impact Factor Final (FF). These impact factors were

simillr 0 those suggested by Govers [4].

Lindsey (6] conducted a static analysis 1o determine the residual load in the
conductor. In this study, the base support for the structure was modeled as
claste-plastic. Prio 1o this study, the base support was modeled as elastic or

rigid. The author used “Southwell Relaxation Method" (o solve the nonlinear

system of equilibrium cquations whieh included the effects of structure’s

dellcetion and the insultor swing afer the conductor rupture




22 Significant Work From 1980 - 1989

Most of the rescarch work from this era identified the need for modeling the
dynamic response of transmission lines and the development of algorithms that
formed the basis for simulation programs.

Mozer etal "

with three equal spans o obtain static and dynamic data on the longitudinal

ice shedding conditions. These laboratory scale models were constructed using

ead shot

characterstcs. The effects of stffness, nital conductor tension, insulator length

e,
the thearetical results From the results they concluded that the dynamic loads

from the i the line will

often be quite large. 1t may not be feasible to design the tangent structures 10
sustain these loads without yielding. However, they may serve s indicators of

potential structural problems rather than as loads 10 be presented as design

“Thomas and Peyrot [8] discussed the need to quanify the force time hisory after

a upt dynamic load

on the tower to ensure that the estimated load will provide a measure of the



containment load that is needed to avoid a cascade filure.  Uniil this time, the

i ct i inal loads
on the tower. The authors developed a wave propagation model tha is used in

further rescarch and computer modelling. A graph of the time history of a

he pture. This peak
tension occurred within a couple seconds afer the conductor fulure. ~ They

where ane.

1o the recoil of the insulator swing. The second peak occurred when the cable
bottoms down. The authors used the FORTRAN based program CABLET to
simulate a dynamic response. They verified their simulation results with Ferry-

Borges small scale study [24].

Richardson [9] used a 1725 scale model of a steel pole system consisting of
eleven spans 1o carry out broken conductor tests and to measure the dynamic

Toads on the pole siructures  Richardson found that the use of more flexible

structurs will minimize the maximum dynamie load of the system as compared
o rigid structures. In addition it was identified that when a break occurs at the

mst fleil load i but i

the greatest dynamic response when it occurs at the most

sircture. Higher

dynamic responses occurred when a longer insulator was used duc 10 a igher



galloping affect of the conductor. From the testing it was found that longer.

insulators and stiffr sructures contributed o a higher peak load.

McClure and Tinawi [10] performed broken conductor nonlinear dynamic
analyses of o small scale model of a transmission line section using ADINA and

compared the numerical results from this study with the experimental results

poricd by (7). They repor gher freq pon
of the response from the numerical results must be fillered in order 10 achieve.
numerical sability. The authors explained the importance of accounting for
nonlinearitis in the structure and conductors. - They also idenificd the necd to.

properly model the base of the structure. They did not consider damping:

the small p

the structure.

23 Significant Work from 1990 - Present

Dur

i the past twenty years, the research work has primarily focused on the
numerical modeling of transmission line system with particular reference 10

fai

scale setup representing two level equal spans anchored at the end points and



suspended in the middle by insulaor string. They simulated ice-shedding loads

by sudenly dropping dead weghtsfrom the conducors. They alo uscd ADINA
1o develop mumerical model to cbtin the sttc dynanic response of the line
model The numerical results were compared withthe expermenal data. The
umerical rsus for tensions were smilar 10 the messured vales but peak

dynamic tensions were higher than the experimental data.

Gupta et al [12) caried out a detailed anlysis of a eal life cascade failure of 69

towers of 345KV transmission line that occurred on March 7, 1990 due 10 a

severe ice stom. The ice stomm produced an ice thickness between 1.25-1.5

sge wind speed of 12.1 mph.

FEA (Finite Element Analysis) software ETADS to. simulate the nonlincar

analysis,

Ostendorp 13] devcloped a cascading filr risk asscssment method 1 quickly
and accurtly determine extrme cvent unbalanced loads. acing on o
ransmision line and to idenify cascading potentil of . . The method
developed incorportes the dynanic response and damping characerscs of

ransmission line (o determine the unbalanced longitudinal loads at any strueture




Kempner [14] conducted small seale model (1/23 scal) tess to understand the

luence of the tower failures on the longitudinal load in a simulated cascading
sitation. The influence of tower ype, conductor type, span length inital
conductor tension and insulator lengths on longitudinal cascading filure were

studied.

Fekr and McClure [15] studid the dynamic. effcts of ice-shedding on a
ransmission lnes using a mumerical model,  They modeled 3 two span line
Scton o obtain st and dynamic cffects of ice-shedding using ADINA
Software. A ttal o tweny ane icsshodding senarios were stied; vrying icc
hickneses; span lenghs; clevation diffrences: number of clements per ie:

presence of uncqual spans and partial ice shedding.

Peabody and McClure [16] discussed use of cascade prevention devices 10 limit

the dynamic forces on tangent suspension towers aflr an inital filure in the
cable tensioning system. They have reviewed the development and use of load

limites for transmission towers

MeClure and Lapointe [17) discussed three types of analysis techniques 10
simulate the behavior of transmission lines. These were described as, (i) static
behavior under ice loading, i) quasi-statc behavior under wind loading and (i)

dynamic/iransient behavior — due to sudden failure of component or shedding of

ice. Damping was modeled using viscous dampers in ADINA. The damping




atios of 2% for A10% for iced

used. The authors compared the results from 2-D and 3-D analyses. It is noted

that when a 3-D modeling system is used *...it is scen that the first and second

peak tensions. odel

dimensionl model and also have  longer duration.™

Tucker and Haldr [1] caried out  senstiy analysis ofa i model 1o simulse
the broken insulstor fuiure test that was conducted on 3 full sl test
ransision line. A mumerical model was devcloped using the ADINA software
1o simlat the boken insultor est conducted by Peyrt et {5, The mumerica
results were compared 0 th est dta nd the corlation ofth plot was 0.9776.

“The results showed tha the variati

i the insulator length did not influence the

peak dynamic load.

24 Summary of Previous Work

Much rescarch has been undertaken over the last 60 years 0 advance the design

and analysis of transmission distrbuti Tt stared

scaled tests and full-scale. which then progressed o lincar elastie flexible stecl

¢ Element software

poles and now using 3D non-linear analysis using
programs such as PLS-CADD, PLS-POLE, TOWER, ANSYS and ADINA. The

“The simulation

studies o date have considered a small number of simul

s without



There is a need for key
design parameters with consistent simulation methods 10 add 1o the current

Knowledge base.



. MODEL USING ADINA

In 1978, The University of Wisconsin and the Electric Power Rescarch Institte
(EPRI) carred out a series of full-scale broken conductor and broken insulator

fests on one section of a 138 KV steel transmission line. The line was part of the

‘Wisconsin Light and Power” system and was ready for replacement. These tests

were performed to advance the state of the art at that time and 1o verify the

containment iques inline design, and

numerical models (Thomas, 8] as atematives to laboratory scale model or fll-
scale testing. The report (EL-905) is one of the few that provides a very
comprehensive set of full sale test data and results complete with al necessary

information required for subscquent analysis and modeling.

In the present study, the Wisconsin tet ine was chosen o validate the numerical
‘model, “The profile of the test line is shown in Figure 3.1, Six intact spans were

inchuded in the modeling wih al siructures being square based o
owers, cach fower cayng two thrcephase cruits, cach circut srng with
iffrent conductor types, and two overhad shickd wires. Figure 3.2 presents he
seometry and the member types that wee used in modeling the ower. The dta
on the conducor atachment points wer usd asgivn in Ref (5], Theline angle
of the original tet i between Tower T4 and T6 was not considered n the

model i ssion not




have significant effcts on the resuls. Anchor ground pots for the conductors

cen

[

— oren
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Modeling in ADINA

The general outline for trnsient response analysis in ADINA requires the

the line followed

ensure that the initial positon of the cable geometry under gravty load (self

weight) was captured. A routine check on the sag and the tension provides the

basis for assuming that the model s correct with respect o iniial tension, axial

rigidity (EA) and the boundary conditions. The detsiled methodology for

modeling overhead lines using ADINA is given in CEATI report no. T43700-

3319A (2006) and in Tucker (2007). The following provides the highlights of the

The conductor and the shickd i are modeled as trss clements with
inilprtrsion.

“The conductor mateial can be modeled s clastic (fnal modulus) o non
tincr s il modulus)

The tower is modeled as  lncar clasic beam clement with approrise

quivalent siffness. For a “stick” model however, if the model includes

“The load i defined as mass proportional
“The static model is run firt; the result s saved and wsed as the restat
condition for the transint dynamic analysis.

Direet explicit integration technique s used 1o solve the equations of

‘motion. The time step s less than a crit

I time step, which depends on

the smallest clement si

and material properties. The time step can be

36



specified by the user orcalculated automatically by ADINA. It was found

less than 1 E-04 second in all ases.

that time step-
> The static model part is initalized at 1.0 second and the cable “death”

clement (clement removed from the model to simulate a broken

Loo1

ADINA which allows the simulation of

yinvoking th “clementdeath ot
a cable rupture a any location,  When the clment death option s used, the
program does not add the sssocisted clement mass mati, stifness mati and
oo vectorst th sysem matcesfor il souton imes larger han he ime of
desth ofthe lement, £, For detilsrefer o the ADINA manual (Section 104,

pages 593-602)

When the cable clement “dies”, the insulator at the break point, as well as
insulators in the other spans, is free (o swing fully. A step by step time siep

5 of motion of the discree system provides the time

integraton of the equati
history responses of various parameters such as displacement, conductor tension,
force in the insulator string, etc. ADINA does not provide the insulator swing

directly but

2:)at the top and bottom nodes of th insulator element.



> “The size of the ouput file from a typical dynamic analysis run is very

large. The output file (Port file in ADINA) can be saved at specific time

intervals to reduce the size of the file. The post processing of the output

plotsof clement forces,

sresses and stains in the element, e

32 Static Test Results (Tower only)

The tower responses e.g.. member forces due to stati loads applied at the right

Tower arm (R1 in Figure 3.2)in ¥ and Z di »

of the tower (T in Figure 3.2)in Y direetion were analyzed. Table 3.1 compares the
prodicted responses with those reporied in Ref [5] and the results are in good

agreement.

33 Natural Frequencies and Mode Shapes of the Tower

frequencics
and mode shapes. The natural frequencies obiaincd from the analysis are given in

Table 3.2, The fist five mode shapes along with ther frequencies are shown in

Figures 3.3 and 3.4, The damped natural frequency of the tower inthe longitudinal

direction (bending mode) was reported a 4 Hz in Ref [3]. The numerical value of



462 Hz obtained oo

Ref [5] with an error marin of 15%.




“Table 3.1 Analytical Static Test Results

(Values in brackets are from Ref]S])
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Table 3.2 Tower Natural Frequencies.

Node. Natural
number | Frequency (Hz) | Frequency(radisec)

T TS0

2 4T3

3 79666E+0

)

T

2

4816051




Figure 3.3 First Bending Mode (4.5308 Hz)

»z-o»

Figure 3.4 Sccond Bending Mode (46273 H2)

34 Natural Frequencies and Mode Shapes o the Test Line

“The numerical models of the tower along with the transmission line are shown in

Figures 3.5 and 3.6. Free vibration analysis of the st line was conducted 10 obtain

the natural frequencies and the mode shapes. The initial tensions reported in Ref

[5) were used 1o model the conductors and the shield wires. The natursl



frequencics of the test line are preseated in Table 3.3. The first twenty nine (29)
frequencics are due to swaying mode of the conductors (transverse displacement

‘mode of the conductor). Only the vibration modes corresponding to the heave

upture. The
frequencics presenied in bold ltters correspond o conductor’s heave. modes.

Figure 3.7 ot

with heave mode are withinthe expected range.




‘Table 3.3 Naturalfrequencies ofthe tes transmission line

‘Mode Number | Freay







Figure 3.6 Magnified view of the model



Firse vertical vibration mode oftst line (0198318 Hz)

»Zz=0»

‘Second vertical vibraton mode oftest ine (0200822 Hy)

»z=-0>

Third verticalvibration mode of test line (0203254 H)

gure 3.7 Vertical displacement mode shapes of complet tet ine:



35 Broken Conductor Tests Sequence

Full scale tests [8] on the test line were conducted in a partcular sequence. The

video of the full scale tests also confirmed th test sequence. The sequence i as

follows.

I

Free vibraton of tower

1L Broken Insulator tests

m

RIRight side,lower phase:
R2 Right side, middle phase

L1 Lef side, lower phase

L2Left sde, middle phase

Broken Conductor ests

RIRight side,lower phase:

RLa (Conductor slipped through clamp)

R2 Right side, middle phase

R3 Right side, upper phase (arm broke)

R4 Right side, OHGW

L1 Lt side, lower phase

L2 Leftside, middle phase

L3 Leftside, upper phase

Broken Insulator tess (Longer insulatorlengths)
R through L2 same as n 11 sbove.

Broken conductor tests (Longer Insulator lengths)

Severall cables between G1 and T2.




Inthis sudy

IR through 11L3.

36 Methodology-Static and Dynamic Analyses
361 Intil Static Analysis.

A st analysis i st caried out using mass proportonl oading. The mass
proporional oading is defincd asthe gravty loads acting on the lements. Once
the st ansysis with mass proportional loading is completed, the ln sysiem
will b in st cqilibrium. The tension predicted from the ADINA model un
was clos (0 the intial conductor tension used n generaing the s profle. The
prdicted force in the insulto sing s sl clse o th umpod weigh of the

a fle along with  resart option for subsequent analysis. The fle contains the
systemconfiguration, clement. deformations (displacements, forces etc) and
stresslstrain data necessary for restort analysis.  Restar data from the static

analysis is saved only for the last one second.



362 Dynamic Analysis and Simulation of Conductor Break

“The dynamic analysis s carrid out using the restart option. Before starting the

file such as material density, damping properies, death elements etc. The line
configuration data and the cross sectional properies of the clements cannot be.
changed. The break in the conductor is simulated by invoking the ‘death clement”

tisted a time 1.001 sec. The

option in ADINA. The rupture in the clement is

363 Simulation of ce Load on the Conductors

Simultion of ce load on the conductor i done by changing the density for the
conductors. Afe the niial st anaysis i completed, the condustor’s mass
density is modified to simulate the weight of the rdial ice. The clement mass
marices and conductor oads ar calulted with the modified mass density and
he original cros sectonal aea of the conducor, A second st analyss is
pertormd o o the new st cqilbium of the line sysem with radial ice

on the conductor. This analyss is done using a resart option and stats from the

With this
restart analysis, the sag and conductor tension are increased due 10 the effect of

the ice loads.  After the completion of the staic analysis under ice loads, the

restart data fle i saved for one additional second, thus providing information for



a total of two scconds. The first one second information refrs to bare conductor
while the last one second provides information under 25 mm radial ice load,
Subsequently, the dynamic analysis is carred out with a death element option o

simulate the break in the conductor under ice loading.

364 Static Analysis to Estimate Residual Statc Load

y approaches.

are used. In the fist approach, the dynamc analysis s carried out with increased
material damping properics to ensure that a steady state conditon is reached

quickly. The objective here s not to estimate the peak dynamic load rather the

load

help to obtan the statc equilibrium within a short ime period.

ng the conductor
rupture with a staic load approximately equal o the conductor tension applied at

the bottom node of the insulator where the conductor was attached (Sec Figure

3.8). This is necessary to avoid numerical instability in the analysis due to the pin

connectvity of the insulator (0 the tower

the swing of the insulator. Using a load function that drops eradually from full

tension to zero value, the static analysis is performed (See Figure 3.9). Th

procedure gives the final static equilibrium configuration of the line system afier



the conductor break is simulated. 1t was found in ly

give identical rsults with respect o sate residual forces

Swing directon

Figure 3.8 Insulator swinging direction after the conductor rupture

Time steps

Figure 3.9 Variation of Load for Residual Analysis

37 Broken

onductor Analysis (EPRI Wisconsin tests).

Conductor rupture in the span next o the lef anchor in Figure 3.1 (span 2 Test

No. HlIR1 to IIIL3) was simulated by invoking the death clement option in

peak dynamic and residua forces in the insulators and members of the tower T3.

ADINA. The transint and steady state analyses were carried out 10 obiain the
i and



IILL, T2 and TIL3 are presented in Figures 3.10 1o 3.14 respectively. These
fgures also compare the numerical results with those data obtained from the full

scale tests. From these figures, it can be seen that the numerical results obtaned

Table

a5 the leg member forces from tower T3 with those obtained from the fll scale
tests. It is understood from Ref [3] tht prio 10 the conductor rupture, the strain

the pesk forces reporied

do not include the effects ofthe-intial compressiv forces in the members due 1o
dead loads...However in the ADINA model,the dead load effet is automaically

included in the final output results. Accordingly, the inital member forces due 0

selfweight were subiracted from the maximum peak forces to compare the values

with the full scale test results. From the table 3.4, it can be seen that the results

well

from the ful scale tests.




Figure 3.10 Insolator Tension Time History for the Test Case IR

Figure 3.11 Insulator Tension Time History for the Test Case IIILL







“Table 3.4 Broken conductor tests

Force exeried on Tower T3 Comparison
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38 Conclusion

“This chapter presented the numerical model developed for the Wisconsin test

transmission line. The numerical analysis provided time histories of conductor

. tower, nodal dis Itean
be concluded from the results that a reasonable comparison was obained with

those obtained during th tess.



40 MODELING

the propertes thatwere used in developing the line models.

41 Structure Modeling

In order o determine the peak dynamic and the statc residual longitudinal forces

that act on the structure due 1o sudden conductor ruptur, the transmission line

models were developed using four different structure types.  The following

acquired from Manitoba Hydro.
GuyedV see i tower for whih the design drawings were
acquired from Newfoundland & Labrador Hydro (NLH), Nalcor

Energy

e B

was done by NLH, Nalcor Energy

Power Administration (BPA)



411 Selfsupported Steel Latice Tower

ings plicd by Manitoba Hyd
fora singl circuit 230 kV structur. The tower was designed for a span of 214m

Toad. The self-

‘supported sicel lattce tower was broken into five components that made up the
basic tower configuration. Two sets of leg extension (3048 mm and 9144 mm)
are available to develop differet tower heights a required by the user. The limit

span for these extensions is 428m under one inch radal ice.

“The min sructural components ar:lower tower body, upper tawer body,
Support am and cros am as shown i Figure 4.1 Each tower componen was
fist modeled in AuoCAD using  local coordinae system. The origin was
always taken a5 the centrne of the lower most planc.  Modeling cach

component in AutoCAD made it possble to extract the information on nodal co-

ortinate i g fes. A progam
was writn i jaa scipt which appended the bove information o gencrate the
finit clement daa n a format that can be used in ADINA dircetl. Secions 42
and 4.3 presnt the frite clment model fo difeent componcnis. The bsic
ower as assembld, the tower with 3048mm leg exiension and the fower with

9144mm leg extensions are also shown in Figure 4.4,




por

Figure 4.1 Basic over comy



——

Figure 42 Various components of scl-supported stelltice tower

/ £ »\
f ‘\
«‘v A

.S,

Figure 4.3 Self-supported stel latice tower's leg extensions



o Wit 3048mm With 91 44mm

g extension leg extension

Figure 4.4 Fully configured selfsuppored stee latice tower

412 Guyed:V Steel Latice Tower

The Gy st ltice tower design drawings were provided by Newfoundiand
and Labeador Hydro (NLH) for a 230KV suspesion srctre. The tover was
designed for a san of 428m. 1o provide the adqurte ground clearance nder a
25 i e load. The towerconsderd o this anlysis conists of e basic
{owerbody it two mast extnsions s Figure 4.6)

“The basic Guyed-V siel latice tower is broken into three main components;

cross arm, upper mast, and bottom mast s shown in Figure 4.5, To increase the
tower height, the mast extensions can be used. These mast extensions can be

added in various combinations between the upper and lower mast sections o



biain the required tower height. The maximum height can be up (0 27.5m (90
feet) (a maximum mast extension of 12.19m (40 ). The limit span for these

extensions s 428 m under 25 mm radial ce

“The Guyed-V stee lttce tower modeling was done following the methodology

s in the case of sef-supported st atice tower (refer o previous section for

modeling). The modeling of the mast components (lower mast, upper mast and
the mast extensions in Figure 4.6 were done by generating the mast geometric

model in AUTOCAD. The nodal coordinates, lement connectiy

y and type of
members were exrcted from AUTOCAD fle for the assembly of these
componcnts Afler asembling the lower mast, st exinsions and the upper
mast, the nodal co-ondinstes of all the jeints were tansformed into lobal
coondinte system. Taking advantage of he symmetry of the asembled mast

with one symmetric section of the cross arm about the longitudinal plane, the

other symmeric portion of the fower is modeled. Later, guy wires were modcled

prop i 7



Lowver mast Top mast ‘Symmetic sccton of cross arm

61m Mast extension
46 m Mast exteion

Figure 4.6 Various components of the guyed-V steellttce tower



Figure 4.7 Fully configured guyed-V siel latie towers

413 Pscudo-clements

Self supported siee atice tower and guyed-V siee i towers were madeled
using thrc dimensiona russ clemens. In hes towers,the outside lg members
are oftn continuous and are braced at cach panel levl. These members resis
some bending moments and dealy should be modeled with beam clemenis.

However, the modeling of these members using truss elements wil not cause &

significant inaccuracy in the member forces. This was vlidated carlier for the

Wisconsin tes ine. However,at certain pancl diaphragm at the horizontal planc)

location, the truss element members may not be conneeted in all thee dis

tions
at a node point (two along the horizontal plane and one along the verical

numerical instal

direction. This wil cre iy because the assembled stiffness

matrix may not be posiive definite (positve determinant) and thercfore some

comection is necessary in the modeling. To achieve the numerical sability, a



pscudo-element o dummy element having cross sectional area of 1 mi

placed i ically stable.

414 Heframe Wood Pole Structure

A specal Heframe wood pole stcture was designd fo it span of 428 to
spport 25mm (one inch) i e oad. However, the srcture beght was ot
adequse 0 provide suffiint ground clesrance underte ce load. Thereor, the
s was limited to 214m 0 provid the adequate ground cleance under 25mm
(one inch e load. The desils fthe design wereprvided by Newfoundland and
Labrador Hydro. The schemtic of the 1-rame wood poe siructure s given in
Figre 4. The pole diamete tthe bus i 044 meter and 0.8 mete at the top
with a lnar tape of 00099 mim The structural dta for ther components are

giveninthe Table 4.1

“Table 4.1 Structural Data fo the components of H-frame wood pole siructure.

Cross am Cross brace Knee brace
[Cength=1371m = ~
Depth = 0.1524 m, Depth=0.1397 m Depth=0.12m
Widih =026 m Width=0.1397 m Widh = 0078 m
37.91 MPa E = 124105 MPa E=13237.9 MPa

Weigh

~4560168N | Weight= 11093 Nim | Weight = 88.783 Nim




Heframe wood pole structure in Figure 4.8 was modeled using three dimensional

beam clements. Each pole is divided into fifleen (15) beam elements. Since the

based on the diameters at the ends of cach clement is used to model the cross

sectonal area of the beam clement

§ 3505m 6706m 3505m

oo

048
\ 6700m
Cross brace
Class H1 Pole—]
766m

Figure 4 H-frame wood pole structure



415 Steel Tubular Pole Structure

“The steel tubular pole structure drawings were supplied by BPA. The schematic
of the stel tubular pole structure i given i Figure 4.9. The typical pole height is

30.48m (100 foot). The pole structure was suitable for a limit span of 214 m 0

The cross section is a regular twelve face polygonal type. Al the base, the
dimension across the flats is 080m (31.38inches and the plate thickness is
7.14mm (0.28 inches). The pole has a taper of 0016 m/m (0.19 in/t) The platc
hickness is 7.14mm that is constant from the base (0 a height of 19.8m (65 foo0).
The remaining of the pole section has  plate thickness of 4.76 mm (0.19 inches).
“The three ams of length 3.31 m are inclined upward with a 3° angle from the
horizontal. The am cross section is hollow irregular hexagon (elipical) (see
figure 4.10) with a plate thickness of 6.35 mm. Stcel tubular pole structure was

also modeled using the methodology as oulined in Section 4.1.4. Each pole is

of beam elements. $ is polygonal,the
clement section properties (area, moment of incria, torsional constant) were

calculaed

1 the average pole dimensions between the two consecutive nodes.

shape. Three beam elements were used to model the cross am with appropriate

secton properies.




Figure 49 Steel tubular pole structure

Figute 4.10 Cross section details of the arm

42 Transmission Line Modeling

The three distinet terrain types with 31 spans were considered as follows (data

provided by NLH, Nalcor Energy)



Flat terain

2. Hilly termain

Valley terain

truss clements with inital srain coresponding to the initial conductor tension.

The nodal coondinates in the conductor model are generated using the

coondinates of end pains of the conductor in cach of the span. Sinc the

‘@ muli-linear material model was used ie. the modulus of elasticity s zcro if the

axial

stuin is positive. A java seript was wriien o generate the input file data

automatically in a format required for ADINA software.

“The following input data was required (o generate the data for transmission line

model:

Conductor prosperiies ~ area of cross section, weight density per

unitlength, modulus of elasticty and intial conductor tension
The foundation co-ondinates of each the tower location with
respect 1o the first tower i, x co-ordinate along the transverse

direction of the line, y co-ordinat along the longitudinal diection

of the line, and 7 co-ordinate, dese

ing the tower foundation




elevation, conductor attachment point with insulator co-ordinates
with respect 0 the origin of the tower co-ordinate system and the
insulatorsring length

Dota fle that contains nodal coordinates, line/clement

comnectvity information, element cross sectional  properies,

weight density and modulus of lasticiy.

“The transmission lines were modeled using 31 tower strctures. For the hilly
temain,the 16* structure was placed on the top of the hill while structure no 1 and

31 are located at the ends of the line respectively. The same slope was used to

The slope was
each span length of 428.42m or a  m increase in height over each span length of
21421 This was the converse for the valley termain. A scction of the model for

ach of the terrains are shown in Figures 4.1 10 4.13




“Table 42, Configuration for ransmission line models for any terain

Sar st
U -
o | Best | SIS | ol | bt | sictutotr | Gmeav
fower | supporied | Llcr i [ towerwih | woadpole | pole | sellaice
e ower 3048mm | 9144 mm ‘structure. structure tower
leg. leg
cttion | cbon
St 21421 42842 42842 4842 21421 o8
(m)
B
Seoe | g | 50| 202 [5a |2 30| 2 a1 | 2 [ar| 2 | n
)
o | 15920 | 155200 | 1520 | 15900 | 1520 | 15920
Goof 25% 25% 25% 25% 25% 25%




Figure 411 Level termain

Figure 4.12 Hilly terain

Figure 4.13 Valley terain




Figures 4.14 10 4.17 present the line models in ADINA with self-supportd sicel
latice tower, guyed-V stee latice tower, the stel tubular pole stucture and H-

frame wood poe structur respectively.

Figure 414 Section of the line with guyed-V steellttce tower

Figure 4.15 Section of the line with steel wbular pole structure



Figure 4.16 Section of the line with H-frame wood pole structure



50 FREE VIBRATION ANALYSIS AND DAMPING

“The fist siep in  transient dynamic analysis using either implict or explicit

integraion procedure is to estimate the appropriate damping parameter. In the

different damping values for the conductor (a lexible system) and the tower (@
less flexible system).  Rayleigh damping is used, and ADINA software can
prescribe damping values for different element groups. In this chapter free

for the structure

and the

plane frequencies of the lne section

51 Free Vibration Analysis of Towers

For conducting free vibration analysis, a lumped mass model was used. ~The

Jongitadinal bending modes of the supporting siructures are imporint for the
rasicn analysis wansmission i, By examining the mode shapes of the
Supporin struturs, these longitudinal bending modes were idetiied. The
Jongitadinal mode shapes fo various srucur tpes e shown in Figures .1 (0
56, 1n gencral the first longitadinal bending mode shape may notbe assciaed
With the first naural frcquency i all cases. The natursl frequencics for all
Supporin stuctures are given in Tables .1 10 5.6, The longitudinal bending

frequencies ae shown in red in these tables.



“Table 5.1 Naturalfrequencies for basic selfsupported st latice tower

Frequency (rads/Se) | Frequency (1) | Period (Seconds) | Mode Shape
B 351 02832 T
a7 3736 02677 ]
Al 7018 0148 3




jgure 5.2 Longitudinal bending mode for self-supported steel lattice tower with

3048 mm leg extension
Tabl L 3048 mm
Teg extension
Frequency (rdvSee) | Frequency (H7) | Period (Secands) | Mode Shape.
067 329 0304 i}
267 348 029 2
e 6952 01439 3

* longitudinal bending mode



9144 mm leg extension

Table s
extension
Frequency (radss) | Frequency (117) | Period (scconds) |  Mode
84 299 03414 T
907 305 0329 7
E 6395 01564 3
¥ longitudinal bending mode




iz

v

m (35 Foot Extension)

1067

uyed V steel 1067mGs

| Foot Extension)

| Trequency (advs) | Froquency (1) | Period (ieconds) | Mode

| 29001 2068400 ARGET T
T 2270 AATE0 7
206901 SO9R00 T96E0T 3




»>z-0>

“Table 5.5 Natural frequencies for steel tubular pole structure

Frequency (rdvs) Frequency (H2) | Period (seconds) | Mode.
57100 SO9E-01 11000 T
57300 STIE0T TA0R+00 2

256101 BISE00 120001 3




»Z-0p|

Figure 5.6 Longitudinal bending mode for H-frame wood pole structure

Table 5.6 Natural frequencies for H-frame wood pole structure

Trequency (radv) | Frequeney () Feriod (cconds) | Mode
T SaE THE T
[ TR0 ST 7
T T5RE0 B 3




52 Free Vibration Analysis of Transmission Line

The frequency analyses were carred out for a section of transmission linc

‘modeled with the input data given in Table 5.7. The relevant frequencies and the

‘mode shapes were identified for further dynamic analyses. The frequency values.

for the thee.

tensions considered are given in Table 5.8

Table 5.7, Input data for transmission ine models for  given terain

Termain
Seli-
Basic self- stecl
supparted. attice | HLframe [ Qo
Tower Type | stec lattice tower | wood pole | 1€ W POI]
tower with | structure L
9144 mm
leg
extension
Span (m) | 21421 84| awar | 21421 21421 |
Insulator
Swing Length 2,12 3.1 [ 242 | 31 |202{ 31 |202 22| 3
(m)
il tension ) T "
CeorRTs) | 15:20:25 | 152025 [15:20,25 | 15,20:25 | 15,20:28




Spans ength

asam

2420m

53 Damping Matrix

For a transient dynamic analysis, the damping matrx [C] is required. To

construct the damping matrix, Rayleigh damping cocfficients are used in

[C1=aM)+ BIK] e
Where @ and B are Rayleigh damping coeffcients, [M] and [K] are otal system

mass and stiffness marices

“The critcal damping ratio w, for mode,

iven in terms of Raleigh damping

coeflcienis as

62




In the present analysi, a damping matrx proportional 1o mass matix is used

which means that is cqual to zero.  As a result we can calculae a as follows.

“The maix has only diagonal elements.

53)

1 fortower were

used with the natural frequencies of these (Wo element groups o consiruct the

damping mrix. Rayleigh damping cocflicients for all ower types are given in

“Table 5.9 and for conductors are given in Table 5.10.

Structurs Type Trequeney, o | Raylcigh
(Radss) | Consianta
VZMode | (€-0.)
Self-supporid B4 )
Slfsupored s i v il
sl 267 43
S nopponed e e el
O144mm g extnsion e A
Guyed V e ower T35 285
St bl wl: s 577 115
Hefram 3367 067
“Table 510 - Summary of conductor damping coeficients
Spans length | Iniial tension | Fregency, o (ad’) | Raylcigh Constant o
C6RTS) 002,

15 036
2802m 20 038

% 049

5 058
2421m % 7

3 a1




60 s

'ATIC AND DYNAMIC ANALYSIS

Using the ction 3. nd s

ied out for 230KV overhead These

tructure types ar: (1) Self-supportd sl lticetower (2) Guyed-V stel ltice
{ower (3)Steeltablar pole siructure and (4) Hoframe wood pole sicure. The
primary objeciv i to study the et of smctural fleibily on the dynamic
peak and st rsidun condoctor tensions in he span ne o th break. The

deails of the analyses are presented inthis chaptr.

61 The Effectof Structural Flexibility on Residual Conductor Tension

PRI study [13] has shown that afer a conductor rupture, the magnitude of the

static residual foree on a structure away from the flure zone can be estimated
based on the initial conductor tension, longitudinal load fuctor for the structure,
comection factors for  spaninsulator ratio and the. structural lexibily.

Longitudinal Load Factor (LLF) is defincd as a function of the response

fermined from test

coeflicient and span/sag ratio. The response coeflicent is
e, The Spanfnsulator correction Factor (CFy) s defined as (CFya) = (1-

((S/AVN), where N is the span number, S s span length and 1 i the insulator

length. “There are a number of other formulac used for the design and pre

ofcascade failuresin tower design.



“The fexibility corretion facor is defined as the ratio of the esidual conductor

tension for

structure. In the EPRI report,this flexibility correction factor for N* structure is

computed based on an empirical ormula and given as

©n

tructural fleibility corection factor for N* structure
1k, = Structural flexibility of N* structure in mkN

“The structure’s stiffness was obiained by applying a uni load at the center of the

cross arm, Table 6.1 presents the data for all four strueture types

Table 6.1 Stiffness and exibilty values for supportstruetures

Structure type
Sell s m:dhmce Tove bl o)
038 mm I et

Wood pole fr T




Figure 6.1 presents the correction factor plot for a wide range of structural

1131, The fig

10 0.15 mAN. of 10 used for

of0. oy
“The EPRI study suggested that for a self-supported heavy angle tower or a dead
end steel 103424 Foraself-

supported. 3 e 3436

03 to 68.5E-03 (m/kN) while for a H-frame wood pole or a sieel pol structure;

this value could range from 68E-03 to (mAN) 342 E-03 respectively. Table 6.2

presents the flexi

ty data for the sirctures used in this study and compares
these values with those suggested in the EPRI sty [13]. It appears tht both the

Guyed-V and self-supported steel latice towers are considerably siffer (almost

report.
the difference in tower design. The flexibility propertes fo the steel ubular pole
structure and the H-frame wood pole siructure are reasonable when compared to

the values suggested n reference [13].




Figure 6.1 Correction actor versus sructural flexibilty values (Ref [13],

modifed)
Table 6 i
Study andthe values suggested inthe EPRI report
Strcture Types Flexiilty Value given in Flexibilty value
used in hs study
k)
(A0 N
Upper Value | Lower Value
Tangent (Self o E 1271039
supported)
G
Tangent stce pole 2 o 351058
orwood pole
structures




In this section, .t with Heframe wood pol

used to study the effect of structural flexibility on the residual conductor tension.

I the analysis, he following two cases are considered:

@ CASE A - large displacement analysis for both conductor and structure
(Nexible).
i) CASE B - large displacement analysis for the conductor and small

displacement analysis for the strcture (stf).

To simulate the variations in structural flexibilty, Young’s moduli of the
structural wood members (poles, cross-amms ete.) were changed. The line model
used a span of 21421 m with an intial conductor tension of 20% RTS (Rated
Tensile Strength). A line model with a span of 428.42m was also used t0 study.

the span effct on the flexibility corection factor. The conductor rupture was

simulated par s 16. The

the sbove two cases studied are given in Table 6-3 and are compared with the

sudy [13] Fi

Contoctr rptare

1\ | ns [v6 | 30

Figare 6.2 Line configuration showing the location of conductor rupture
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“The cortecton factors for presented by

ForCASEA C=¢ """
©2)
©3)
For CASE A with 428m span, C = ¢ *"*
©4)

Table 6.3 Flexibilty correction factors
T

s- Case A
1421 m)




Cormsctionfactor

J—

O

Fenity /N

Figure 6.3 Flexibilty coreection factors (modified after [13])




62 The Effect of Structural Flexibilty on Dynamic Peak Conductor

Tension

Dynamic simulation analyses were carried out on two groups of transmission

lines. Each group consist of three separat lines. Each line has one specific

structure type. These structure types are: (1) Self-supporied stcel latice tower.
with 3048mm leg extensions (2) SelF-supportd steel latice tower with 9114mm

leg extensions and (3) Guyed-V siel lattce tower. The first group has a typical

“The second group also consists of three structure types: (1) Self-supported steel

) Steel Heframe
wood pole sructure. Al these lines have also equal spans of 214m and the same

span sag and the spaninsulator atos.

62,1 Simulation Results for Group |
Figure 6.4 presents a typical time hisory plot for the conductor tension in a line

modeled latice tower. From

the maximum peak dynamic force is S0.03 kN
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with 3048mm leg extensions)

Figure 6.5 presents a typical time hisory plot for the conductor tension in a line
modeled with self-supported steel latice tower with 9114mm leg extensions.

fgure i force s 49.13 kKN,




Figure 6.5 Time history of conductor tension (Sel-supported steellttce tower
With 9144 mm leg extensions)

Figure 6.6 presents a typical time history plot for the conductor tension in a line
modeled with Guyed-V steel lattice tower. From the figure it can be seen that the

maximum peak force is 46.87 kN.

»z-0»
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622 Simulation Results for Group 2

Figure 6.7 presents a typical time history plot for the conductor tension in a lne
q po)] 2

it can be seen that the maximum peak force is 39.44 KN

»Z-0>

Figure 6.7
tower)

Figure 6.8 presents a typical time history plot for the conductor tension in a line

modeled with steel tubular pole struture. From the figure it can be seen that the

maximum peak forceis 27.14 kKN



Figure 6.8 Time history of conductor tension (Steeltbular poe structure)

Figure 6.9 presents a typical time history plot for the conductor tension in a in
modeled with the H-frame wood pole structure. From the figure it can be scen

that the maimum peak forceis 44.0 KN.

>z-o5]
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I

Figure 6.9




Table 6.4 Peak and residual conductor tensions for Group 1 (span/sag =32)
Goup 1

Stctre type

[ atic sei-supported tower wih 3048 mum eg extension |
Lattco sef-supported lower wih 9144 m log extension | 45
[oweaviower ]

1V tower

Structure ype
Latico sefsuppored bas tower |

Steol tbuiar pole siructure
Hirame wooden pale sructure

i observed that for lines

i) From the examination of the above resul
modeled under group 1 with two types of self-supported structures, the
‘maximum peak dynamic conductor tension s invariant (0 the selected

stiffness values. (Figures 64, 6.5). However for the guyed-V stcel

lattce tower, there s a 10% reduction in the peak force because the

ferable lower stiffhess value

guyed-V scel latce tower has a co
‘compared tothe other (wo structure types

) For lines modeled under group 2, it is seen that the steel tbular pole

peak p

his was not observed for the H-frame wooden pole structure although
both these sructures are flxible structures (Refer 10 Table 6.1). For




pes it
Iayout and mass have an impact on the peak dynamic force in addition
10 the structural flexibliy values and therefore, a separate study was
carrid out to understand thisissue
i) The computed residual Toads on all structure types are affected by the

fexi

ity volues. This s in line with the EPRI study resuls and the

other paststudies.

623 The Effect of the H-frame Cross Arm Mass on Dynamic Peak Conductor

Tension

In order to study the effect of the cross arm mass on the peak dynamic tension, a

g The dynamic
analysis was conductd fortwo speciicscases (1) theorginal mass of he cross
arm and (2 the recduced mass fo the crossarm. The reducion of the cros arm
mass was achieved by changing the density vaue while Kecping the same
Sihess roperty. T dynanic pesk conducor tesions abiind i both cases

are shown in Table 6.6.



“Table 6.6 The Effect o cross arm mass on peak conductor tension

tension (KN) )
Tnsulator Middle | Right | Lefi | Middic
Length hase | Phas R
212m
sm 4. ]
4292 01| 37

It can b scen fom the table that the rduction in the srctural mass has o
considerable impact o the pesk dynamic conductor tension (ence he force on
the inslaton), The sructural mass of th cross am of the H-frme wood pole
trocture s 2. times tht of the tubular ol ross arm. The resuls in Table 6.6
show the effcs of the mass on the dynamic pak force. I this study al
sinctures ar framed except he pole siructure.  Thereore the shape of the
structure may also inflonce the dynami behaviour and hene, the peok force

predicted. More investigation is neded o understand the issue.

63 Impact Factors

Dynamic simulations studies were carried out using the line. parameters as
presented in Table 6.7, For each case, two insulator strng lengths (2,12 m and

3.1 m) were used.
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“The impact factors as proposed by Govers [4], the ratio of maximum transient
longitudinal force o the initial conductor ension (1FT), and the ratio of maximum
ransient longitudinal force to the residual conductor tension (IFF) are used 1o,

present the dynamic simultion resuls. The residual ratio (RR) defined as the

of residual force t the initial conductor tension was also used to present the

steady state simulation resuls.

the non-dimensional parameters s defined below

fower Stiffness/weight of the conductor per unit length

Span sag ratio= Length of span/sag.

‘Supporting structure’s stiffness’s and sags corresponding (o the nital conductor
tension are given in the Table 6.7. All these calculations are done for two

spanfinsulator ratios,

Figures 6,10 and 6.11 show the variation of residual ratio (RR) for transmission

infered that residual rato decreases wi

increasing span/sag ratio. The residual

ratio s lso high when compared

Residual

increases with inerease in span/insulator length,




Figures 6.12 and 6.13 show the variaton of impact factor (IFF) for transmission

line models with span/sag rato for different ower types. From these figures it is

inferred that IFF increases with increasing span/sag ratio for more flexible

strctures

For sif

rtio does really affect the IFF values. However the arm impact factor (IFF)

increases with the change in the span/insulatorrtio.

‘Table 6.7 Characteristcs of transmission line models

Tower | Siffness | Stlfnessiconducior | Span Sag(m)
pe (KN/m) | weightunitlength | (m) | 15% | 20%
RIS | RTS

%
RIS

Wood Pole | 17028 106625

Stcel Pole | 28517 178566
Structure 21447 | 4406 | 3304
‘ Latice self | 7859 T

2603

VeGuyed | 25168 1575955

34835 333626 | 42893 | 17.654 | 13227

9
extension
Latice self
supported

o858 | 4294865

tower
3048
extension

10577




| Figure 6.10 Variation of RR with Spansag (21447 m)



shekefelieh

Figure 6,11 Variation of RR with Span/sag (Span 42895 m)




Figure 6.12 Variation of IFF with Span/sag (21447 m)



Figure 6,13 Variation of IF with Span'sag (428.95 m)
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64 Conclusions

From the foregoing study, it can be inferred that the structural fle

iy

spanfinsulator ratio and the span/sag ratio have considerable effects on the

decteases s the support sircture flexibil

increass however tis is dircly
affcied by the cross arm mass and the shape of the stncturs used for fine
modeling. A th cross arm mass i reduced for flexible siuctures, 5o docs the
peak dynamic load. For sl structures,cros arm mass as vry e ffect on

the peak conductor ension.

For transmission lines modeled with rigid structures, the impact factors are not

sensitive 1o the stiffness values, whereas for lines modeled with flexible

structures, pol

®R)




70 SENSITIVITY ANALYSIS

A sensitivity study was caried out by varying the design parameters that affect

the peak and residual

tensions (15%, 20% and 25% (RTS)), conductor loading (bare conductor, radial
ice loads associated with half an inch and one inch ice thicknesses respecively)
and three different. types of terain (level, hilly and valley termins). The

test matrx for a typical fine model with one partcular type of
supporting structure s given in Table 7.1, This table provides a number of

simul n; bare conductor, e loads duc 1o half

s for cach conductor condi

inch radial and one inch radi

ice thicknesses respectively. Therefore, for one

struture:

For allline models considering the sensidvity of the parameters selected, a total

number of 334 simulations are needed.

Table 7.1

structure for a particular conductor condition

upporting sructure ype
Termin Level Hil [ i
Tosulator | 202m | 3im | 2Zm | 3m | 22m | 3im
| lengih

tniiad T o s Tao s [ 15 a0 as s [ s [ s [ s | [ [
conductor bl :

tensi

ool

RIS)

From the simulation results, the impac factors IFI (raio of peak dynamic force to

initial conductor tension), IFF (rato of peak dynamvc force 1o residual tension)

108



and RR (ratio of the residual tension 1o the inital conductor tension) were

caleulated and presented inthe form of graphs i Figures 7-1 0 7-12..

The IF1, R ratios were obiained using the bare conductor iniial tension for all
‘conductor conditions .. bare conductor, half inch radial ice thickness and one

inch radial lee thickness.

The IFF raios were calculated using the appropriate residual tension. ~ For
example, IF for one inch radial ice load condition was calculated as the atio of
‘peak dynamic conductor tension to the residual conductor tension for onc inch

radia e load.

Figures 7-1 and 7-3 show the variation of IFI, Figures 7-5 and 7-7 show  the
variation of IFF and Figures 7-9-and 7-11 show the variation of RR with k' for

three different terrain condions and three initial loading conditions (bare

conductor, half an inch and one inch radial ice loads). Tn all these runs, the
transmission line was modeled with 31 spans of equal length of 428m and two
types of insulator lengths of 2.12 m and 3.1m (It s a long sentence and puting &

lot of information)

Similaly, Figures 7-2 and 7-4 show the varation of IF, Figures 7-6 1o 7-8 show
the variation of IFF and Figures 7-10 t0 712 show the variation of RR with K for

three different tersin conditions and three initial loading for transmission line



‘models with 31 spans of equal span lengths of 214m and insulator lengths of 2.12

mand 3.1m.



Valley

Figure 7.1 Variation IF1vs. k' (nsulator length 2.12m; Span 428m)

m



Figure 7.2 Variation IFl vs. k' (nsolator length 2.12m; Span 214m)

n



| —-— —— |
} Figure 7.3 Variation IFI vs. k' (Insulator length 3.1m; Span 428m)
"



Valley

Figure 74 Variaton IFI vs. K’ (Insulator ength 3.1m; Span 214m)

14



! Figure 7.5 Variation IFF vs. k' (Insulator length 2.12m; Span 428m)




Figure 7.6 Variation IFF vs. ' (insulaor length 2.12m; Span 214m)



Valley

Figure 7.7 Variation IFF vs. k' (nsulator length 31 Span 428m)

n
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Valley

Figure 7.9 Variation R vs. K (Insulator length 2.12m; Span 424m)

o



Valley

Figure 7.10 Vari

RR vs. K(Insulator ength 2.12m; Span 214m)

&)




Figure 7.11 Variation R vs. K’ (insulator length 3.1m; Span 424mm)

m



Figure 7.12 Variation RR vs. k' (Insulator length 3.1 Span 214m)

1
‘ I3



From these figures the following points are observed.

) There is no appreciable effect of insulator strng length on the IFI

ratios

©) The impact factor IFI s not affected appreciably by the type of tower
support used in the transmission line model. The IFI atios are also not
influenced by the terrain type modeled with SHff towers (guyed-V steel

lat

{ower selfsupportd st i tover).
&) The tersin type doesn't sgniicanly influnce the impact actors for
ransmisionfne models tht were consdered i his aalysis. I should
e ot tht ach transtnission e is modeled it one type of temin
and one type of supportng sructure. From the parametrs used in the

sensiivity study, the important design variables that affet the impact

conductor ension.

Since the impact factors are not affected by terrain type, the average values of
mpact factors for transmission line that were modeled using different types of

sructures are prescnted i the tables 7-2 and 73,

From these tables it can seen that for transmission lines modeled using Stff

Structures, there s no appreciable efect of type of sructure on the impact factors.




The impact factors are primarily affected by the iniial conductor tension and the

type of loading on the conductor (bare versus loaded).  As the inital conductor
tension increases,the impact factors decteases. The effect of insulator length has

more ffect on esidul ratio than pesk impact factors.

For line models that were generated using flexible structure, the siructur type

and the stiffess have more influcnce on both peak impact factors and residual

o



Length 428.m)
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80 SUMMARY AND CONCLUSIONS

The effets of structure type (self supported lattice tower, Guyed-V steel latice

tower, sieel tbular pole structure and H-frame wood pole structure), insulator

length, niti and were

examined for

i cffect on the impact factors, and maximum_ transient
longitudinal force that was induced on the support structure afier conductor

rupture. ly

inferred:

‘The structures® flexibilty and span/insulator length ratios have a considerable.

. where as pes

is affected not only by the supporting structures” flexibility but also by the mass

of the cross am and the type of supporting structure. For stff structure, the.

mass has very. peak it

1h pot inthe system
s compared to SHIT structures, Therefore the peak dynamic loads decrease as

flexibility increases. In addition as the amount of stored energy in the system

loading orinitial stringing tensi force
increases. The higher cross arm mass is thought (o increase the peak dynamic

of gravity of




For transmission ins modeled with ST supporin stuetures, the impact fctors
o not vy much by the varyin the support strcture siffess, whereasfr lincs
modeled with lxibl sructurs, ke the Heframe, wood pole strcture and scel
tubular pole stuctres, the residual forc i the conductor depends on both

stiffness and span/insulator string length and span/sag ratios

“The following conclusions are arived from thi rescarch

) There is no appreciable effect of insulator string length on  IF

factor The impact facto IFI decreases as inital stringing tension

) The impact factor IFT is not affected appreciably by the type of
tower support used in the transmission line model or the type of
terrain selected with St towers viz, Guyed-V steel latice tower,
selfsupported stel atice owers,

“The temain type docsn't influence the impact fuctors very much for

(ransnission line models hat were consdered in thisanalysis. 1
Should be noted ach transmision lin model is modeld with one
57 of termin and one type of tower, The impact ctors may be
iffrent i he terrin  combinaion of iferent terain.

From the parameters used for simulations in this study, the most

important design variables that afect the impact factors are the

s



inital stringing tension with bare conductor on the transmission
line and conductor condition.

The effect of insulator string length has more effect of residual

ator than peak impact factors. For s lne models gencrated
using Sl srctue there s no appreciable <ffct of type of
snucure on the impact fctors. As the intal conducor tension
increass, the impact fctors decreases.

For line models that generated using flexible structures,the type of

°

both peak impact
raio.

“The impact factors reduce as the span ength decreases.



9.0 RECOMMENDATIONS FOR FUTURE WORK

for future work.

Anti-cascading siructure in the line. To date a study involving

been prformed
in the middie or somewhere in the middlc two tirds) of the
ransmission lne model but ather all have becn located at he
cnds. Expanding the Knowledge i this arca would be useful for
designers s wel s tansmission fine maintenance

Inte-phas spacers and ther affct on the damping of 3 dymamic
esponse. A study has never been performed n this area before
and it would be of great beneft o designers to beter understand
the impactthat intr-phas spaces play o th pesk dynamic oad
of & trnsmission lne and thei e o damp out foces in
ransmission ine that are the resul of conducor filue andlor
component filre.

Stcep grade of termains. This study examined low grade slopes

‘which appeared to be negligible n ther affct on the response
howerer stcper grades are hought to have  potential t grealy
increase the dynamic force in a lne and hence necds 1o be
examined in future work. Varying the grades grester than 10%

and under 25% would be of use



Diffrent types offnsulator sirings. Thisstdy was narow n that
only two diffring et insultors were sed, hawever arying
other parameters such as materal ype, connetion pint and type,
and shape, would be of enefit.

lce shedding on conducors, This needs to be explored frther as
rescrch in this aea to dat is minimal but yt this s 2 very
common phenomenon n ndusty.

‘Wind load and ice load on both towers and conductors. Research

ence has yet o provide the overal picture. Since this phenomena
occurs simultancously in many regions this needs to be studicd in

the fuure,
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