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Abstract 

A procedure for the optimization of tower design for an extra 

high-voltage transmission line is presented in this paper. The 

optimization is done with respect to tower weight, 

configuration and pattern geometry. It is attained by choosing 

various control of key design parameters. The tower is 

modeled and analyzed using STAAD-PRO, PLS TOWER 

software’s and MS EXCEL. Various experimental 

arrangements of the tower are obtained by iterating several 

section sizes, changing the base widths of the tower, 

comparing the bracing types and by varying the number of 

parts in a pattern below the waist of the tower. It is observed 

that the most economical structure is obtained when the base 

width of the tower body is of rectangular configuration with 

the height to base ratio of around 1.2. The most optimum 

utilization of a main member section is obtained when the 

slenderness of the main member is nearly 50. Thus, it is 

concluded that final weight of the tower is less from its initial 

weight by 2.5%, resulting is an economical tower body when 

the above conditions are met. 

 

Keywords: Base widths, Pattern geometry, Pattern by parts, 

Section Sizes, Slenderness ratio, Weight optimization. 

 

Introduction 
The purpose of transmission line towers is to support 

conductors carrying electric power and two ground wires at 

suitable distances above the ground level and at suitable 

distances from each other (I.S 802 (Part 1/Sec 1): 1995 and I.S 

802 (Part 1/Sec 2): 1992). The transmission line towers cost 

about 28-42 percent of the total cost of transmission line and 

development of an optimum design, therefore, results in 

substantial economies (Central board of Irrigation and Power 

Manual 1977). The construction of E.H.V. lines, design of 

towers and testing of towers consume 20% of time as a most 

moderate estimate. The design, testing and fabrication of 

towers can take together would take about 35% of total 

project time. These considerations naturally call for acute and 

efficient methods of design and analysis for the E.H.V. 

transmission line towers [7]. 

In Civil Engineering structure, most of the time, it is 

economical to design over-safe structure rather than spending 

much more time on accurate analysis. But, this is not the case 

with transmission line towers. A little bit of saving of weight 

of steel per tower, ultimately result in enormous saving for 

any transmission line. The cost of transmission line tower is 

influenced by its weight. The weight in turn is influenced by 

the designer’s diligence and efficient application of the 

governing specifications. Hence, the aim of designer should 

be to conserve every bit of steel possible, within limitation of 

the specifications consistent with reliability [5].   

Some studies have already been performed in the context of 

optimization of truss towers, for instance, T. Raghavendra [6] 

generated a computer aided analysis and structural 

optimization of transmission line tower for the ease of 

optimizing the structure more accurately and efficiently [3]. 

R. R. Souza [8] concluded a procedure for the size, shape and 

topology optimization of transmission line tower structures 

while considering the base angle, section sizes and brace 

staggering as chosen parameters. They utilized Firefly and 

Back Search Algorithm to achieve the optimized tower 

structure, while reducing 6.4% of structural weight. 

Visweswara Rao [9] provided a method for the development 

of optimized tower de-signs for extra high-voltage 

transmission line. The optimization was regarding both tower 

weight and geometry, and a systematic procedure for 

obtaining minimum weight of the tower design in both crisp 

and fuzzy environments was followed.  
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Although they presented several advances, some important 

additional aspects must be considered for a direct industrial 

application concerning the optimal de-sign of transmission 

line tower structures. In this project efforts, have been made to 

do 3D Analysis of transmission line towers and its 

foundations considering all the members of the space truss as 

primary members. STAAD Pro and PLS TOWER program 

have been used to analyze and design the members of 400kV 

double circuit-quad conductor tension tower having deviation 

angle of 2-15 degrees. An attempt has been made to make the 

transmission line most cost effective by com-paring the base 

widths and base configuration as rec-tangle and square, 

optimizing the member sections and changing the bracing 

patterns of transmission line self-supporting structure. The 

procedure to arrive at the objective of reaching an optimum 

structural design involves the following steps: 

 Optimization of the base-hamper widths.  

 Optimization the member sizes of the tower body.  

 Optimization the bracing patterns for the basic tower 

body. 

 Finding the slenderness ratio for most optimum 

tower weight. 

 

Transmission Line and Design Parameters  

In the design of a high-voltage transmission line tower the 

electrical specification decides the general shape of the tower 

with respect of its height at different levels, conductor and 

ground wire and cross-arm dimensions [7]. This introduces 

boundaries controlling the full freedom in achieving tower 

geometry. However, the selection of basic tower dimensions, 

such as base width and widths at cross-arm levels, is still open 

for a designer to shape a transmission line tower in an 

optimum way. Some of the main parameters of electrical 

specification for a 400KV tower body are listed below: 

1) Minimum Ground Clearance: 8840mm 

2) Mid Span Clearance: 9000mm 

3) Shield Angle: 20deg 

4) Swing and Clearance: 22deg – 3050mm 

                                    44deg – 1860mm 

5) Normal Span: 400m  

6) Conductor Type: MOOSE 

7) Height of Insulator: 3.6m 

A complete overview of the procedural methodologies 

involved in a transmission line tower design is shown in the 

form of a flow-chart in Figure 1. The main considerations in 

arriving at the tower configuration are: the specified electrical 

clearances; tower type; wind pressure; maximum and 

minimum temperature conditions; possible ice loads on the 

conductor and ground wire and terrain profile. Table 1 lists 

the details of some of these parameters typical to a 400kV 

double circuit tangent type tower.  

An extra longitudinal load acts in a direction normal to the 

cross-arm axis in each of the broken conductor-ground wire 

condition cases. A Factors of Safety must be maintained 

regarding the maximum working tensions in the conductor 

and ground wire which depends on the respective bearing 

capacities of the conductor and ground wire, Lowering the 

working tension values no doubt brings down the tower loads 

[4]. 

 

Variable selection  

Out of the several parameters that significantly influence the 

tower weight and geometry, the following are the selected set 

of control variables in the optimization study: 

1) Tower base width (B) 

2) Tower Hamper Width 

3) Panel bracing angle 

4) Tension Loading 

The tension loading for the conductors and ground wires are 

given in the Table 2. 

 
Figure 1: Flow Chart of Procedure Methodology Followed 

 

 

Table 1: List of Electrical and Structural Design parameters 

S.No. Parameters Specifications 

1 Transmission Line Voltage 400 KV 

2 Right of Way 19m 

3 Angle of Deviation (β) 2° - 15° 

4 Terrain Type Plain 

5 Terrain Category 1 

6 Return Period 50 years 

7 Wind Zone 5 

8 Basic Wind Speed    50 m/s 

9 Basic Wind Pressure   80.836 kg/m2 

10 Tower Type      B 

11 No. of Conductors   4 

12 Tower Configuration  Vertical 

13 Tower Shape  Barrel 

14 Cross Arm    Pointed 

15 Conductor Material   ACSR 

16 Conductor Configuration  MOOSE 

17 Max. Temp        85° 

18 No. Of GW       2 

19 GW Type           EW 7/3.66 

20 Shielding Angle      22° 

21 Insulator Type      Tension 

22 Insulator Weight      200 kg 
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Table 2: Maximum Sag and Maximum Tension Computation of 

Conductors and Ground Wires 

 

Wire Type  
Env. 

Temp (°) 

Pressure 

(% of Full 

Wind) 

Vertical  

Sag (m) 

Tension  

(kg) 

Conductor 
85 0 13.263 3022.04 

32 100 # 5357.35 

Ground 

Wire 

85 0 11.061 1054.19 

32 100 # 1920.97 

 

 

Base configuration optimization approach 

With regards to the advance of various designing tools like 

STAAD PRO and PLS TOWERS, to optimize the base width 

and hamper width of the tower, a range is selected for the base 

width and hamper width, that must be exhaustively iterated. 

Two types of Base Con-figuration, Rectangular and Square 

Configuration. The properties of Base Configuration such as 

the Base-Hamper width range, iteration interval and 

Longitudinal length in excess to Transverse length is given in 

Table 3. The Procedure carried out for the Base Width 

Optimization is listed below: 

1) A Basic Tower body iteration with all the Load 

Combinations is modelled and designed in the 

software, with the Base Widths for Square 

Configuration range as given in Table 3. The same 

procedure is repeated for Rectangular Configuration. 

2) Cost of all the iterated tower bodies is taken out. The 

iteration values of cost for both the tower 

configurations are compared. Foundation is 

separately de-signed for the various iterated tower 

body loads. The Cost of each of the footing is 

Tabulated alongside its Tower cost. 

3) A Combination of Footing and Tower cost is 

compared. A Graph is plotted between the Cost of 

The Tower Body cost, the Cost of Footing and The 

Combi-nation Cost of Footing and Tower, with 

respect to the Base widths and its Weight 

Comparison is given in Table 4  

From the Figure 2, it is inferred clearly that Square 

Configuration of 19x19m and 5.5x5.5m is the most Optimized 

base width and hamper width, respectively. Therefore, at this 

base configuration the weight of the total tower structure is 

minimum. 

Regarding Figure 2, it is seen that the weight of foundation 

keeps reducing with increasing base width. But, we cannot use 

these base widths as the cost of land acquisition is very high. 

Also, it is seen that the cost of tower increases with an 

increase in base width. This is because of heavy loads and 

poor distribution of loads via the bracings, leading to use of 

heavy sections. 

Base width depends upon the height, loads imposed upon the 

tower, wind loads and upon the height of ap-plication of 

external loads from ground level. Towers with larger base 

result in low footing costs and lighter main leg member at the 

expense of longer bracing members. Therefore, in respect 

with the Graph, there is a certain Base Width, which gives the 

best compromise for the total cost of the tower and foundation 

to be minimum. 

From Table 4, comparing the Rectangular and Square Base 

Configuration, it is evident that the cost of the Rectangular 

configuration is lesser by 1.17%. The width of the top hamper 

is mainly decided based on resistance required for torsional 

loading. The torsional stresses are evenly distributed on the 

four faces of a square tower. Thus, Rectangular Configuration 

is preferable due to lower cost, but detailing of a Rectangular 

Configuration is a tedious procedure. Hence practically 

Square Configuration is adopted. 

From this result, it was found that the most economical Height 

to Base Width ratio is 1.12 for 400Kv transmission line tower. 

 

Table 3: Properties of Base and Hamper Width optimization 

Properties 
Square 

Config. 

Rectangle 

Config. 

Min. Base Width (B) (m) 12 12 

Max. Base Width (B) (m) 22 22 

Min. B in Long wrt Trans (m) 0 -1 

Max. B in Long wrt Trans (m) 0 1 

B iteration span (m) 1 1 

Min. Hamper Width (H) (m) 4 4 

Max. Hamper Width (H) (m) 6 6 

H iteration span (m) 0.5 0.5 

 

Table 4: Comparison between Base Width and Configuration 

Parameters 

Config. Structure 
Base  

Width 

Least  

Weight  

(kg) 

Total  

Weight 

(Kg) 

Square 

Tower Body 15m x 15m 13.555 

19.333 Foundation 22m x 22m 4.763 

Tower + 

Foundation 
19m x 19m 19.333 

Rectangle 

Tower Body 15m x 15m 13.553 

19.107 
Foundation 22m x 23m 4.689 

Tower + 

Foundation 
19m x 19m 19.107 
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(b) 

 

Figure 2: Base Width v/s Price Comparison for (a) Square 

Configuration and (b) Rectangular Configuration 

 

 

Member size optimization approach 

Member size optimization is done for the total weight of the 

tower to be optimized and hence, the Cost of tower to reduce 

significantly. 

The 400kV double circuit transmission line tower, the 

parameter details of which are given in Table 1, is designed as 

a self-supporting tower with steel members of L-shaped 

angles with a bolted type construction. The optimization of 

tower members is guided by the following constraint 

requirements, for tension members: 

 

Slenderness Ratio: 

gi+m(x) = λi(x) - λi ≤ 0;  (i = 1, 2, …,m) 

Where, λi is the allowable slenderness ration of each bar. The 

allowable slenderness ratios λi are also calculated following 

the recommendation of IS 802: Part 1: Sec 1:1995 and were 

taken as 150 for compressed main bars (leg), 200 for other 

compressed bars (bracings) and 250 for tensioned bars 

(redundant). 

 

Stress Constraint: 

gi(x) = σi(x) - σi ≤ 0;  (i = 1, 2, …,m) 

Where, σi in MPa is the allowable stress inside each bar. The 

allowable stress of each bar σi is calculated following the 

recommendations of IS 802: Part 1: Sec 2:1995 considering 

whether the bar is under tension or compression (also 

considering local buckling). 

σi = Fy [1 − 0.5(λ2/Ce2)]   When λ ≤ Ce 

σi = ∏2 x E / λ2                 When λ > Ce 

Where, Ce = ∏ √(2E/ Fy) 

Fy = Min guaranteed yield stress of the material (MPa) 

E = modulus of elasticity of steel (2 x 105 MPa) 

λ = Largest effective slenderness ratio of any unbraced 

member 

L = Unbraced length of compression member (cm) 

r = appropriate radius of gyration (cm)  

 

Minimization Function of Section: 

It is hence required to minimize the following function, using 

the above-mentioned constraints.    

𝐖(𝐱) = ∑(𝛒𝐢 𝐥𝐢(𝐱) 𝐀i(𝐱))

𝐦

𝐢=𝟏

 

Table 5. gives the available angle sections, that is utilized for 

the optimization of given 400kv Transmission tower. 

Using given optimization equations, constraints, steel 

sections, height of tower, base width, hamper width, cross arm 

lengths and load combinations, the analysis was done using 

STAAD and PLS TOWER and the section size comparison 

was made for all the main members of the tower body. Size 

optimization was carried out keeping the FOS as 1.1 for main 

Leg members, main Horizontal members and Cross-arms, and 

1.08 for Bracings and Horizontal diaphragms, as per the 

IS:802: Part 1: Section 1: 1995 provisions of Overhead 

Transmission Line Tower design. 

The final tower body weight in the analytical tools, hence can 

be used to compare the optimization in both for the 

minimization function in equation 5.3. It is seen that the total 

tower body weight through analysis in STAAD PRO is 20348 

kg, through PLS TOWER is 20881 kg and through MS 

EXCEL is 21239 kg.  

It is seen that the total tower body weight obtained by 

optimization using MS EXCEL is 21239 kg which is 891 kg 

more than that of STAAD PRO and 358 kg more than PLS 

TOWER. Therefore, it can be concluded that design of the 

transmission tower should be avoided in MS EXCEL as load 

and weight approximations cause a significant increase in the 

tower cost. Designing procedure in MS EXCEL is a strenuous 

task and chances of greater degree of error is possible. 

It is seen that there is significance difference between STAAD 

and PLS Tower. The total tower body obtained because of 

analysis from STAAD Pro is considerable lower that that 

obtained using PLS TOWER, by 533kg. The reason being that 

the analysis method of both the software is different. STAAD 

uses FEM Analysis which is a linear approach, while PLS 

TOWER uses a rigorous p-Delta Analysis which uses a 

dynamic approach. Hence, it is safe to say that, PLS TOWER 

is a better design and analysis approach for an Overhead 

Transmission Line Tower Design. 

P-Delta analysis occurs when the member is loaded 

eccentrically. When a member is loaded, it deflects. The 

deflections in the members may induce secondary moments 

because the ends of the member may no longer be vertical in 

the deflected position. These secondary effects for members 

can be accurately approximated using P-Delta analysis. 

Effects of p-Delta moments can be adverse for small lateral 

load if not accounted for efficiently. 
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Table 5: Available L-Section Members 
 

Profile 

(mm) 
Area (cm2) 

Profile 

(mm) 
Area (cm2) 

40x30x4 2.86 90x7 12.22 

45x4 3.47 100x6 11.67 

50x4 3.88 100x7 13.22 

50x5 4.79 110x8 17.02 

55x4 4.26 110x10 21.06 

60x5 5.75 120x8 18.7 

65x5 6.25 120x10 23.45 

70x5 6.77 130x10 25.06 

75x5 7.27 150x12 34.59 

75x6 8.66 150x18 50.79 

80x6 9.29 150x20 56.21 

90x6 10.47 200x16 61.82 

 

 

Bracing pattern optimization approach 

The optimization of the pattern geometry of the transmission 

line tower has been carried out in this section. As per IS 802: 

Part 1: Sec 2: 1995 and CBIP Manual it is supposed to 

provide bracing at angle of 45° to 70° with the horizontal. 

This is because exceeding these limits, the efficiency of the 

brace to distribute load from the horizontal main members to 

the main leg members, decreases significantly. 

The bracing patterns below the hamper width are changed 

because the braces above the hamper level are under the 

limitations of brace angles as stated above. Figure 3 shows 

Tower Body with K or A Brace, X or Cross brace and K and 

X Mixed Brace. 

As inferred from the diagram, the diaphragm member is 

eliminated from the X or Cross Bracing. This is so because, in 

case of K or A Bracing there must be a member provided to 

attach the apex of the K members. This extra horizontal beam 

member is called diaphragm. Whereas in case of a X brace, 

the members itself are pinned to the leg members, hence such 

need of the diaphragm is eliminated. Even if a diaphragm in 

provided, it would not carry any load, even as a redundant, 

hence simply adds to the weight of the tower, which is to be 

avoided. 

 
                    (a)                        (b)                      (c) 

Figure 3: Tower Body having (a) Only K Brace (b) Only X 

Brace (c) Mixed Brace in Body Extension Panel in PLS 

TOWER 

 

It was seen from the analysis in PLS TOWER for the three 

bracing systems, that the total tower body obtained because of 

analysis of Mixed brace is 20881 kg being the least, followed 

by K Brace with a weight of 21680 kg and then the weight of 

X Brace of 22058 kg being the highest. This trend was due to 

the consideration of heavier angle sections in case of X 

bracing as it is weaker in load bearing as compared to K Brace 

systems.  

But, also using a mixed type of brace (mixture of K bracing 

and X bracing), the weight of the tower is reduced 

significantly. This happens because the K Brace contributes to 

lesser weight and lower deflections to the tower body, while 

the X Brace adds to lower slenderness ratio hence a greater 

stability for the same applied load.  

From the study of deflections, from Figure 4, at the wind load 

points it is seen that, K Bracing shows a significant reduction 

in the deflection of the peak of the tower, of 3.85mm in 

comparison to the X Bracing system. Therefore, tower with K 

geometry is more reliable, at lower parts of the tower body. 

 

 
 

Figure 4: Deflection(m) V/s Brace Type 

 

Pattern optimization by number of parts approach 

In this section, the study of the behavior of the leg members as 

there is an increase in the number of parts by redundant on the 

main Leg Member is done. The Body Extension Panel is 

selected, and analyzed for different slenderness ratios, that is 

the Leg and Brace members were divided into various 

segments by the redundant members. Figure 5 shows the 

diagrammatic representation some of the member by parts for 

both the K bracing and X bracing. 
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(b) 

 

Figure 5: Number by Parts for (a) K Bracing of 8 Parts (b) X 

Bracing of 6 Parts 

 

 

Table 4 shows the comparison between number of parts, 

slenderness ratio and weight of the total tower body. Figure 6 

shows the comparison between the Slenderness of the Body 

Extension Leg Member and weight of the tower body was 

derived. 

 

Table 4: Optimization Section Size Comparison with Bracing 

Comparison 

 

 

The Figure 6 shows that the most optimum tower weight is 

received when the Body Extension is 5 Parted for K Bracing 

and Panel 1 is 5 parted for X Bracing. This gives that the 

slenderness ratio of the main Leg Member to be near to 50 for 

the most optimum Leg Strength Utilization. This happens 

because under this value of slenderness, the strength 

utilization of the members remains almost constant. And 

above this limit, the chances of buckling increases as member 

strength decreases. 

The towers are provided with angle sections of K and X type 

bracings where K type bracing tower gives lesser deflections 

when compared with X type bracing tower, as seen in Figure 

4. 

Tower structure with least weight is directly proportional in 

reduction of the cost. K type bracing tower when completely 

assigned with steel angles to its member gives least weight 

compared X bracing tower. 

However, the minimum weight is seen in a tower with mixed 

combination of K and X type bracing.  

It is seen that the best pattern geometry is received when the 

slenderness of the main Leg member is close to 50. This is 

because under this value of slenderness, the strength 

utilization of the members remains almost constant. And 

above this limit, the chances of buckling increases as member 

strength decreases. 

 

 
(a) 

 
(b) 

 

Figure 6: Comparison between Number by Parts v/s Weight 

(kg) for (a) K Brace (b) X Brace 
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1 Part - - - 

2 Part 99.46 0.909 9628 

3 Part 66.31 0.826 7816 

4 Part 73.45 0.855 6503 

5 Part 57.87 0.833 5854 

6 Part 48.22 0.787 5776 

7 Part 41.33 0.769 5966 

8 Part 48.88 0.833 6068 

Number of 

Parts 

X bracing 

λ Ratio 1/FOS Weight (kg) 

1 Part 116.82 0.877 8858 

2 Part 78.01 0.862 7694 

3 Part 77.88 0.893 5941 

4 Part 57.52 0.833 5903 

5 Part 46.02 0.787 4231 

6 Part 38.35 0.757 4775 
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Conclusion 

Optimization of Transmission Line Tower is aimed at 

achieving low cost, high performance, better and more 

reliable design strength. It is observed from the analytical 

work that the weight of tower with Optimized base width, 

Pattern Geometry, Base Configuration and section size 

optimization shows an economical construction. 

This work attempts to optimize the transmission line tower 

structure for a 400 KV double circuit quad conductor, 

regarding base configuration, section size and pattern 

geometry as variable parameters. Due to multiple loading 

conditions, each member subjected to maximum stress under 

any of the loading conditions is assigned an angle size 

considering the strength factor of 1.08 to 1.1. This work has 

focused on economic analysis and design of transmission line 

tower structure.  

 Following are the observations and conclusions based on the 

analytical results: 

1) The towers with larger base result in low footing 

costs and lighter main leg member at the expense of 

longer bracing members, hence a high tower body 

cost. Therefore, the base width which gives the best 

compromise for the total combined cost of the tower 

and the foundation to be minimum should be utilized. 

This base width is unique for different towers, loads 

applied and environmental parameters. For the 

example 400Kv double circuit quad conductor 

transmission line tower, the optimum base width is 

19mx19m and 5.5mx5.5m hamper width. 

2) Rectangular base configuration cost is lesser than the 

Square configuration by 1.17%, but the detailing of a 

Rectangular Configuration is a tedious procedure. 

Hence practically Square Configuration is adopted in 

design due to ease of detailing of members. 

3) The most economical Height to Base Width ratio is 

1.2 for 400Kv double circuit quad conductor 

transmission line tower. 

4) PLS TOWER should be used in place of STAAD Pro 

for overhead transmission line tower designing, as it 

provides better approach of design due to p-Delta 

analysis consideration, which is a dynamic approach 

that is neglected in STAAD PRO. 

5) A mixed combination of K and X bracing is to be 

applied for least cost. 

6) Slenderness of the main Leg member should be 

maintained close to 50.  
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