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S Y N O  P S I S 

The electrical transmission line serves as a vital 

link between the generating stations and load centres and 

also between different generating stations in an inter- 

connected system. With the rapid growth in generating capa-

cities as well as load demand, large blocks of power are 

required to be transmitted over long distances, which poses 

a challenging task for the structural engineer to design 

relatively large transmission structures to support heavy 

conductor loads, with a high degree of reliability and 

economy. This requires more efficient and accurate methods 

of analysis and design for the towers. 

Transmission line towers are highly redundant, statically 

indeterminate structures and their analysis by classical 

structural analysis procedures is very tedious and time con-

suming and indeed, Impossible in certain cases. In the con-

ventional methods of analysis, the tower is reduced to 

several statically determinate planar frames together with 

the resolution of the loads into the planes in which they 

act, ignoring entirely or approximating the effect of the 

redundant systems in the distribution of forces. Thus 

conservative assumptions are made in the conventional 

methods resulting in costlier structures. 
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In this dissertation, the analysis and design of trans. 

mission line towers has been presented, treating them as 

pin-jointed space structures, using di zital computer. The 

analysis has been based on the "stiffness Matrix approach. 

A general digital computer programme has been developed 

for analysing and designing single circuit as well as double 

circuit self supported. towers. The input to the programme 

consists of the geometrical configuration of the tower, 

the contactor and groun'9wire sizes, the. design spans, the 

climatic conditions, and sizes and properties of available 

steel sections. The programme first determines the maximum 

working tensions for the conductor and groundwire by carrying 

out necessary sag-tension calculations. All the design loads 

are then computed and the tower is analysed for different 

load combinations corresponding to the normal and brokenwire 

conditions, and the maximum tensile and compressive member 

forces are determined. The programme then estimates the 

minimum cross sectional areas for the members and selects 
0 

appropriate sizes from a list of available steel sections. 

Using this programme, a single circuit 132 kV  trans-

mission line tower has been designed and a comparison is 

made with the conventional design. It is noted that a saving 

of 5.8 percent in steel is possible by analysing this tower 

as a three dimensional space structure . From the results 

of member forces, it is also seen that the three dimensional 

analysis through computer gives a more realistic picture 
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of stress distribution. I~ny design based on this will 

therefore produce a more economical as well as safer 

tower in minimum possible time. Further, the programme 

developed in this work, with the ability of analysing 

and designing a tower in a single run, entirely within 

the core memory of the computer is expected to be quite 

useful. 
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CH1PTER-1 

INTRODUCTION 

1.1. General 

The Electric Power System consists of three principal 

components, that are the generating stations, the transmissior 

lines and the distribution systems. The transmission line, 

besides serving as the connecting link between the generating 

stations and the distribution systems, it also serves in 

transferring bulk power between large power stations and 

also between large receiving stations in any interconnected 

grid. The development of large mine-mouth Super Thermal 

Stations, remote Hydro Electric power plants and the inter-

connection of state grids to form regional grids and further 

interconnection of regional grids have given rise to the 

need for Extra High Tension transmission lines. The capacity 

of these E.H.T. lines has also been increasing steadily 

with the increase in the installed capacity and rapid growth 

in load demand. It is felt that in order to cater such 

huge quantity of power to the load centres, the existing 

transmission lines are to be strengthened and new lines are 

to be laid. Estimates based on long-term system planning 

studies indicate that, even with the supplemental H.V.D.C. 

transmission, over 16,000 km of 400 kV I.C. lines would 

have to be built in this country during the next 5-6 yearsl6 
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The length of other H.V. A.C. transmission lines will 

naturally be several times more than this. Thus the invest-

ment on the electrical transmission lines goes on multi-
plying at an accelerated rate. This requires every effort 
in optimisation of the cost of E.H.T. lines. Besides the 
necessity of observing economy in construction, it is 

also required to build larger, stronger and safer towers now, 

for the electrical transmission lines, as the transmission 

voltage rises and the conductor size increases for evacua-

tion of large blocks of power. The recent development of 

self-damping conductors, which renders longer spans feasible 

and more economical17, necessitates the desimm of higher 

and more heavily loaded towers. Great responsibility there-

fore rests on the transmission lines engineer, who has to 

prepare not only economical but also dependable design to 

meet the increased load roquirements of ihe modern trans-

mission lines. This naturally calls for accurate and effi-

cient methods of design and analysis for the transmission 

line towers. Since cost of the transmission line towers are 

about 35-45 percent of that of the total transmission lines, 
considerable economy can easily be achieved by suitably 

designing the towers. 

In the design of many civil engineering structures, 

it is quite often more economical to design oversafe some 

elements of the structure, rather than spending time in 
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executing a precise analysis, since, a comparatively 

heavier steel section is probably much less costly than 

the engineering hours spent to save the material. This 

however is not the case with the design of transmission 

line towers. In this case the engineer has, beside ensur-

ing the safe performance of the structure, to keep cons-

tantly in mind that a small percentage of excess weight 

per tower will result in a substantial unnecessary steel 

tonnage on the line, ultimately affecting its construction 

cost. 

1.2. Present Practice 

A review of the present practice of analysis and design 

of towers, shows that it has not benefitted much from the 

rapidly expanding knowledge of computer technique. For many 

decades, these structures have been designed and built on 

the basis of simplified methods of analysis, such as the 

familiar graphic analysis method. In 'these traditional 

methods, the space structure is reduced into statically 

determinate plane trusses together with resolution of ver-

tical, transverse and longitudinal loads into the planes in 
which they act, ignoring totally or approximating the effect 

of the redundant systems on the distribution of these forces. 

One of the major concerns resulting from the use of these 

methods is the distribution of shear arising from torsional 

moment induced by a broken conductor, ice shedding off one 

span or pull imposed during stringing or maintenance 



operations. These methods therefore require either a rigorous 

approach or a traditional approach with empirical formulae 

to the distribution of these torsional moments to the faces 

of the tower by means of one or more horizontal bracing 
systems. In addition, these methods also require conservative 

.assumptions to be made resulting, in use of more material in 

the structure and thereby increasing both weight and cost. 

On the other hand an accurate indeterminate stress analysis 

of the tower including the effect of redundant members 

and considering; the loads at the true points of application, 

instead of resolving them into different planes, can be 

done by analysis of the tower as a space truss with the 

help of digital 'computer. 

A digital computer analysis of a structure invariably 

considers a much more complicated and complete mol.el than 

a manual analysis. It also becomes practicable to study 

several alteratives with different material or configuration 
to achieve better economy. 

It is however seen that most of the available programmes 
for frame analysis have merely automated the old static 
methods of analysis6 . Few of the computer programmes which 

are available now for three dimensional frame analysis, 

are general purpose type programmes, which considers six 

degrees-of_freedoml5. Since the transmission line towers 

are most ideal pin-jointed, space structures, only three 
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degrees—of— freedom are required. Use of these programmes 

for tower analysis therefore requires l.:nger execution 

time on computer than what is actui-illy necessary. Besides, 

the input data preparation is difficult and interpretation 

of the output requires greater effort. 

It is further felt that computerisation of only the 

analysis part does not  actually help much in saving man 

hours, unless computation of tower loads and also the 

design calculations are computerised. Advanced desi.;n 

programmes for desir-m of towers are apparently existing, 

but these are proprietory programmes for which little 

details are known, and is only available to their owners. 

1.3. Scope of Investigation 

general computer programme has been developed in 

this work and presented for automated design of self 

supported transmission line towers. From the considerationQ 

of simple input data and efficient computer utilisation, 

the iterative design procedure, that is, the desi by 

repeated analysis has been adopted in preference to the 

direct method of Structural Synthesis. Structural optimi-

sation by variation of geometry and/or topoloe r has been 

excluded from the scope of study for this work. It is 

assumed that the structure outline and member arrangements 

are predetermined, and only the member sizes are to be 

found out. 



In this dissertation, the Chapter-II gives a review 

of the present practices in establishing the tower confi-

guration in respect of the self supported, broad based steel 
towers for transmission lines. Various electrical and struc-

tural factors which are taken into consideration for the 

purpose, have been quoted. 

Chapter-III covers the conventional procedure for 

calculation of tower design loads. The manner in which 

calculation of design loads for tower has been incorporated 

in the automated analysis and design programme, is also 

discussed in this chapter. 

Chapter-IV is devoted to the review of the conventional 

methods of tower analysis. The limitations or inadequacies 

of thesd conventional methods have also been discussed. 

Chapter-V explains the three dimensional analysis pro-

cedure which has been used for the automated design of the 

tower anda comparison of the results obtained, through con- 

ventional and three dimensional analyses has been made. 

Chapter-VI deals with the automated design procedure 

developed in this work for designinz of transmission line 

towers. An existing 132 kV, Single Circuit, 30°  angle 

tower designed by conventional method has been redesigned 

here, and a saving in steel has been shown . 

The last chapter gives the conclusions drawn from 

the studies made in this work. 
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CHAP Ti  -I I 

ESTABLISHING THE TOWER CONFI=GURATION 

2.1. Introduction 

The design of Extra High Tension electric transmission 

towers is an interesting; and challenging task for the trans-

mission engineer. Ever higher volta,r_es, an the pressure to 

keep costs town, are incentives to develop transmission 

structures which are stronger, more reliable and have opti-

mum cost. 

In the design of transmission line structures the 

selection of an optimum outline and system of bracing 

patterns contributes to a great extent in developing an 

economical design of a transmission line tower and thereby 

reducing their overall cost. The selection of an outline 

is of course, flexible in nature. Various configurations 

have been tried, from considerations of (i) voltage, 

(ii) number of circuits, (iii) type of material used for 

the structure, (iv) transmission efficiency, (v) overall 

economy and also, to some extent, (vi) aesthetic values. 

For a particular tower configuration selectee, the outline 

decicied shall batisfy both, electrical and structural re-

quirements in consistent with economy. 



The tower configurations can be widely different, 

depending upon the type of material used for the struc-

ture. The various kinds of material used today for the 

transmission line structures for H.V. E.H.V. lines are 

wood poles, laminated wool, prestressed concrete, steel 

and aluminium6. The scope of discussion is restricted to 

steel structures only in this work. 

The steel structures used in the H.V./E.H.V. trans-

mission lines can be broadly classified as (1) Guyed 

structures and (2) Self-supported structures. The yed 

towers require less structural steel, but more space and 

often more construction effort. There are however some 

erection advantaes to the guyed tower, as the steel can 

often be completely assembled on the ground, after which 

the tower as a whole can be lifted in place with a crane. 

The self-supported structures on the other hand, is heavier 

but has the advantages of occupying less ground, and often 

providing greater reliability. In the case of guyed towers, 

the guy anchors require excellent compaction of the back 

filling of its footings, where as the self-supported tower. 

can tolerate, to some extent, sub-standard backfilling of 

its footings. These considerations should not be overlooked 

in the remote areas, where transmission lines are often 

constructed and inspection is difficult and costly. The 

guyed type of structures have been used mostly in U.S.A. 

and Canada, while self-supported structures have been 



extensively used all over the world17. In India the self-

supported structures only have been used, as these are 
more robust, need lesser right of way, and specially 

more reliable, compared to the guyed structures. In this 

work, the analysis and design of self-supported steel 

transmission line towers have been dealt with. 

The configuration of a self-supported steel lattice 

tower is dependant on various electrical and structural 

requirements such as - 

1) Conductor arrangement 

2) Minimum ground. clearance 

3) Length of insulator assembly 

4) The air gap clearances 
5) Mid span clearances between conductor and ground-wire 

6) Nature of shielding; provided, that is, the number 

and height of groundwires 
?) 	The system of bracing patterns 

All the above factors are therefore to be considered 

from transmission efficiency, structural soundness and 

personnel safety point of view. 

2.2. Conductor Arrangement 

In a sinzle circuit transmission line tower the 

conductor arrangement can be either horizontal or triangular 

as shown in Fig.2 .la and 2.1h . Both have some advantages 

and iisadvantages. The height of towers with triangular 



SINGLE CIRCUIT, HORIZONTAL 	 SINGLE CIRCUIT, TRIANGULAR 

21 a 	 2.1 b 

DOUBLE CIRCUIT, VERTICAL 	 DOUBLE CIRCUIT, TRIANGULAR 

2 1 c  

GENERAL ARRANGEMENT OF CONDUCTORS ON SINGLE 
AND DOUBLE CIRCUIT TOWERS 

FIG. 21 
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conductor arrangement, is more than that of the towers 

with horizontal arrangement, resulting in more weight. 

The effect of wind on triar lar tower will also be more, 

resulting; in further increase in the tower weight. The 

probability of lightning flashover is also increased with 

higher structures. The triangular tower. ,however, provides 

balanced reactances, and transmission capability is im-

proved with the reduction of the geometric mean distance 

between the conductors. There is distinct advantage in 

the triangular formation of the cone uctor when the right-

of-way requirements are considered. The usual practice is 

to use the triangular configuration for the single circuit 

towers upto and including the transmission voltage of 220 kV, 

and use the horizontal confip-uration for transmission voltages 

for 220 kV and upwards. For the 220 kV single circuit towers 

both the types of conductor arrangements have been success-
fully adopted. 

On double circuit towers, the conductors are hung one 

above another in a more or less vertical plane from three 

horizontal cross arms, as shown in the Fig.2.lc. Another 

arrangement shown in Fig.2.ld. uses two cross-arms, the 

upper of which support two conductors, while the lower 

support four conductors6 . In this arrangement each of the 

two circuits is placed in a triangular confi~7uration. 

In either case, it is important to maintain sufficient ver-

tical and horizontal separation between conductors to 

prevent mid span interference under dynamic conditions. 
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These conditions may be brought about by nonuniform 

ice dropping or aerofoil behaviour of the conductor 

under certain icing and wind conditions. In this 

country the vertical arrangement of the conductors 

has been adopted for all double circuit lines. 

2.3. Minimum Ground Clearance 

Power conductors, along the entire route of the 

transmission lines, should maintain requisite clearance 

to ground over open country, national highways, important 

roads, electrified. and unelectrified railway tracks, navi-

gable and non-navigable rivers, telecommunication and 

power lines etc., as laid down in the various National 

Standards issued by the respective Authorities. 

Clause No.77 of the Indian Electricity Rules -1956 

stipulates the following; clearances above ground for the 

lowest point of the conductor. For extra high voltage lines, 

this clause stipulates that the clearance above ground shall 

not be less than 5.1 metre plus 0.3 metre (17 ft plus 1 ft) 

for every 33,000 volts or part thereof by which the voltage 

of the line exceeds 33,000 volts. The permissibles minimum 

ground clearances for different voltages therefore work 

out as follows - 

66 kV - 	5,490 mm 

132 kV - 	6,100 mm 

220 kV - 	7,015 mm 

400 kV - 	8,840 mm 
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The above minimum ground clearances are applicable 

for transmission lines running in the open country. Extra 

allowance over this may be marie to provide for creep. 

The minimum clerance of conductors over rivers is 

specified as 3,050 mm over maximum flood level for rivers 

which are not navigable5. For navigable rivers, clearances 

are fixed in relation to the tallest mast in .consultation 

with the concerned navigating authorities. In case the 

power line crosses over a telephone line, the minimum clear-

ance between the conductors of the power line and tele-

communication wires are specified as follows5 - 

	

66 kV 	- 	2,440 mm 

	

132 kV 	- 	2,745 mm 

	

220 kV 	- 	3, 050 mm 

	

400 kV 	- 	4,880 mm 

Between power lines upto 220 kV, crossing over another 

power line of any other voltage upto 220 kV, the clearance 

shall not be less than 4,550 mm, between 132 kV the cler~.rance 

is 2,750 mm and for 66 kV line the figure is 2, 440 mm. For 

400 kV, the clearance may be assumed as 6,000 mm tentatively, 

The minimum height above rail level of the lowest 

portion of any conductor under condition of maximum sag are 

as follows5, in accordance with the regulations for 

Electrical Orossings of Railway Tracks, 1963. 



-13- 

Table 2.1 

For Unelectrified Tracks or Tracks Electrified on 1500 
volts D.C. 

Voltage 	Broad Gauge   Metre and Narrow Gauge 
Inside sta- Outside Inside sta- Outside 
tion limits station tion limits station limits 

limits 
(mm) (mm) (mm) (mm) 

66 kV 	10,300 	7,900 	9,100 	6,700 

132 kV 	10,900 8,500 9,800 7,300 

220 kV 	11,,200 8,800 10,000 7,600 

400 kV 	13,600 11,200 12,400 10,000 

Table 2.2 

For Electrified Tracks on 25 kV A.C. 

Broad, Metre and Narrow Gauge 
Voltage 	- 1nsie station 	u sl e tation 

limits 	 limits 
(mm) 	 (mm) 

66 kV 	 13,000 	 11,000 

132 kV 	 14,000 	 12,000 

220 kV 	 15,300 	 13,300 

400 kV 	16,300 	 '4,300 

No conductor of an extra high voltag overhead line 

crossing a tramway or trolley bus using, trolley wires should 

have a clearance less than 3,050 mm above the trolley line. 
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2.4. Length of Insulator Assembly 

For selecting the number of insulator discs in one 

insulator string, the under—noted factors have been consi- 

dered for voltages upto 220 kV. 	I 

The insulator string' selected should have adequate 

impulse strength so as to prevent trip out due to back 

flashover during lightning, strokes. This consideration 

has usually given adequate insulation strength as well 

as adequate air gap for power frequency over voltages. 

One or two discs have been usually allowed extra so that 

in case of the failure of a disc during service, the 

insulator string maintains the designed impulse strength. 

The tower inductance is usually neglected in computing 

back flashover voltage for voltages upto 220 kV17. 

At 400 kV the switching surges become more critical. 
It has been found desirable to reduce the per unit switching 

surge for 400 kV system to a maximum level of 2.5 p.u., and 

design the insulation of transmission line for this value. 

This insulation is sually found adequate for temporary 

over voltages at power frequency and also atmospheric over—

voltages. 

In designing the external insulation for a transmission 

tower, advantage is taken of the possibility that the maximum 

over voltage occurs rarely, and the lower possibility of 

its coinciding with the assumed withstand and unfavourable 
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weather conditions. Thus the design is based on a given 

risk of flashover which can be calculated by combining 

the flashover voltage distribution function of an insulation 

structure ( in this case the insulator string) with the 

over voltage probability density function. The latter gives 

the probability P0(U)dU of a surge of value between U and 

U + dU occurring. Multiplication of the probability Prl(U) 

of flashover at this voltage gives the possibility of both 

events occurring simultaneously. The integral over the 

whole voltage range is the risk of failure represented by the 

hatched area in Fig..2.2. If a number of strings are sub- 

jected to the same switching surge, the distribution 

Pd(U) has to be adjusted according to the equation 

qn  = q' 	 (2.1) 

where 
ql 	_ Probability of flashover of one string 

qn 	_ Probability of flashover of n strings 

in parallel 

According to the above statistical methods, the insu-

lation is selected in such a way as to obtain a calculated 

probability of failure lower than, or equal to, a pre-

established value that characterizes the required safety 

level. The usual acceptable risk of switching surge flashover 

index, i.e. flashover per number of circuit breaker operations 

per circuit, is between 50-200. The choice of exact number 

will depend on the importance of a line in a system 



RISK OF FAILURE EVALUATION 

FIG. 22 



-16 - 

Application of the rigorous statistical method to 

insulation, design as explained above is however often 

laborious without use of digital computer. A simplified 

statistical method is therefore uses where the risk of 

failure is ©orrelated with the margin between the Statistical 

Over-voltages (U) and the Statistical Withstand Voltage(UW). 

The voltages Uo and U correspond to given reference pro-

bailities on the two probability functions, that are the 

probability of occurrence of the overvoltages and the pro-

bability of flashover respectively. The ratio between the 

voltages U and Uo is defined as the Statistical Factor 

of Safety (Y). The given reference probabilities for the 

two voltages as per the I.E.C. standard are, Uo having 

only a 2 percent probability of being exceeded and UW having 

a 10 percent probability of failure. Once the correlation 

between the statistical safety factor and risk of failure 

is established for these given probabilities, the Statistical 

Withstand Voltage (Uw) can be determined by the equation - 

U = U x Statistical Factor of Safety 	(2.2) 

The 50 percent Critical Flash Over value can then 

be obtained 12 from the relationship - 
U 

50 percent C.F.O. voltage =--~ 1_1,281 6 	(2.3) 
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Where, 6 is the standard deviation of the reclosing 

overvoltages, which follows a Gaussian distribution, and 

has a value of .06 for switching surge. 

The number of insulator discs and the length of insu-

lator string are then finalised depending upon this 50 per-

cent C.F.O. value and the size and rating of each disc. 

The present practice in this country is however to 

provide a standard length of insulator strings with disc 

size of 255 mm x 145 mm for sini7le and double suspension 

strings depending upon different transmission voltages, 

irrespective of the magnitude of switching surge antici-

pate d5 . 

The following table gives the length of insulator 

strings and number of discs normally used at present for 

various voltages5. 

Table 2.3 

Voltage u-semension 
No. of ̂  Length Hanger 

Stringy ~m 
No.of 	Length 

discs 	mm mm Gists mm 

66 kV S/S 5 965 75 S/T 6 1,070 

D/S 2x 5 1,255 - D/T 2x6 1,575 
132 kV S/S 9 1,630 445 S/T 10 1,820 

D/S 2 x9 1,915 450 D/T 2xl0 2,175 
220 kV S/S 14 2,340 350 S/T 15 2,915 

D/S 2x14 2,640 - D/T 2x15 3,345 

440 kV 8/3 21 	3,740 	350 	D/T 2x22 	4,700 

3/S _ Single Suspension 	D/S = Double Suspension 
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2.5. The Air Gap Clearances 

The air gap clearance refers to the minimum distance 

which must be maintained between the live conductor and 

the earthed metal parts of the tower to avoid flashover 

between them. The minimum air gap . clerances under different 

conditions of overvoltages can be computed. As stated 

under the procedure for determining the length of insulator 

assembly, although the atmospheric overvoltages are the 

governing criteria for transmission lines upto 220 kV, 

overvoltages due to the switching surges become critical 

at and above 400 kV. The air gap clearance has therefore 

to be designed to withstand switching surges. The proba-

bilistic approach explained earlier can also be applied 

for this purpose. In order to determine the air gap clerance 

the Statistical Withstand Voltage (U) for the specific 

surge, either lightning or switching has to be determined 

first as in the previous case. The air gap clearance can 

then directly be obtained12  from the equation - 

U 
do 	w 	 (2.4) 

500 K ( 1-1.3 6 ) 

Where, 

d - 	clearance in metres 

n _ 	1 for lighting and 0.6 for switching 

Uw  _ 	switching/lightning impulse withstand voltage 

K 	gap factor depending upon the electrode 
configuration 

d _ 	standard deviation (.06 for switching and 
.03 for lightning) . 
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The above minimum air clearance has to be maintained 

under the conditions of system over voltages with the insu-

lator strings in the deflected position due to the action 

of wind pressure. Assumptions regarding swings of insulator 

strings made in the design of transmission line towers vi-

tally affects the tower weights and, it is therefore ne-

cessary to make realistic assumptions in this regard consis-

tent with acceptable norms of line performance. 

No uniform practice has been followed in this coun-

try. For instance, the insulator swings, for reckoning 

clearance to tower steel work are specified without re-

ference to the wind pressure regions in which the line is 

to be erected, and this has resulted in the adoption of 

the same swings for all lines of the same voltage class, 

using the same size of conductor in widely varying wind 

pressure regions. 

It has been estimated that the tower weights can 

be reduced by about 5 percent for 220 kV single circuit 

tower4  if the angle of insulator swing is reduced from 45 

to 35°• While lower air clearances will adversely affect 

the full utilisation of the line insulation provided, 

unnecessary large air-clearances will mean longer cross-arms 

and some what heavier towers. A proper co-ordination between 

the air clearances and insulator swings is therefore 

essential. 
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The problem of fixing up a specific angle of sus.- 

pension insulator swing for which a suspension tower should 

be designed, is fairly complex as the computations involve 

a number of variables. The angle of swing depends upon the 

following, factors - 

i) Transverse wind velocity 

ii) Diametre of conductor 

iii) The weir*ht of conductor 

iv) The angle of line deviation and conductor tension 

corresponding to the wind pressure on the conductor. 

The swing angle can be expressed4 by the following 

relationship 

2 T sin ~ + HWh + 2 (wind load on insulator) 
Tan 8  

V.Wv + 2 Wi 
(2.5) 

where, 
8 	= 	Angle of insulator swing fmm vertical 

T 	Maximum working tension of the conductor, 
corresponding to the wind pressure and 
temperature conditions 

Angle of line deivation 

Wh 	= 	Wind load per unit length of conductor 

H 	_ 	Wind span 

V 	= 	Weight span 

v _ 	Weight per unit length of conductor 

Wi _ 	Weight of insulator string 
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The air clearances between the conductor and the 

earthed steel work corresponding to the three overvoltages 

have to be cQ-ordinated with the corresponding deflected 

position of tho insulator string. The problem therefore 

lies in foreseeiAg, as far as possible, realistic atmos-

pheric conditions and the simultaneous occurrence of system 

overvoltages. 

Statistics have revealed that when the insulator str-

in{; is in its maximum deflected position ( which theoreti-

cally occurs at maximum wind velocity) there is more possi-

bility of occurrence of Power Frequency overvoltage4. The 

switching over-voltage usually occurs under reduced wind 

velocity conditions, that is 50 percent to 70 percent of 

the maximum wind velocity. The occurrence of lightning im-

pulse flash over is generally accompanied by wind velocity much 

less than that occurring under steady conditions. It would 

be reasonable therefore to provide for air gap clearance 

under maximum insulator swing, conditions corresponding to 

P.F. overvoltage. Further, statistics also show4  that switch-

ing overvoltages usually occur in the system simultaneously 

under wind pressure conditions, which are less stringent 

than maximum wind conditions. The reduced wind velocity 

may correspond to about 50 percent to 70 percent of the 

maximum wind velocity. The clearance for switching overvoltage 

i.s therefore to be provided with respect to the angle 

of swing under corresponding reduced condition. Experience 
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has also shown that occurrence of lightning impulse flash 

over is gene) rally accompanied by wind velocity much less 

than that occurring under steady wind conditions. 

Keeping, the above in view, the authors of the article 

in ' Electrical India ' 4  have tried to calculate the insu-

lator swing on a more realistic basis and coordinate the 

same for the three overvoltage conditions. The swings for 

different wind pressure regions have been worked. out for 

various conductors usually adopted for 66 kV, 132 kV, 220 kV, 

and 400 kV lines. A slightly conservative assumption has been 

made in coordinating the wing velocities with the conditions 

of overvoltages for the initial stages. A figure of 70 percent 

of the maximum wind velocity for working out insulator swings 

for reckoning clearances from switching surge considerations 

and 50 percent of maximum wind velocity for working out the 

swings under atmospheric overvoltage condition is chosen. 

The swings under the maximum wind velocity on the conductor 

is coordinated with the clearance's required under power 

frequency overvoltages, particularly for 400 kV. 

Presently the practice is to specify two swing 

angles and the corresponding electrical clearances under 

these deflected position of the strings. The swing angle 

is assumed to be same, irrespective of the wind pressure 

zone or conductor size. 
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The swings and clearances normally adopted at 

present for 66 kV to 400 kV transmission lines are riven 

in the following tables5. 

Table 2.4 

Suspension Insulator Strings 

S1•No. Line voltage 	Assumed value of swing Min.clearan- 
of suspension string 	ce specifiedl 
from vertical 

kV 	 ( degrees) 	 (mm) 

i.  66 30 760 

45 610 

ii.  132 30 1,525 

60 i,070 

iii.  220 20 1,980 

35 1,400 

iv.  400 22 3,000 

45 1,860 

Table 2.5 
Jumper on Tension tower 

31-No. line voltage 	Assumed value of swings Max.clearan- 
of jumper from vertical ces sped- 

Lied 
kV (degrees) (mm) 

1. 	66 10 760 
ii. 132 10 1,525 

30 1, 07n 
iii. 220 15 1,980 

30 1,400 
iv. 400 18 3,.000 

36 1,860 
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2.6. Mid Span Clearance between Conductor and Groundwire 

In case of direct lightning stroke on the mid-span 

of overhead earthwires, the potential of the mid-span is 

built up during the duration of propagation of surge current, 

and the mid-span flashover may occur from groundwire to 

conductor before the current is discharged through the tower. 

The mid-span clearance between the earthwires and conductors 

is, therefore, kept more than the clearance at the tower. 

The usual practice in this regard is to maintain the sag 

of ground wire at least 10 percent less than that of the 

power conductor under all temperature conditions in still 

wind at the normal spans, so as to give a mid-span separation 

greater than at the supports5. It is, however, ensured that 

under minimum temperature and maximum wind conditions, the 

sag of the ground wire does not exceed the sag of power con-

ductor. It is under the minimum temperature condition that 

the problem of coordination of conductor and groundwire sags 

generally arise, whereas sufficient sag differential is 

available at maximum or other temperature conditions. It is 

the practice therefore to assume the same temperature and 

wind pressure conditions for working out the Bags for the 

groundwire as those adopted for power conductors, although 

the maximum temperature of the groundwire attainable is 

less. The table 2.6 for example gives the coordinated sags 

of power conductors and groundwire5. The power conductor 

is ' Panther' 30/3 mm Al + 7/3 mm st. (IS : 398) and the 

groundwire is 7/3.15 mm, 110 kg/mm2  quality(IS: 2141) . 
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Table 2.6 

Coordination of Power Conductor and Groundwire 
Sags 

Condition 	Conductor 	Earthwire 	Pifferen- 
Tension T ension 	Sag tial Sag 

( kg) 	(mm) 	(kg) 	(mm) =(355)x100 

1 	2 	3 	4 	5 	6 

Min. temp. + Max. wind 3,882 6,690+ 1,870 	6,220+ 7.03 

	

3,530++ 	3,200++ 

Min .temp. + Still wind 3,090 4,830 	1,380 	4,340 10.0 

Everyday temp. + 	2,282 6,000 	1,175 	5,100 	15.0 
still wind 

Max. temperature + 1,938 7,060 	1,030 	5,730 18.8 
still wind? 

+ Loa1ed incline sag, 

++ Vertical sag 

In the case of stroke to mid-span on one of the 

earthwires when two earthwires are used, it is preferable, 

if the stricken earthwire flashes over to the second ground-

wire instead of to the conductor. For this, it is necessary 

that the spacing between the two earthwires is less than the 

mid-span clearances between earthwires and conductors. 

Mid-span clearances vary with the span lengths. Increased 

spans increase the mid-span clearances. 
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The design spans normally adopted are 250 in for 

F kV, 305 to 335 m for 132 kV, 350 m for 220 kV and 

353-400 m for 400 kV lines5. The following are the vertical 

clearances generally permitted at the middle of the span 

between the earthwire and the conductors. 

Table 2.7 

Span 	Vertical clearance permissible 

(m) 	at the middle of the span 

(mm) 

200 4,000 

300 5,500 

400 7, 000 

500 	 8,500 

These figures are based on the rate of rise of 50 kI./ 

micro-second of lightning current with a probability of 

flashover of 3 percent, surge impedance of the groundwires 

as 400 ohms and coupling coefficient as 0.25. Further, it 

is the practice to keep the angle of -shield lower at the mid-

span than that provided at the towers. 
2.7. Nature of Shielding 

Earthwire provides protection against direct stroke 

of lightning. It intercepts the direct lighting strokes and 

conducts the charge to the nearest ground connections. The 
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location of the groundwire/groundwires determines the 
height of groundwire peak portion or the earth cone of the 

tower. The height and location of overhead groundwires shall 

be such that the line joining the groundwire to the outer 

most conductor shall make angles of approximately 20 to 30 

degrees with the vertical. This angle is called the shield 

angle. The smaller the angle, the better the shielding 

provided. The practice is to specify 30 degrees for 66 kV 

and 132 kV lines and 25 or even 30 degrees for 220 kV lines. 

i. lower angle of 20 degrees is suggested for 400 kV lines. 

The protective value against direct strokes to the phase 

conductors approaches 100 percent if the protective angle 

is less than 20 degrees, but it may not be advisable to 

keep smaller angles from economic considerations. The shield 

angle is to be taken from outer conductor of the bundle in 

the case of 400 kV lines. The position of the conductors with 

reference to which, groundwire position is determined is 

fixed depending upon the length of the insulator strings 

to which the conductors are attached, their swings and the 

corresponding electrical clearances etc., as already dis-

cussed. 

On extra high voltage lines having wide oonducfor 

spacings, the use of two earthwires may provide more adequate 

protection. Two earthwires are also superior in that they 

have a lower surge impedance and the coupling; effect :with the 



conductors is increased. In case of two earthwires, the 

protective zone between two earthwires forms a semicircle 

with the line connecting the two earthwires forming the 

base diameter. Therefore the height of the middle conductor 

below the earthwire plane should be more than half the 

spacing between the two earthwires. Having fixed the angle 

of shield, the location of the groundwire is fixed and height 

of groundwire peak portion is determined. 

Figure 2.3. gives the relationship of the probability 

of shield failures and the shielding angle between ground-

wire and top rbase conductor for tower of different 

heightsl7. 
2.8. The System of Bracing Patterns 

Various types of bracing patterns are adopted for 

transmission line towers. A few of these shown in Fig.2.4• 

are taken from the ' Manual on Transmission Line Tower' 

for discussion. 

Single Web System 

It comprises either diagonals and struts or all dia-

gonals, as shown in Fig.2.4(a) and Fig.2.4(b) respectively. 

In diagonal and strut system, struts are desi arced in com-

pression, while diagonals in tension, whereas in a system 

with all diagonals the members are designed both for tensile 

and compressive load to permit reversal of the applied external 

shear. This system is particularly used for narrow base 
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towers, in cross arm girders, and for portal type towers.. 

Except for 66 kV single circuit line towers, single web 

system has little application for wide base H.V. and E.H.V. 

towers. It is preferable to keep the four faces identical. 

in case of 66 kV single circuit tower using single web 

system as it results in lighter leg member sizes. 

Double Web or Warren System 

This system is made up with diagonal cross-bracings. 

Shear is equally distributed between the two diargonals, one 

in compression and. the other in tension. Both diagonals are 

designed for tensile and compressive loads in order to per- 

mit reversal of externally applied shears. The diaconal 

braces are connected at their cross points. The tension dia- 

gonal gives an effective support to the compression diagonal 

at the point of their connections, and reduces the unsupport- 

ed length of bracings which results in lighter size of brac- 

ing members. This tension-compression system works well  

where the lateral dimensions of the tower are not too great 

with respect to the tower loads. This system is used for 

both large and small towers and can be economically adopted 

through out the shaft and pedestal of suspension and small 

angle towers and also in wide base large towers except in 

lower one or two panels, where diamond or portal system 

of bracing is more suitablf= 	These bracings result in 

better distribution of loads to the. tower footings, and 
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reduces stress in the tower legs, especially that brought 

on by torsional loads. 

Pratt System 

This is a tension system in which all the diagonal. 

members have a slenderness ratio high enough to act only in 

tension. Horizontal members at the junction of each tension, 

X, are designed for compression. Advantage of this system 

is that the sizes of diagonal members would be small, be-

cause these are designed for high slenderness ratio. This 

type of bracings result in larger deflection of tower under 

heavy loadings, because the tension members are smaller in 

cross-section than compression members would be for similar 

loading. If such a tower is over loaded, the inactive dia-

gonal will fail in compression due to large deflection in 

the panel although the active tension member can very well 

take the tension loads. This system of bracing imparts 

torsional stresses in leg members of the square based 

tower and also result in unequal shears at the top of four 

stubs for the design of foundation. 

Portal System or K-. Bracings 

In this system of bracings the diagonals are designed 

for both tension and compression. It is stiffer than Pratt 

system, and has the advantage that the horizontal struts 

are supported at mid-length by the diagonals and the same 

are correspondingly smaller than that in Pratt system. 
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Used for approximately same size of panels as Pratt bracing, 

portals are used in conjunction with Warren system of brac-

ings. Used when it is desirable to provide clearance between 

the bottom legs of a tower. It has been found advantageous 

to use the portal system for bottom panels, extensions, and 

heavy river crossing towers when rigidity is a prime consi-

deration . If hill-side or corner extensions are anticipated, 

the portal panel is particularly attractive due to its ver-

satility of application. 

Diamond Bracing System 

Somewhat similar to the Warren system, this bracing 

arrangement can also be derived from the portal system by 

inverting every second panel. As for each of these systems, 

all diagonals are designed for tension and compression and 

share the web shear. Applicable to panels of approximately 

same size as the Pratt and Portal systems, this arrangement 

has the advantage that the struts carry no primary loads 

and are designed as redundant supports. 

Modified System of Bracings 

In H.V./E.H.V. towers where the torsional loads are 

of high magnitude, the top hamper width is kept large to 

resist the torsional loads. Standard Warren system, if used 

there, gives longer unsupported lengths of legs and bracings 

which increases the weight of tower disproportionately. 
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For such towers modified system of bracings are used as 

shown in Fig.2.4• The advantage. of the system is that the 

unsupported lengths of the leg members are reduced subs-

tantially thereby increasing their strength and reducing 

the member sizes. Although there is an increase in the 

number of bolts, fabrication and erection cost, yet the 

above system gives overall reduction in weight and cost 

of steel. 

The bracings on the transverse and longitudinal faces 

may be staggered as sliTht reduction in tower weight is 

achieved by this.  The system is preferable only for sus-

pension and medium angle towers. In heavy angles and dead 

end towers, bracings on transverse and longitudinal faces 

may not, however, be staggered in order to have more 

rigidity. 

2.9. Constituents of an Outline Diagram 

Deciding the tower configuration means determining 

the various dimensions of the tower which define its outline. 

These dimensions or the constituents of an outline diagram 

in respect of a transmission line tower are as follows - 

a) Tower height considered from ground level 

b) Length of the cross-arms, and phase, spacings 

c) Tower widths at (i) base and (ii) top hamper 

of the pedestal. 

d) Bracing pattern. 
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All the above dimensions are to be decided, keeping 

in view the various electrical and structural requirements 

listed earlier. The exact procedure followed in determining 

each of the dimension is explained as follows - 

The Tower Height 

The height of a tower (H) in level country comprises 

the permissible ground clearance of conductors required in 

accordance with overhead line regulations, (hl), maximum 

sag for the lower most conductors (h2), vertical spacing 

between conductors including maximum insulator string 

length (h3), and height of the groundwire peak portion 

(h4) . These dimensions are shown in Fig.2. 5. The permissible 

ground clearance (hl) can be determined as explained earlier. 

The maximum sag for the lower most conductor is found out 

by the sag, calculations. The sag; at maximum temperature 

and still air condition is to be taken as (h2). The procedure 

of sap, calculations has been dealt with in detail in 

Chapter- ill. 

For determining the vertical spacings between two 

cross-arms (h3), the procedures are different for suspension 

towers and angles towers, and are reproduced here from the 

'Manual on Transmission Line Towers' 5. 

In the case of suspension towers the approximate 

value of the angle between the lower main members and the 

upper inclined members of the cross-arms is assumed. 
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This also determines the heights of panels between two 

cross-arms in the main tower body. For E.H.V. lines, i.e. 

220 kV and 400 kV lines, the angle between the lower main 

member and the upper inclined member (a) of the cross-arm 

generally lies between 20°  to 25°  ( 20°  being the minimum 

preferable angle between any two members common to a joint 

of trussed frame in order to avoid any uncertainty of the 

amount of stress distribution between two closely spaced 

members) and that for 66 kV and 132 kV lines this angle lies 

between 200  to 300. The distance between the conductor a-ad 

the inclined member of the lower cross-arm is minimum when 

the line drawn from the conductor in its deflected position 

to the inclined member is perpendicular. This perpendicular 

makes an angle a with vertical, the angle (a) equals the 

angle between the inclined member and lower main member 

of the cross-arm. In case angle a ( between lower main 

member and inclined member) is less than , the, insulator 

string should deflect by an an{ile a, in order to have 

minimum vertical spacing; between cross-arms. Allowance, is 

made for flange width of plan redundants connected to the 

bottom of the lower main members of the cross-arm and at the 

top of tie members and also for the centre of gravity of 

lower main members and top inclined members of the cross-

arm while computing vertical spacings. 
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As shown in Figure 2.6,.. the minimum vertical spacing 

between the two adjacent cross-arms(h3 ) depends upon the 

magnitude of a with relation to 91  and 92 . 

Case I 

When a < 91  < .92  

91  - the insulator swing from vertical at reduced 

wind velocity 

92  _ the insulator swing from vertical at full 

wind velocity 

The minimum vertical spacing between two adjacent 

cross-arms, (h3) - Hg  + b + h 	 (2.6) 

Where, 

	

H9  - 	Height of hanger 

(x2  +B + C) - S. Cos 92 	(2.7) 

or 	= 	(x1  + B+C) - S. Cos 91 	 (2.8) 

whichever is greater. 

and x1  w 

X2= 

B _ 

C 

S = 

air clearance corresponding_ to Sl  

air clearance corresponding to '02  

Flange width of the nearest projecting, angle 

section connected to the main angle members 

Distance of centre of gravity of the main 

angle section from the heel of the angle 

Length of the insulator string. 
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Now, b = ( S+x1+B+C) Cos a 	 (2.9) 

h = ( a + offset between two cross arms) tan a 
(2.10) 

where a = b tan a 	 (2.11) 

Substituting the value of b from equation 2.9 we get 

a = ( S + xl+ B + C) Cos a. tan a 

=( S + xl  +B + C) Sin a 	 (2.12) 

.  . h = 	(S + xl  +B + C) Sin a + Offsets tan a (2.13) 

Hence h3  : equations 2.7 + 2.9 + 2.13 

or 	= equations 2.8 + 2.9 + 2.13, whichever is greater. 

Case II 

When 91  < a < 92  

The value of h3  can still be found out with the help of 

equation 2.6, where 

b 	_ 	S.Cos 91  + (x1+B+C) Cos a 	(2.14) 

or 	— 	(S+x2 +B+C) Cos a, 	 (2.15) 

whichever is greater 

and., h 

a 

or 

( a + offset) tan a, where 

S. Sin 91  + ( xl  + B + C) Sin a 

(S +x2  +B + C) Sin a 
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The value of ' a' obtained from the equations 2.16 and 

2.17 should be chosen, which corresponds to the greater

value of ' b' . 

In suspension towers, angle a is no.t generally greater 

than 92, the third case is therefore not considered. 

In the case of angle towers, the angle between the 

cross-arm lower main member and upper inclined member is 

always more than the swing of the jumper from vertical under 

reduced wind velocity 

Case I 

When Q3  < a < ®4  

	

where a4  - 	the swing of the jumper under full wind 

velocity 

	

h3  = 	Y +b +h 	 (2.18) 

	

where Y _ 	Depth of jumper terminal point below 

cross-arm level, and is given by the 

following relation. 

Y 	_ 	(Max. sag of conductor x St.)/Half span 

(2.19) 

	

Where, St = 	Length of the tension string 

b 	_ 	D. Cos 93 	- (x1  +B + C) Cos a (2.20) 

or 	_ 	(D + x2  + B + C) Cosa (2.21) 

whichever is greater 

here D _ 	Depth of jumper. 



The depth of jumper is selected in such manner 

that maximum specified clearance is maintained at all 

points along the jumper profile. This value is normally 

10 percent more than the. specified maximum clearance of 

conductor to earthed steel. 

.. D = 1.10 x1 	 (2.22) 

h = (a + St. Sin-- + offset ) tan a 	(2.23) 

where 

a = D. Sin + ( x1  B + C) Sin a (2.24) 

or = (D + x2  + B + C) Sin a (2.25) 

The value of 'a' should correspond to the greater 

value of 'b' 

and A = The angle of line deviation. 

Case  II 

When 93  < 84  < a 

b _ 	D. Cos 93  + (xl + B + C) Cos a (2.26) 

or _ 	D. Cos a4  + (x2  + B+ C) Cos a (2.27) 
whichever is greater. 

h = 	( a + St. Sin L + offset) tan a (2.28) 

a = 	D. Sin . +(x1+B+C) Sin a (2.29) 
or _ 	D. Sin A4  + (x2  + B + C) Sin a (2.30) 
The value of 'a' should correspond to the treater 

value of ' b' . 
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The spacings are determined both corresponding to 
single suspension/ double suspension string and single/ 
double tension string. It is preferable to make an allowance 

for additional distance of 50 mm while determining the 

final -spacings to .account for any slight deviations from 

the values of B and C assumed above. The spacings can also 

be determined graphically besides the analytical method 

explained above. 

Now comes the last section, that is the groundwire 

peak (h4) which has to be determined for arriving at the 

total height of the tower. Height of the groundwire peak 

is determined essentially for the protection from direct 

lightning strokes, and the criteria is therefore the 

shielding angle. The procedure for determining the shielding 

angle is discussed earlier. 

Length of Cross-arms 

The horizontal spacing of conductors depends on 

the length of cross-arms and the width of the tower at 
the shaft portion. Length of the cross-arms is determined 
as follows. 

In case of suspension towers, the length of cross-

arms equals - 

3. 	Sin 91  +x1  +B + C (.2.31) 

or 	S. Sin 92  +x2  +B + C (2.32) 

whi.hever is greater. 
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In case arcing horns are used on the line sides 

( 	in a plant., parallel to that of the conductor), the 

clearances are also checked from the tip of the arcing 

horn. Twice the length of cross-arm so determined may 

give the width of window in the case of tower with hori-

zontal formation. Allowance is also made in the horizon-

tal distance corresponding to the sloping leg members, if 

any. 

The length of cross-arm in the case of angle towers 

is determined from the swing of jumper and the corresponding 

electrical clearance from the tower member. This length 

equals - 

St. Sin'- + D. Sin Q, + xl  +B +C 	 (2.33) 

or 	St. Sin 0 + P. Sin 84  + x2  + B + C 	(2.34) 

The greater of the two values gives the length of 

cross arm considered from the point of attachment (T) to 

the centroidal line of the main leg members.. 

The horizontal spacing between conductors obtainable 
as above are adequate so as not to cause any arc over 

between them at the mid-span due to out of step swinging 

of conductors, if any, under dynamic conditions. In case of 

lines, running through snow bound areas, these spacings are 

checked from the consideration of galloping of conductors 

also, under specific condition of snow and wing. In case 

of barrel type of towers, where the conductors are hung 
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one below the other in vertical plane, necessary off-setting 

to the extent of 600 mm between conductors is generally 

provided in order to avoid any possibility of conductor 

coming closer with each other under conditions of non-

uniform shedding of ice from them and causing flashover. 

Tower Widths at Base and Top Hamper 

It is customary from the fabrication point of view, 

to have a constant batter from bottom up to the level of 

bottom most cross arm. The top widths of the tower remains 

the same as the width at the level of bottom most cross arms. 

The base width at the concrete level, depends upon the mae-
nitude of the physical loads imposed upon the towers, and 

also depends upon the heights of application of external 

loads from ground level. Towers with large base width result 

in low footing costs and li-ihter main leg members at the 

expense of longer bracing members. This also decides the 

leg slope. The optimum slope generally lies between 1 on 

5 to 1 on 12. The flatter slope is applicable for low dead 
end towers, while the steep slopes are applicable for light 

suspension towers or high river crossing towers6. Suspension 

towers with moderate loadings nenerally prove out to be 

economical with a leg slope of about 1 on 8. 

Another formula gives the economical base widths  
of lattice tower proportional to the square root of over 

turning moment, that is 
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B _ K 4M 	 (2.35) 

Where 
B = 	Base width of tower at concrete level 

in centimetres. 

M _ 	The over turning moment in kg—m. 

K 	A constant 

The value of K lies between 1.35 and 2.5 and 1.93 

is a good average figure. 

From the study of the total heights and base widths 

of several typical towers, it is observed in the ' Manual 

on Transmission Line Towers' 5, that the base width generally 

varies between 1/4 to 1/6 of the overall height of the tower 

up to concrete level?  the values may be 1/6 for suspension 

tower, 1/5 for medium angle towers and 1/4 for heavy angle 

towers. It is suggested therein to use these simpler 

emperical relationship in 'working out the base width. 

In medium and heavy angle towers for the bracings to 

carry minimum possible loads it is preferable to adjacent 

the leg slope in such manner that the legs when extended 

may meet at the line of action of the resultant loads. 

Top hamper width is the width of the tower at the 

level of the lower cross arm in the case of barrel type 

of towers ( in double—circuit towers, it is sometimes at the 
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middle cross-arm level) and waist line in the case of Y 
towers. The width of top hamper, is mainly decided by torsion 
loading. The torsional stresses are evenly distributed on 

the four faces of the square tower. The top hamper width is 

also decided in a manner that the angle between lower main 

member and the tie member of the same cross arm is not less 

than 20°. The top hamper width is generally found to be 

about 1/3 of the base width for tangent and light angle 
towers and about 1/3.5 of the base width for medium and 

heavy .an F,zle towers5. For horizontal configurations, the 
width at the waist line is, however found to vary from 1/1.5 

to 1/2.5 of the base widths. 
A variation of top and bottom widths usually results 

in variation of weight of the tower so that it is useful 

to try out a few combinations of top and bottom widths to ob-

tain optimum weight of tower. Rest of the configurations and 
the bracings are established more or less in a conventional 
manner, and it is here that a designer can exercise his 

judgement to affect a reduction in weight of the tower. This 
is also one of areas in which computer can be effectively 

utilised to optimise the tower weight. 
Bracing Pattern 

Having determined all the basic dimensions of the tower 
it remains to pick a bracing system for the body. A suitable 

bracing system can be chosen from the different types of 

bracing systems already discussed. 
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CHAPTER-III 

DETERMINING THE TOWER LOADS 

3.1. Introduction 

For analysis and design of an electrical transmission 

line tower, all external loads are to be worked out for the 

normal and various broken wire conditions. The IS: 802(Part I) 

1973 specifies the basis for calculating various types of 

loads. The different broken wire conditions for which the 

towers are to be designed are also stipulated therein. 

The data required by a tower designer for calcula-

tion of all the external loads are quite varied and they can 

be listed as follows - 

i) The design spans - Normal span, Weight span and Wind 

L 	span, 
ii) The type of tower- Configuration and angle of deviation 

iii) The climatic conditions - Maximum wind pressure, snow 

and ice conditions and range of 

temperatures, 

iv) No., size and arrangement of conductors 

v) No. and size of ground wires 

vi) No. and type of insulators 

3.2. Design loads for Tower 

The following types of loads are accounted for in 

the design of transmission line towers. 
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Transverse loads 

The transverse loads on a tower are due to 

i) Wind load on conductor and ground wires 

ii) Wind load on supporting, structure 

iii) Transverse components of cable tension on angle 

towers, due to the line deviation. 

Longitudinal Loads 

The longitudinal loadson a tower are due to 

i) Unbalanced pull due to broken conductor or ground 

wire 

ii) Pull of all conductors and ground wires in. the 

case of dead end towers 

Vertical Loads 

The vertical loads on a tower are due to - 

i)  Weight of the structure 

ii)  Weight of conductor and groundwire 

iii)  Weight of insulator and fittings 

iv)  Weight of ice coating if any 
v)  Weight of line-man with tools 

Torsional Loads 

Torsional loads are produced when there is unbalanced 

tension in the conductor on the two sides, for example, due 

to broken wire or due to dead ending- of the conductor on 

single circuit lines and this causing twisting moments 

about the central axis of the tower. 



-46- 

Eccentric Vertical Loads 

The eccentric vertical loads arise in a tower under 

the following conditions - 

i) Unequal loading in the case of arrangement of 

conductors on a single circuit tower 

ii) Unbalanced vertical loads under broken wire 

conditions 

Earthquake Forces 

As transmission line towers are comparatively light 

structures and also that the maximum wind pressure is the 

chief criterion for their design, the earthquake forces can 

be neglected, considering that concurrence of earthquake 

and maximum wind pressure is unlikely to take place. 

Temperature Stresses 

Stresses in the structure due to variation of 

temperature need not be considered for structures of normal 

heights as stipulated in 'Manual on Transmission line Towers' 

3.3. Cal ,ulation of Various Tower Loads 

Wind Pressure Loads 

On the basis of measured maximum wind velocities for 

different parts of the country, including winds of short 

duration as in squall, the country has been divided into three 

zones of low, medium and heavy wind pressures, in the 

IS : 802. The basic maximum wind, pressure map of India, as 

given in the above I.S.S. has been reproduced here in 
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Fig.3.1. For each wind pressure zone the wind pressure 

stipulated for the structure is different from that of the 

conductors and earthwires. 

(a) Structure 

In the case of towers the wind pressure is cal-

culated on 1.5 times the projected area of the members on 

the wind-ward face. The calculation of loads due to wind. 

on tower is one of the most time consuming and tedious 

jobs encountered in tower analysis. It is generally necessary 

to estimate the wind load with reference to old available 

design. In case the final windloads computed after the main 

member sizes and sail areas are fairly well established, 

are in much variance from the assumed loads, the de sign 

is recast by taking the correctly computed wind load on 

structures. 

(b) Conductor and Ground Wires 

In the case of conductors and groundwires the 

appropriate wind pressure is assumed as acting on the full 

projected area, since the wind pressures riven for the 

conductors and groundwires is different from that for the 

structures, in each zone. In case of bundle conductors 

the wind pressure given is assumed as acting on full pro-

jected area of each conductor in a bunrile. 
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Under normal conditions, the transverse load due 

to wind on conductors and groundwires is calculated on the 

wind span. - Under broken wire conditions, 50 percent of the 

normal span and 10 percent of the broken span is assumed as 

wind span. The wind span is the sum of the two half spans 

adjacent to the support under consideration, and is usually 

taken same as the normal design span for the tower. 

(c) Insulator Strings 

For the purpose of computation of wind load on 

insulation strings, the effective projected area of the 

string is taken as 50 percent of the projected area of the 

cylinder with the diameter equal to that of the insulator 

skirt. The pressure is taken as that applicable to the 

structures. 

Dead Weights 

These are all vertical loads which are calculated 

separately for the structures, the conductors and groundwires 

and the insulators etc.. 

(a) Structure 

Initially the dead weight of the structure can be 

assumed with reference to available structure designs. In 

case the weight of the designed structure is not in much 

variance from the assumed weight, the design  need not be 

modified, but if there is considerable variation from the 

assumed weight, the design has to be recast by considering 

revised weights. 
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(b) Conductors and Groundwires 

The conductor weight on any tower is equal to 

the weight of the conductor and ice, if any, between the 
adjacent low points of the catenary or the weight span. 

The weight span is the horizontal distance between the 

lowest points of the conductor, on the spans adjacent to 

the tower. The ratio of the weight span to normal span or 

wind span for any tower is a function of the terrain. For 

moderately rolling terrain, the vertical span capability 

is about 50 percent more than the wind span. In rough 

terrain, this is increased to 100 percent or more. 

Under brokenwire conditions the weight of conduc-

tors or groundwire is taken as 60 percent of that under the 

normal condition. 

(c) Weight of insulator and weight of Line-man with tools 

For each point of conductor attachment the weight 

of insulator is calculated depending upon the number of 

discs per string and the number of strings . As regards 

the weight of Line-man with tools, a provision of 150 kg. 

is usually made. This figure increases to 500 kg. in 
the case of 400 kV. towers. 

Loads due to conductor and Groundwire Tensions 

For calculation of these loads the maximum working, 

tensions for the conductor as well as the groundwire has 

to be determined first by carrying out necessary sag-

tension calculation. 
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Sag-Tension Calculation and Determination of Maximum 
Working Tension - 

The size and type of con tuctor, wind and climatic 

conditions of the region and span length determine the con-

ductor sag and tensions. Span length is fixed from economic 

considerations. The maximum sag for conductor span occurs 

at the maximum temperature and still wind conditions. 

This maximum value of sag is taken into consideration in 

fixing; the overall height of the steel structures. In 

snow regions, the maximum sag may occur even at 0°C with 

conductors loaded with ice in still wind conditions. While 

working out tension in arriving at maximum sag, the follow-

inc_ stipulation laid dowr, in I.E. Rules (1956) are to be 

satisfied. 

i) The minimum factor of safety for conductors shall 

be 2, based on their ultimate tensile strength 

ii) The conductor tension at 320C (90°F) without external 

load shall not exceed the following percentages of 

the ultimate tensile strength of the conductor. 

Initial unloaded tension 	-- 	35 percent 

Final unloaded tension 	- 	25 percent 

In accordance with this stipulation, the maximum 

working tension under stringet loading conditions shall 

not exceed 50 percent of the ultimate tensile strength of 

conductors. Say--tension computations made for final 

` CE 	1' NTRAL LfBAAR 	l ERS jo  gOF  
ORK j P_ 



stringing  of the conductors, therefore, must ensure that 

factor of safety of 2 and 4 are obtainable under maximum 

loading condition and every day loading condition; respec-

tively. 

Standard sag-tension p .rabolic equation considering 

the combined effect of elasticity and temperature is givens  
as 

f2 L -(K-Eat) 	_ l?.82.E.g2  
24 	 (3.1) 

Where, 

f = 	working tensile stress of conductor in 

kg/cm 

K _ 	constant computed from initial temperature 

and wind pressure condition assumed. 

E _ 	Final modulus of elasticity in kg/cm 

a 	- 	coefficient of linear expansion of 

conductor per degree centigrade 

t _ 	change in temperature = final temperature 

minus initial temperature in degree centi-

grade. 

1 = 	span length in metres 

- 	weight of conductor/m/cm2- w/A kg/m/cm2  

where,  
A _ 	Cross-sectional area of conductor in cm 
q 	- 	loading factor = 

	
P 	(3,2) 

142 
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where, 

W _ 	Weight of conductor in kg/m length of 

conductor 
P _ 	Wind load on conductor in kg/m length of 

conductor 

If suffix 'l corresponds to temperature condition 

at minimum temperature with maximum wind, '2'  to every day 

temperature with still wind condition and 137  to maximum 

temperature in still wind condition, the above sag-tension 

formulae are written as follows - 

(a) Every day temperature 32°C in still wind 

(Assumed as starting initial condition -Suffix 2) 

f2 	f -(K-Eat) 	12 S2  '  E ' q  2 	2 	 (3.3) 
24 

Assume 
22 

1.  24  E  = Z. and initial temperature t2  =32C 
24 

t = 0 

	

E a t= 0, q 	1 

f 	Ultimate strength of conductor (Kg) 
2 - 4 x cross-sectional area in cm2( £) 

Substituting the above values in the equation and solving 

we get 

K=f2-'Z/f2 	 (3.4) 
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(b) Minimum temperature with full wind (suffix 1) 

f~ 	fl - (K- E a (t1-t2 )) 	= Z. qq 	 (3.5) 

Value of K computed from (a) is substitutted 
in equation (3.5) and the cubic equation is solved for 

fl - the maximum tensile stress of the conductor. 

If Tl is the maximum tension at the minimum tem-

perature with full wind 

Tl = fl A 

F.O.S. _ 	T (Ultimate strength) 

T1 

Factor of safety is to be equal to or greater than 2. 

(c) Maximum temperature and still wind (suffix 3) 

4 	f3 - (K-E a (t3-t2 ) 	Z..q2 	 (3.6) 

Value of K computed from (a) and q _ 1 are 
3 

substituted in (3.6) and the equation is solved for f3, 

the stress of the conductor under maximum sari conditions. 

Having determined the conductor tensile stress ( f3 ) under 

maximum temperature in still wind 
q3 S 12 

Maximum SSag; = 	 metres 	 (3.7) 
8 f3 
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Except in snowy zones, the sag-tension computations 

(for S.C.A. conductor) may be started from the condition 

of every day temperature (32°C) in still wind with a factor 

of safety of 4, assuming this to be an initial condition. 

Computations show that corresponding factor of safety under 

worst loading condition at 32°C with full wind pressure or 

minimum temperature with 2/3 full wind pressure is always 

more than 2. Maximum sag is determined from the working 

stress computed under maximum temperature and still wind 

conditions after the above two stipulations are satisfied. 

For lines running in snowy zones, the maximum tension occurs 

under snow conditions. The maximum sag may perhaps occur 

at 0°C with conductors loaded under snow. For S.C.Q.. con-

ductors with higher aluminium contents normally used for 

220 kV and 400 kV lines, an increased sag of about 2 percent 

to 4 percent of the maximum sag values is allowed to account 

for conductor creepage and the likely sag differential ari-

sing due to the assumption of parabolic shape of the conduc-

tor span instead of catenary. 

While calculating the maximum working tension of 

groundwire, the governing criterion is the requisite 

minimum mid-span clearance between the conductor and ground- 

wire. Hence the coordination of sag is essential, especially 

at the minimum temperature as already discussed. 

After the maximum working tensions for conductor and 

groundwire are calculated the transverse and longitudinal 
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loads due to conductor and groundwire under normal and . 

broken wire conditions are determined as follows. 

Power Conductor 

The longitudinal load arising due to unbalanced 

pull under broken wire condition with suspension strings 

are assumed as equal to 50 percent of the maximum working 

tension of the conductor. Under normal condition however 

there is no longitudinal load on tower due to conductor 

tension. The transverse load under normal condition is 

given by the relation. 

XNC = 2..0 x Sin 	Maximum working tension 

whe re 

XNC = the transverse load of conductor under normal 

condition ( due to tension only ) 

Angle of line deviation 

The transverse load under broken wire condition, 

due to tension only in the case of suspension strings 

(XBC) 

0.5 x Sin 	x maximum working tension 

(3.8) 

XBC (with tension strings) = Sin - x Max.working tension 

(3.9) 

The expression for longitudinal load due to broken conductor 

with suspension, strings ( IBC) = 0.5 x Cos 9— x Max.working 
t .eion 

(3.10) 
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YBC (with tension strings) = Cos - x Max. working tension 

(3.11) 

Groun dwi re 

For the groundwire broken condition,. 100 percent or 

such percent of the groundwire tension for which the ground 

wire clamp is proportioned and which ever is less has to be 

considered for the purpose of design of tower. 

3.4. Points of Application of Loads 

Transverse load 

This load acts along the longitudinal axis of the 

cross-arms. It is assumed that the two faces parallel to 

the longitudinal axis of the cross-arms equally share the 
transverse load. The analysis of transverse load is most 

conveniently carried out by considering the reactions at 

the point of attachment of the cross-arm to the tower 
legs. 

Longitudinal Load 

The longitudinal load acts horizontally, along the 

direction of line and it is assumed that the longitudinal 

faces of the tower ( faces along the directions of the 

line) equally share the load. Similar to the transverse 

loads, direct and torsional loads are assumed to act at 

the point of attachment of the cross-arm to the tower legs, 

and analysis is carried out in a similar manner, as in the 

case of transverse loads for transverse faces. 



Torsional Load 

Longitudinal loads applied at the end of the cross-

arm, besides imposing direct loads which are shared by 

the two longitudinal faces of the tower, also include tor-

sional loads. These are shared by all the four faces of 

the tower. The torsional loads are resisted by all the 

four faces in proportion to the lever arm of each face, 

as such in the case of a square based tower, all four 

faces will carry equal shears. As all four faces of a tower 

are subjected to twist shears, each leg member acts in 

conjunction with two adjacent system of bracings. In the 

Warren system of bracings, only very little load is taken 

by the leg members, in the case of square section tower. 

However, in the case of Pratt or Staggered system of 

bracings and rectangular towers the legs are also loaded 

by torsional loads. 

Vertical and Eccentric Vertical Loads 

The vertical loads are applied at the point of 

conductor supports. Vertical eccentric loads act in the case 

of single circuit tower, delta or right angle formation, 

but in the case of double circuit towers under normal con-

ditions, there are no eccentric vertical loads, and they 

occur only under broken wire conditions or unequal loading 

of the two circuits under ice conditions. 
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Vertical and eccentric vertical loads induce forces 

in the web members of cross-arm panels, however, it has 

been found through manual analysis that eccentric vertical 

loads cause insignificant load in the web members, and their 

analysis is generally neglected. However, above the bend 

line the load in web members of the transverse faces due 

to vertic'.al loads is quite significant as compared to the 

loads induced into these bracings of the transverse face 

due to other loads, e.g.  transverse and torsional loads 

and, therefore, must be taken into account. 

Dead Weight of Structure and Over load :Allowed 

The dead weight of the structure and the overload 

allowed for erection or maintenance usually constitute 

small percentage of the total load on the tower. It is 

assumed to act on the main legs. Based on the above 

assumption, the weight of the structure above the section 

under consideration is considered for analysis. 

3-5. Load Combinations 

The most safe tower would be that, which is designed 

to withstand simultaneous application of worst loadings. 

But, for economy combined with reliability, we must consider 

the probable combination of loads that are likely to occur. 

This will depend upon the importance of the line, type Of 

tower, climatic conditions, terrain through which the line 
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passes, alternative arrangements of supply to the receiving 

station and continuity of supply. 

The following broken wire conditions have been laid 

down in the IS : 802 (Part I ) for single circuit triangu-

lar and double circuit towers. 

a) Single circuit towers 	Any one power-conductor broken 

or one ground wire broken, 

whichever is more stringent 

for a particular member. 

b) Double circuit towers 

1) Tangent tower with 
suspension string 
(00 ) 

2) Small 'angle towers 
with suspension 

string(0 to 50) 

Anyone power-conductor broken 

or one ground wire broken which-

ever is more stringent for a 

particular member, 

Any two of the power conductors 
broken on the same side and on 
the same span or any one of 
the power conductors and any 
one ground wire broken on the 
same span whichever combination 
is more stringent for a par-
ticular member. 

3) Small angle tension 
towers (5 to 15°) 

4) Medium angle ten-
sion towers (15 to 
30°  ) 
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5) Large angle (30 to 
600 ) and dead end 
towers. 

6) Cross arms 

Three power conductors broken 

on the same side and on the 

same span or any two of the 

power conductors and any one 

ground wire broken on the same 

span, whichever combination 

constitutes the most stringent 

condition for a particular 

member. 

In all types of towers the 

power conductor supports and 

ground wire supports shall be 

designed for the broken wire 

conditions also. 

3.6. Factors of Safety and Overload Factors 

The term factor of safety ( f . o . s •) generally 

means a safety margin given to account for unknown factors 

contributing to weakness in material used. But the beha-

vior of steel sections on load is rather well known and 

there is no unknown factor involved from this point of 

view. Hence, the term f . o . s . when applied to transmission 

towers which are made up of materials of well defined 

properties is unrealistic. It would therefore be proper 

to apply the term Over Load Factor (OLF) in place of 

factor of safety as is the practice indicated in 

the Report of the Task Committee on Tower 1~esi n7. 



The overload factor approach to design allows the varia-

tion of each item of strength ( vertical, transverse and 

longitudinal) to be controlled according to its importance 

in the structure.. 

The overload factors for various types of loads 

recommended in the Report of the Task Committee on Tower 

Design7  are as follows - 

Table 3.1 

Type of load 	 Over load factor 

Wind loads -- No ice 	 1.0 

Wind loads occurring during; ice condition 	2.54 

All vertical loads 	 1.27 

All transverse loads caused by angular 	1.65 
tension in the wires 

All longitudinal loads resulting from 
wire tension when the tower is a one 	1.65  
circuit dead end or a complete dead end 

All longitudinal loads resulting from 

wire tension when less than one circuit 

is dead ended, or if a difference in 

tension exists in the wires in the 

adjacent spans 	 1.1 
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The current practice in this country is however to 

apply a factor of safety of 2.0 for normal condition and 

a factor of safety of 1.5 for the broken wire condition 

as stipulated in the Indian Electricity Rules, and the 

same criteria has therefore been adopted in the automated 

design procedure developed here. Modifications in the 

programme can easily be made if the overload factors are 

required to be used instead of the factors of safety. 

3.7. Calculation of Design Loads by Digital Computer 

Calculation of various design loads for the tower 

has been incorporated in the programme developed. The input 

data for this consists of the design spans, type of tower, 

the climatic conditions, size and properties of the power 

conductors and ground wire. The programme first determines 

the maximum working tension for the conductors and ground 

wire by making necessary sag tension computations and 

coordinating the sag between the conductor and groundwire. 

It then proceeds to compute the transverse, longitudinal 

and vertical loads for power conductor and groundwire under 

normal as well as broken wire conditions. The dead weight 

of the structur. ~ is calculated member by member and the 

load is distributed to the respective joints. The wind-

pressure is also calculated for each member, giving due 

consideration for the windward side and leeward side 

members. The wind load is also distributed to the respective 
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joints of each member, instead of lumping them at selected 

points on the structure, as is done in the manual methods. 

After all the loads are calculated, the various 

load combinations for normal as well as broken wire conditions 

depending upon the type of tower ( as per IS : 802 -- Part I) 

are automatically applied to the structure one after ano-

ther for analysis. 



-64- 

CH,P TER-I V 

EXISTING METHODS OF .ANALYSIS ,AND THEIRR LIMITATIONS 

4.1. Introduction 

The square and rectangular transmission line towers 

are highly redundant, and statically indeterminate space 

frames. The redundancy in transmission tower arises from - 

i) Provision of double diagonals 

ii) Horizontal bracings or cross frames 

iii) Provision of extra members in the frame supporting 

the ground cables.  

Because of the repetitive use of the tower in a 

transmission line, a desi,ner has to carry out long and time 

consuming trial designs in order to prune the weight of the 

tower. This is essential for the reasons of economy and the 

necessity of having the twer members light in weight for 

convenience in erection and transportation. But, to attempt 

manually a classical structural analysis approach to deter-

mine the member forces will be a very tedious and time 

consuming task, and indeed impossible in certain cases. 

It has therefore been traditional to design the electric 

transmission towers using only static methods of ana- 

lysis. 
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The conventional methods of analysis of transmission 

line tower require the structure to be resolved into 

separate determinate system of plane trusses together with 

the resolution of the vertical, transverse and longitudinal 

loads into the planes in which they act, ignoring entirely 

or approximating the effect of the redundant systems on 

the distribution of these forces. The assumption that these 

methods require, are too conservative in case of certain 

members, resulting in over estimation of sizes, and on the 

other hand, in some of the members, the forces are under 
estimated due to the inherent inaccuracy of these methods. 

Due to the doubt in the sorxidness of assumptions made 
C4 

in such methods/analysis, it is a common practice to carry 

out a full scale test of a prototype tower to verify the 

design. 

4.2. The Basic Assumptions for Conventional Methods 

The analysis of tower becomes complicated by con-

ventional methods, if all the external loads are applied 

simultaneously and the analysis is carried out for the total 

load system. In order to simplify the analysis, certain 

basic assumptions are made, which are detailed out below - 

a) 	All members of a tower frame work are pin-connected 

in such a manner that the members carry axial loads 

only 
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b) The bolt slippages throughout the structure are 

such, to allow the use of the same modulus of 

elasticity for the entire structure, thus permitting 

the use of the principle of super position for 

stress analysis. 

c) Shear is distributed equally between the two 

members of a double web system, i.e. Warren 

system 

d). 	Shear is carried by the member under tension in 

a double web system with members designed for 

tension only, i.e. Pratt system. 

e) Twist shears applied at cross-arm level are resisted 

by all the four tower faces in direct proportion 

to the distance from the centre of the tower to the 

tower face. 

f) Cross frames at levels other than those at which 

external loads are applied are redundant, and serve 

only to facilitate erection. 

g) Any face of the tower subjected to external loads 

lies in the same plan , so far as the analysis of 

the particular face is concerned. 

h) The transverse loads are shared by the members on 

the transverse faces of the tower equally. Similarly, 

the longitudinal loads are shared equally by the 

two longitudinal faces. 



-67- 

i) Vertical loads and dead weight of the structure 

is shared equally by the four legs, except the 

cross-arm panel web members in certain cases. 

j) The torsional loads are repisted by all the four 

faces in proportion to the lever arm of each 

face. 

k) Loads coming on the common leg members from the 

longitudinal and transverse faces are added up. 

4.3. Various Methods 

The lattices are designed only for tension so that 

for transverse loads, only the lattice in tension is assumed 

to be active. This assumption readers the frame to be 

statically determinate. The forces in members of a plane 

truss may then be found out by one of the following methods- 

a) Method of joints 
b) Method of sections 

e) 	The graphical method of analysis 

d) 	The tension coefficient method 

In the method of joints, since each joint is in 

equilibrium under the action of the member axial forces 

(and the applied forces and support reactions if any), 

the forces acting on any individual joint must form a 

closed polygon. If, at any joint, only two force components 

are unknown then these can be determined by drawing a force 

polygon. This method is however very tedious when applied to 



tower analysis. The method of sections, on the other hand, 

is useful when it is required :only to c9etermine the forces 

in few members of the truss, and therefore, is also not 

suitable. The tension coefficient method can be applied 

to two as well as three dimensional frames. 

The graphical metho1 of analysis is however easier 

than analytical methods, but the accuracy of the calculated 

stress by graphical method depends upon the accuracy of 

stress diagrams drawn and measurement of stress made on 

proportionate scale. The graphical analysis follows the 

procedure of the method of joints and a single farce dia-

gram for the entire truss ( the Maxwell diagram) is drawn 

which is called the unit stress diagram. 

4.4. Limitations 

One of the major concerns that results from the 

use of these conventional methods is the distribution 

of torsional shears in the structure caused by a broken 

conductor, ice shadding off ane span or pull imposed during 

stringing or maintenance operations. The conventional 

methods encounter major difficulties in assessing the 

design member forces under such unbalanced loads, which 

are eccentric with respect to the structure axis. These 

methods therefore seek simplified techniques to establish 

a distribution of the torsional moments in the form of 
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equivalent shear forces applied to the structure faces. 

This distribution of torsional shears can be expressed in 

the following formreferring to Fig.4•l. 

T.b + L. a 	Mt 	 (4.1) 

All the methods attempted an evaluation for ' Tt  
the internal transverse shear, and ' L' , the internal 

longitudinal shear, through relating the ratio T/L, denoted 

here by 'R' to the main outline of the structure, ignoring 

totally or partially, the elastic properties of the members. 

The most widely used emperical relation is perhaps the one 

given in the design standard prepared by the United 

States Department of the Interior Bureau of Reclamation, 

(U.S.B.R.), and for convenience is shown in Fig.4.2. 

The USBR formula represents the average ratio 'R' obtained 

from thesolution of a few actual structures. This formula 

ignores completely the structure characteristics such 

as member sizes, number of panels, support conditions etc. 

and only uses the main dimensions of the structure. Thus 

for any structure designed on this basis or on much simpler 

assumptions than this( as in section 4.2) little correlation 

with the actual structural behaviour can be expected. 

This becomes very much evident when a comparative study of 

the results of a tower analysed by manual and automated 

methods are made in the next chapter. For carrying out an 

exact analysis of trasm i.ssion towers leading to an edonomical 

design it is therefore, necessary to resort to three di-

mensional analysis. 
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CHAPTER-V 

THREE DIMENSIONAL ANALYSIS 

5.1. Introduction 

A transmission line tower. -is considered to be a 
space frame, which is essentially a space cantilevered 

truss with its major loads acting at the extreme ends and 
intermittent loadings at all the joints. As the towers are 
generally built of bolted angle sections they are ideal to 
be treated as pin-jointed space trusses for the purpose of 

analysis. The entire structure consists of principal bars, 

which function as the load carrying members, and unloaded 
secondary bars that stabilize the joints and provide lateral 

support to the principal members. As already discussed in 

chapter-III it can be seen that the towers are subjected 
to a multiplicity of loading systems that are all rever-
sible except for gravity loads. 

5.2. Theory 

The Finite Element Method can conveniently be applied 

to carry out three dimensional analysis for this type of 
structures. First of all, it is not necessary to descretise 
the structure,  since it is already made up of discrete 
one dimensional elements. These ore dimensional pin-jointed 
truss members can sustain a single -type of loa9ing only, 

namely a uniform axial force. 



The truss member in three dimensional space 

is shown in Fig-5-1. It will be assumed to have a length 
T. and an uniform axial stiffness factor AE. Let x,y,z 

represent reference axes and X,y, z represent local axes. 
The local axis x points along the member from 1 to 2. 
The local and reference axes systems are related through 

angles defined as follows - 

Qxx = anglebetweenxandx 

8xy T angle between x and y 
............................... 	 (5.1) 
82y = angle between z and Sr 

.... ........................... 

The local stiffness matrix, of the truss member 
(K ) is of the following form 

K _ AE 	I 1 	-1 	
(5.2) 

	

-1 	1 
i  

Transformation of the local stiffness matrix 

of the truss member into the stiffness matrix with reference 

to the reference axes or the global coordinates (K) . 

can be carried out according to the following relation- 
ship 

K=T' KT 	 (5.3) 

Where T _ Transformation or the rotation matrix 
and 	T' ; Transpose of the rotation matrix 



TRUSS MEMBER IN THREE-DIMENSIONAL SPACE 

FIG. 5.1 



The form of rotation matrix is given3 as follows 

kr 

MX 0 0 0 

MY Y 0 0 0 

u2 1.1Z 0 0 0 

0 0 Mx ''~` X 

0 0 MY r 	y . 
T _ n

j 

i 0 
s 

1

0 

Where, 

= cos BXX 

j1X = COs e3X 

G4X 	cos QZX 

~+y = cos 9X 

= cos ®yy 

~JSr = cos Qzy 

z = Cos 8 XZ 

pz = Cos 9 yz 

Z = cos QZZ 

(5.5) 

Now, on carrying out the transformation according 

to equation 5.3, the stiffness matrix for the truss member 

referred to reference axes (K) is obtained in the following 

formf as shown in equation 5.6.. 

This matrix represents influence coefficients for 

the actions due to unit displacement at the joints parallel 

to each one of the reference axes. 
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K E Z 

AX 

2 

J 

X I~X 	}1X U 	R 

—AX 	—. X Mx 

— MX 

-)iv X 	—~dx v X 

SYM 
X2 

—AXL'X AX2 

tx 

MVX I/ X2 

--4K Ld X 

—~ —X 

(5.6) 

The next step is to form the global stiffness 

matrix(S) for the entire structure by assembling the ele-

ment stiffness matrices. This global stiffness matrix is 

the mathematical model of the complete structure. On 

applying necessary boundary conditions the reduced stiff-

ness matrix for the complete structure (S ) is obtained. 

The displacement of each joint with reference to the global 

coordinates are determined on application of the following 

force-displacement relations. 

F = S. u 	 (5.7) 

where, F is the force vector 

and u is the displacement vector 
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Having known the joint displacement (u) the member 

forces (X) can easily be determined as follows 

X _ K. 	 (5.8) 

where 

X is the member force with reference to local axis 

K is the element stiffness matrix with reference 

to local axis 

and 	u is the joint displacements with reference to 

local axis 

The equation for obtaining the member force there-

fore reduces. to 

X = Xx ( ul  x-u2x) + µx (uly- u2y) + 	( ulz - u2z) 

(5.9) 

Where, ulx, my and ulz are the displacements of the 
joint No.1 in the x,y and z axes respectively. 

and u2x, u2y and u2z are the displacements of the 

joint No.2 in the x,y and z axes respectively. 

Simplification of force displacement relationship 

to the above equation (5.9) avoids any matrix operation 

in determining the member forces from the joint displace-

mentsobtained with reference to the global ordinates. 
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5.3. Computer Application 

The key to an efficient computer analysis however 

lies in the technique used to store the global etiffress 

matrix, and solve the simultaneous equations. Taking 

advantage of the inherent symmetry of the stiffness matrix, 

only half the bang matrix is stored in a single subscripted 

array form, in this programme as shown in Fig.5.2• The 
storage requirement is therefore greatly reduced. 

The storage space required for the stiffness matrix 

in this programme, can be calculated from the relation - 

NS = ( N-NR) NR + NR (NR+l)/2 	(5.10) 

Where N is the dimension of the reduced global stiffness 

matrix 

and NR is the half band width 

It may be seen from the above that the storage 

space depends directly on the half band width.. The half 

band width of th stiffness matrix for a space truss is 

given by 

NR = 3 ( MDF + 1) 
	

(5.11) 

where, MDF is the maximum arithmetic difference between 

the nodal points or joints numbers in any 

element 
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Efforts to minimise the arithmetic difference between 

the joint numbers of each element tends to reduce the land 

width and thus minimise the storage space. 

For solving the simultaneous equations a modified 

Crout's procedure has been used for decomposition of the 

stiffness matrix and the solution is obtained by forward 

and backward substitution. This procedure of analysis, 

besides its efficient storage of the stiffness matrix, 

can, for the type and size of structures considered herein f  

perform all the operations in the core of the computer without 

resorting to the use of auxiliary storage units for which 

the access time is usually more. 

5.4. Idealisation of the Structure 

It quite often happens that joints are placed within 

the length of a member to connect bracing systems that 

lie only in one plane, thus subdividing the member in that 

plane into a number of shorter members. If no loads are 

expected to act on the member in a plane perpendicular to 

the bracing system,, then no bracings are provided to support 

it in that plane, and the member is physically a continuous 

member. However, in the mathematical model of three dimen-

sional pin jointed structures, this situation is regarded 

as instability of the member and it reflects in producing 

a singular stiffness matrix. It is therefore, necessary to 
introduce flexible fictitious, secondary members to provide 

the needed stability. This would suggest that the secondary 
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members, which have to be included for the sole purpose 

of stabilizing the joints, need not be the members 

that will be actually provided, but may be modified in 

such a manner so as to minimise their number, and achieve 

savings of storage and computational effort. 

As regards all the secondary members, that are 

used to provide lateral support to the active members 

are excluded and their effect is simulated by the effect-

lye length factors or the fixity factors. By doing this, 

majority of the 	secondary members are excluded from 

the input data. 

5.5. Comparison of Manual and Automated Analysis 

For the purpose of study here, an existing 132 kV 

single circuit, 30°  angle tower, shown in Fig.6.7 was 

chosen. The various details in respect of this tower are 

as follows - 

Tower type- Single circuit, triangular formation 

300  angle tower 

Total number of joints 	- 

Total number of members 	- 

Normal span 	 - 

Wind span 	 - 

Weight span  

Wind pressure 	 - 

Minimum conductor temperature 

Maximum conductor temperature - 

56 

191 

320 m 

320 m 

500 m 

100 kg/sq.m. 

4°C 
67°C 



-70- 

Power conductor 	- 30/ 3 mm st. + 7/3mm Al. 

PANTHER , ACSR 

Groundwire 	 - 7/4 mm G.T. 

Three dimensional analysis was carried out on 

this tower for the following types of loads, as specified 

in the IS : 802 - 1973. 	
{ 

(1) 	Transverse loads 

(a) Wind pressure on the structure 

(b) Wind pressure on the conductors and groundwire 

(c) Component of the conductor and groundwire ten-

sion due to line deviation 

(d) Wind pressure on the insulators 

(2) 	Longitudinal loads 

(a) Component of the conductor and groundwire 

tension. This exists only under broken wire 

conditions. 

(3) 	Vertical loads 

(a) Weight of the structure 

(b) Weight of conductor and groundwire 

(c) Weight of insulators and fittings 

(d) Weight of line-man with tools 

There are five load cases for this tower as listed 

below and the tower was analysed automatically for all 

these load cases one after another- 
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(i) 	Normal condition, with all conductors and groundwire 

intact. 

(2)  Broken wire condition with groundwire broken 

(3)  Broken wire condition with top conductor broken 

(4)  Broken wire condition with middle conductor. broken 

(5)  Broken wire condition with bottom conductor broken 

The member forces which are available through 

manual design has been compared with that obtained through 

the automated design. Table 5.1 shows the comparison • The 

percentage Difference shown in column 10 has been calculated 

as follows - 

Percentage Difference = (Automated design - Manual desi-n) 

Manual design 

Following observations are apparent from the tabu-

lated results - 

1. Leg Members- 

1) Groundwire Peak - It is noticed that the forces 

in the leg members of this section are slightly over esti-

mated in the manual design by about 1 percent to 2 percent, 

which is quite negligible. 

ii) Shaft portion - 'In this portion, the member 

forces are found to be over estimated in the manual design 

by about 15 percent. 

iii) Pedestal portion - In this section the forces 

in the leg members are found to be under estimated in the 

manual design by about 10 percent. 

~E JTRAL LIBRARY UUSINERSITY OF P' ' "' 



2. Lattices 

i) Longitudinal lattice - It is observed in this 

case that the longitudinal bracings are loaded under normal 

condition upto about 600 kgf, although the manual design 

assumes the load on longitudinal bracings under itormal 

condition to be nil. 

ii) Transverse lattice - As regards the member 

forces in the transverse lattice, there is a wide variation 

between the two results. Specially in the section near the 

top cross arm where the difference is maximum, being about 

118 percent. This difference gradually reduces to about 

20 percent at the base level. 

The .variation in the forces of lattice members 

appear to be due to the conservative approach the designer 

takes in proportioning such highly internally indeterminate 

arrangements when subjected to torsional moments. 

3. Cross-arms 

i) Top inclined members - The conventional method of 

transmission tower design assumes that these members do not 

resist conductor tensions in the longitudinal directions and 

only support vertical and transverse, loads. This assumption 

is incompatible with the structural arrangements and the 

automated design procedure shows a load of 230 percent to 

260 percent higher than the manual procedure under broken 

wire conditions. 
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ii) Lower Main members - These members have been 

found to be over estimated in the manual procedur 	,y 

as much as 50 percent to 100 percent. This appears to be 

as a consequence to the assumptions made in the design 

of the top inclined members of the cross-arms• 

In general, it can be said that a three dimensional 

analysis by computer gives better insight regarding the 

actual stress distribution in the various members due to 

various external loads, which can help in making safer 

and more economical design possible. 
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CHdP TER- VI 

AU TOM.ATED DESIGN OF  TOWER WITH DIGITAL COMPUTER 

6.1. Introduction 

The distinction between analysis and design is often 

not clearly drawn in the mind of a practicing engineer, 

whose scope of responsibility includes both, design and 

analysis. This is particularly true when a high level of 

interaction is maintained between design and analysis, 

such as in a hypo rstatic structure like that of a trans-

mission line tower. By the term ' design ' we mean the 

selection, •within specified constraints, of the geometric 

and material configuration of a structure. `Analysis`, 

on the other hand, refers to a prediction of the behaviour 

of the structure under a specified set of conditions. 

In the case of statically determinate structures, 

designed to satisfy a given set of permissible stresses, 
it may be sufficient to carry out one analysis. This is 

because the forces in the members of these structures 

are independent of their cross-sectional properties. The 

analysis of hyperstatic structures, however, requires a 

knowledge of the member prop, . rties such as the area or 

the modulus of elasticity of the sections. It is therefore 

necessary to assume these sectional properties,, analyse the 

structure and use the results to select a new set of 



properties. Repeating this cycle of operations one can 

arrive at a feasible design. Therefore the problem of 

design often appears to be that of repeated analysis. 

The main drawback of this approach is that it is not always 

possible to try a number of alternatives manually and 

select the most suitable. However, once a computerised 

method for analysis is available, design of a hyperstatic 

structure becomes possible. 

In the above iterative method the member forces 

are first determined by making an initial assumption as 

regards the member sizes. The member forces thus determined 

will not likely be - compatible with the desired perfor-

mance of the structure and modifications will be necessary. 

Attempt to improve the initial assumptions on member sizes 

is then made by adjusting those members, which violate the 

set design criteria or are considered excessively safe 

by the same- standard. The process is then repeated until 

a satisfactory design is reached. It is, therefore, clear 

that this design procedure consists of two parts, judgement 

and logical operations. The first stage in the development 

of computerised design process is that the designer passes 

on to the computer the logical operation portion of the 

design process, and intervenes after each cycle by inspect-

ing the results and altering the parameters according to 

his judgement. This operation is said to be I computer—

aided design ' . The next stage of the development suggests 
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that the ,designer would pass on to the computer the judge-

ment part, as well as the logical operations of the design 

process, such operation is termed as ' automated design ' . 

Judgement in engineering design is a hierarchy of decisions, 

some quantitative and other qualitative, and the degree 

to which automated design can advance will depend on the 

ability to turn the qualitative decisions into quantitative 

ones. 

6.2. Method of Design 

The automated design procedure developed here, starts 

first by analysing the preliminary structure for all design 

loading conditions and the maximum compressive and tensile 

forces are determined for each member. Estimation of the 

member size is then made for each member group, basing on 

the most critical loadings with appropriate factor of 

safety. The factor of safety adopted in the programme is 

2.0 for normal condition and. 1.5 for the broken wire condi-

tions, as per the IS : 802 (Part I) . The estimated member 

sizes are not allowed to fall below certain minimum area 

and exceed certain maximum slenderness ratio limits.. 

This estimating cycle is repeated as specified by 

the designer. The number of cycles this operation may 

need will vary depending on the structure complexity. 

It is seen from experience through this study that for a 

common tower three or four estimating cycles are normally 

sufficient to stabilise the estimated design. Following 
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the completion of the estimation cycles, a search through 

a list of available angle. sizes commences, and suitable 

sizes are assigned to each member groups. The structure 

is again analysed, and cyclic modifications continue until 

there is no change in the member sizes. The design is 
then finalised and the final size of each member is printed. 

All the analyses done throughout the process are three 

dimensional. 

The main components of the proceiture are - 

a) Calculation of loads 

b) Analysis 

c) Member area Estimation 

d) Member Size Selection 

Fig.6.l. shows a macro-flow chart of this procedure. 

The call upon the area estimation routine or the size 

selection routine is at the discretion of the designer, 

who has to dictate the num''er of cycles each of these 

routines shall be used. There is no way to determine before 

hand how many size selection cycles will be needed, but 

specifiying a relatively large number, of cycles, five to 

ten, will ensure that a final design can be reached. This 

does not imply that unnecessary computation will be made, 

since the programme terminates automatically when the design 

is completed. 
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6.3. Types of Structural Members 

In the procedure used here all the tower members 

have been classified under four dinstinct types, so that 

specific design criteria, in consistent with the design 

practice of transmission line tower can 'be applied in 

proportioning the different types of members, as will be 

explained later. 

Type 1 	- 	Main, concentrically loaded, exterior 

members, such as tower legs and cross arm 

chords. 

Type 2 	- 	B racin gs and all principal members which 

are designed for both, compression and 

tension 

Type 3 	- 	Primarily tension members, such as cross- 

arm hanger bars. 

Type 4 	- 	All secondary and fictitious members for 

which no design is required and members 

for which the configuration is determined 

by other than structural requirements. 

6.4. Minimum Sizes and Limiting Slenderness Ratios 

Depending on the member type, a minimum permissible 

area, leg width and thickness should be specified in the 

input data. For tension members, the restrictions on 

leg width and thickness are meaningless and are omitted. 
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The slenderness ratios of the members are limited to sti-

pulted maximum values to ensure a minimum level of stiffness 

and to reduce vibrations. There are wide differences in 

assessing the effective length of the compression members. 

An effective length factor has therefore been incorporated 

in the input data. By doing so the majority of the secondary 

members used only to support the active members can be ex-

cluded from the input data, thereby reducing computational 

effort. 

The limiting slenderness ratios used this work 

for different types of members are as recommended in the 

relevant 1.3. Specifications and are given below - 

Member type 1 	- (KL/r) < 150 

Member type 2 	- (KL/r) < 200 

Member type 3 	-- (KL/r) < 250 

Member type 4 	- (KL/r) < 500 

6.5. Stress Criteria 

(a) Tension Members 

The determination of the net effective area of a 

tension angle member connected by one leg only is the 

subject of major controversy. In this case, axial stresses 

are accompanied with bending stresses due to the eccentri-

city of the loading, however, empirical rules are often 

used to simplify the design of such members by neglecting 

the bending stresses. One empirical approach, specified 
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in the IS : 802 (Part 1), suggests that a portion of the 

outstanding leg be deducted along with bolt holes, as 

follows - 

Net effective area = a + b.k 	(6.1) 

Where 

a _ 	Net sectional area of the connected leg, 

b 	_ 	area of the outstanding leg = (1-t)t, 

1 _ 	length of outstanding leg 

t 	= 	thickness of the leg, and 

k 	_ 	k/( 1 + 0.35 b/a) 	(6.2) 

Another empirical rule is given in the British 

Standard Code B.S.S.  449, ' The Use of Structural Steel 

in Building ' . J third rule tends to benefit from the 

fact that the yield , stress of thin angle sections exceeds 

its minimum guaranted value, and specify only the deduction 

of the bolt holes from the gross area of the section, as given 

in the ' Report of the Task Committee on Tower Design, 

Electrical Transmission Line and Tower Design Guide 

For the purpose of this study, the latter rule is adopted 

with the modification that the net area of the primary ten- 

sion members should not exceed 85 percent of the gross area. 

b) Compression Members 

The design criteria given in the I.S, Code 802 

(Part I) which are in accordance with the Task Committee 

Report of A.S.C.E. and the recommendations of the Column 

Research Council, are implemented in this study. 
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The slenderness ratio of a member is based on the 

effective length of that member and the applicable radius 

of gyration. For the member shown in Fig.6.2., the effec-

tive length factors are Kx = 1.0 and Kz = 0.5. The 

slendern+-ss ratio (Si) is the greatest of ( KxI/ rx ) and 

(KzI, / rz) . It is assumed that local instability of the angle 

section would be avoided if the leg width to thickness 

ratio ( b/t), Fig. No.6.2., is 

(b/t)limit 	
662.5 
Fy 	(6.3) 

Where Fy _ guaranteed yield strength of material in 

kgf / cm2 . 

In the inelastic range, defined by 

Sh < Cc = n,. 2E/Fy 	 (6.4) 

where E = modulus of elasticity of the material in kgf/cm2 

The Crippling stress is 

For -z Fy ( 1 - 2 ( •g-) 2 	 (6.5) 

Provided that the ( b/t) ratio is within i'ts limiting 

value. When the (b/t) ratio exceeds the limiting value of 

equation 6.3, the yield stress, Fy, is replaced by F'y 
where, 

F l y _ ~Fy (1.8 -0.8(b/t)/(b/t) limit 	(6.6) 
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In the elastic range, 

31 > Cc 

The crippling stress, Fcr is governed by the overall 

buckling of the strut and not by local buckling, if (b/t) is 

less than 20.. In this region, the Euler buckling curve is 

adopted. 

Fcr= -~ E 	 (6.7) 
( 31 )2 

These criteria are shown in Fig.6.3. 

6.6. Member Design Groups 

In the practical design of structure which are 

comprised of a large number of members, it is always 

desirable to aim at keeping the number of different member 

sizes at a minimum, consistent with reasonable economy. 

This is accomplished here by prescribing that a certain 

number of members should have identical cross-sectional 

shape, and each member is assigned a code to indicate to 

which group of members it belongs. 

It is also frequent. that members of different design 

lengths are to be assigned the same size, and since the 

critical compressive stresses depend on the member length, 

this would result in increased computational effort. To 

minimise these efforts, subgroups of members having 

identical configuration are formed within the group. An 

array of length codes is given as a part of the input, data. 
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A length corl.e 1 is given to the . leading member of each 

group, and a length code of -1 is given to the leading 

member of each sub-group. No length code is given to the 

rest of the members. 

Upon the completion of the analysis and the 

determination of the controlling compressive and tensile 

forces for each member, search for the controlling tensile 

and compressive forces for each sub group is made. A sui-

table structural size is determined for each subgroup, and 

the largest of these size is assigned to the entire group. 

In this way, fewer designs are made, since otherwise a 

design for each member of the group would be needed. 

6.7. Member Area Estimation 

The purpose of this procedure is to provide a tool 

for quick estimation and to accelerate convergence to the 

final design. It is assumed in this section that a continuous 

range of possible member sizes are available, and as such 

the computation time required to size the members is less 

than that required to search a list of available sizes. 

To simplify the procedure, only equal-legged angle 

sections are considered, since this types of section is 

the predominant structural member used in tower construc-

tion. For an equal legged angle section, approximate 

relations between its geometry and the properties can be 

easily derived. The following relations between the leg 

width, 'a' and the radii of gyration are observed for the 

range of available equal-legged angles (Fig.6.4. ) 
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rx 	0.31 a 
	 (6.8) 

rz 	0.198 a 	 (6.9) 

In order to further simplify the estimation procedures, 

only the overall buckling failure mode is considered, and 

a restriction on the section geometry is therefore imposed. 

This restriction takes the following form. 

a662.5 
t 

_ 
'4~ Fy (6.10) 

thus the section area can now be expressed in terms of 

only one variable, the leg width 'a' . 

section area = a2 	=-~- 	( 2 -- 'rte- ) 	(6.11) 
L6625 
	662.5 

	

o~ = a F(Fy) 	 (6.12) 

where F (Fy) is a function of the yield stress, and 

constant for a particular material. 

To estimate an area to satisfy a compressive load. 

in a member, the limitation and requirements of the member 

type, as described in sub-sections 6.3 and 6.4, are taken 

into consideration. By starting at the maximum allowable 

slenderness ratio for the member, and with a specified 

step size, an estimated area to satisfy the load require-

ment is located. This is shown diagramatically in 

Fig.6.5. 
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To estimate a member area to satisfy a tensile load 

requirement, two bolt holes of a specified size are deducted 

from the gross area of type 1 members, one bolt hole for 

type 2 members and 15 percent of the gross area for type 

3 members. Fig.6.6 presents schematically the area estima-

tion process. 

6.8. Size Selection 

The size selection procedure uses the information 

gained from the member area estimation procedure and selects 

suitable available sizes. In view of the simplified 

assumption made in the area estimation routine, it is ne-

cessary to start the selection with a section lighter than 

the estimated one. In this work the selection starts with 

a section having an area of at least 75 percent of that 

estimated. This would also ensure that the most economical 

sections will be used. The section is then tested with 

regard to all the specified requirements, and alterations 

are made accordingly. 

The make up of this procedure implies that a list of 

all the available sizes and their properties are stored in 

the memory of the computer. These are, in this case, 32 

equal legged angles normally rolled in this country. 

Properties of these angle sections are given in Table 6.1. 

Any additional shapes can also be included in the input 
data which should include their designation and cross-

sectional properties. 
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Table -' 6.1 

Properties of Available Angle Sections 

Si. Area 	Leg Width 	Thickness 	Pain 	Rsq 
No 'sq.cm . 	cm 	cm 	cm 	cm 

1  3.78 4.0 0.5 0.77 1.20 
2 4.28 4,-5 0.5 0,87 1.36 
3 4.79 55.0 0.5 0,97 1.52 
4 5.07 4.5 0.6 0.87 1.35 
5 5.27 5.5 0..5 1.06 1.67 
6 5.68 5,0 0.6 0.96 1.51 
7 5.75 6.0 0.5 1.16 1.32 
8 6.25 6.5 0.5 1.26 1.99 
9 6.26 5.5 0.6 1.06 1.66 

10 6.84 6.0 0.6 1.15 1.82 
11 7.44 6.5 06 1.26 1.98 
12 8.66 7.5 0.6 1•.46 2.30 
13 6.96 6.0 0.8 1.15 1.80 
14 9.29 8.0 0.6 1.56 2.46 
15 9.76 6.5 0.8 1.25 1.96 
16 10.47 9.0 0.6 1.75 2.77 
17-  11.38 7.5 0.8 1..45 2.28 
18 11.67 10.0 0.6 1.95 3.09 
19 12.00 6.5 1.0 1.25 1.94 
20 12.21 8.0 0.8 1.55 2.44 
21 13.79 9.0 0.8 1.75 2.75 
22 14.02 7.5 1.0 1.45 2..26 
23 15.39 10.0 0.8 1.95 3.07 
24 17.08 11.0 0.8 2.18 3.40 
25 19.03 10.0 1.0 1.94 3.05 
26 21.12 11.0 1.0 2.16 3.37 
27 25.12 13.0 1.0 2.57 4.02 
28 29.88 13.0 1,2 2.56 3.99 
29 34.77 15.0 1.2 2.97 4.61 
30 45.65 15.0 1.6 2.94 4.53 31 50.79 15.0 1..8 2..91 4.54 
32 57.80 20.0 1.5 3.91 6.17 

0 
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6.9. Design of a Single Circuit Tower 

The 132 kV, 300, single circuit tower shown in 

Fig.6.7 is an already existing structure. This structure 

was designed based on a manual method of analysis and 

could be considered as representative of current practice 

for the design of this type of structures. This tower has 

been redesigned here by means of the procedure developed. 

In the first case the tower was redesigned with 12 member 

groups. The results of this design is shown in Fig.6.8. 

as that of tower 1. Here, the initial weight of the tower 

is the actual weight of the existing tower. The results 

in this case, indicate no saving in steel, since there 

is practically no difference in the initial weight and 

final weight of the tower 1. In the second case, the tower 

was redesigned with the same configuration and also same 

number of member groups, but with a higher initial weight. 

This was done to show that this automated design is capable 

of producing the same final design irrespective of the initial 

member sizes. It can be seen from the results of this trial 

design shown in Fig.6.8 (Tower 2), that in the first esti- 

mation cycle itself the weight of the structure dropped 

from 5209 kg to 2088 kg. From the second estimation cycle 

onwards the structure weight at each stage of estimation 

and design cycle coincide, till the final design is reached. 

This indicates the tendency of the results of automated 

design to converge fast to the same final structure, 
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irrespective of the initial member sizes. The computation 

time on IBM 370 computer for the tower 1 and tower 2 were 

3 min. 5.1 seconds and 3 min. 12.32 seconds respectively. 

In the third case, when the same tower was redesi gned 

with 31 member groups, the automated design results show 

(Pig.6.9), a saving; in the tower weight by as much as 

5.8 percent. The computation time in this case was 3 minute 

19.09 seconds on IBM 370 computer. 
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CHAPTER - VII 

CONCLUSIONS 

An efficient automated design procedure for the 

design of self supported transmission line towers has been 
presented herein. The programme performs all operations 
within the computer core. It has demonstrated its super-

iority over the conventional design, in the case of the 

single circuit tower discussed, where a saving in the 

structure weight would be achieved by its use, besides 
producing a more reliable design. 

The following specific conclusions can be drawn 
from the study in this dissertation. 

(1) A three dimensional analysis takes into considera-
tion the entire structure as it is, with all the loads act-

ing at their true points of application. The results from 

such an analysis is accurate and any design based on these 
results is more reliable. Besides, a three dimensional 
analysis is essential in certain cases like when all the 

tower footings are not at the same level. The automated 

design, procedure developed will be specially advantageous 
in such cases to make a more safe and economical design. 

(2) From the trial runs made in the case of a 132 kV 
single circuit tower, it is observed that the automated 
design programme developed has a faster convergence to the 
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final design, irrespective of the initial member sizes 
assumed. The time taken to design the single circuit 
ot:  with 56 joints, 191 members and 12 member groups 

was 3 minutes 5.1 seconds and for the same tower with 31 
member groups the time taken was 3 minutes 19.1 seconds 
on IBM 370 computer. This time saving design procedure 

will not only free the engineer from long hours of hand 
calculation, but will also be able to provide quick and 
reliable answers to certain problems faced during advanced 

stage of construction, such as to check whether certain 
increased weight or wind span for an angle tower ,is within 

safe limits in special locations, where the angle of deviat-
ion utilised is less than the designed value. In the 
absence of such facilities the decision has often to be 
taken, based on experience and engineering judgement, 
rather than reliable analytical data. 

(3) 	In the. design of transmission line towers it is 
usually aimed to keep the number of member soups as few 
as possible, for the reasons of convenience in detailing, 
fabrication and handling. Automated design was therefore, 
carried out for the single circuit tower with only 12 
member groups. Although there was no saving, in the total 

weight, it resulted in a more reliable design for the same 
weight as that of the conventional design. The automated 

design therefore gives a safer tower for the some weight 
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as that of conventional design., with comparatively lesser 
number of member {groups . 

(4) 	A saving in steel of the order of 6% over that 
of the conventional desi t  . was found in the case of the 
single circuit tower discussed, when designed with 31 mem-
ber groups. This shows that the automated design proce-

dure can achieve a considerable saving in the weight of 

the tower, while improving its safety. 
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