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Abstract: A high-voltage transmission tower consists of structures to avoid the risk of electric shock
and to prevent the risk of collapse. Hence, towers are generally designed to be high-rise for effi-
ciency. The main posts of the tower are primary structural members that resist loads under various
load conditions. Therefore, the contribution of the secondary member to securing the stiffness and
strength of the main posts by reducing the effective buckling length is important. However, there
are no detailed design criteria for secondary members. In this study, the structural effects of hori-
zontal members and braces on the torsional stiffness, elastic buckling strength, and load-carrying
capacity of transmission towers were observed through various structural analysis methods includ-
ing linear-elastic, eigenvalue, and geometric nonlinear and inelastic analyses under governing load
combinations. According to the analytical study, rather than the horizontal members, the brace spac-
ing significantly affects the structural performance. Therefore, the number of horizontal members
can be minimized if sufficient brace members are erected. If the brace spacing is wide, it is recom-
mended that the horizontal members be erected to create K bracing, and the buckling resistance of
the main posts can be thus enhanced.

Keywords: high-rise transmission tower; secondary structural members; brace, horizontal member;
load-carrying capacity; geometry simplification

1. Introduction

Transmission towers are essential for transmitting large amounts of energy to decen-
tralized areas. As the energy demand increases, high-capacity transmission towers are re-
quired. Accordingly, as the capacity of the transmission tower increases, the size of the
structure increases as well. To ensure safety of the transmission tower, many secondary
members are installed, which increases maintenance costs. If only structural safety is se-
cured, the removal of excess members is necessary. Therefore, a design that considers the
structural safety and cost aspects of maintenance is required.

A transmission tower resists various load conditions: the load combinations are ex-
plained in the ASCE 74 [1]. Many researchers have conducted structural safety studies on
transmission towers under various load conditions [2-8]. In particular, various studies
have been conducted on wind loads [9-17].

The transmission tower is a steel structure composed of a main post to resist the main
loads applied to the tower body and an auxiliary member to support the main post. The
auxiliary member consists of the horizontal member and braces. For the conventional lat-
tice structures, the horizontal members and braces are expected to maintain the distance
between the main post and reduce the effective buckling length. It also serves to prevent
twisting of the constituting shape. Transmission towers are vulnerable to buckling under
external loads owing to the characteristics of the steel structures. Hence, many studies on
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the buckling of trans-mission towers have been conducted [18,19]. Zhang et al. [20] de-
scribed the importance of preventing buckling by identifying the risk of buckling and the
diagonal members that are vulnerable to buckling.

Albermani et al. [21] conducted a study to improve the load-carrying capacity of a
transmission tower by reinforcing the horizontal members. Albermani et al. [22] con-
ducted a study to increase the load-carrying capacity of an existing transmission tower,
using horizontal members of various shapes, and verified that the load-carrying capacity
increased. In addition, several scholars have described the effects of the horizontal mem-
ber in enhancing the overall load-carrying capacity of the transmission tower [18, 19, 21,
23-28]. The structural stability of the transmission tower can be achieved by enhancing
the stiffness of the horizontal and brace members. Furthermore, many researchers have
simplified the braces of transmission towers using various techniques [29-36].

As the height of the transmission tower is enlarged, the dimension of the main post
is also required to increase due to the increased external loads. In Korea, nowadays the
circular pipe section members are designed for the large-scale transmission tower in order
to enhance buckling resistance. In means that the research to suggest the rational design
of the secondary members for the new type transmission tower should be conducted be-
cause the previous studies have been undertaken for towers with slender angle section
members. In fact, the description of the position or shape of the horizontal and brace mem-
bers is only briefly explained or not presented in ASCE 10-15 (Design of Latticed Steel
Transmission Structures) [37]. Therefore, the study of the effects of the secondary mem-
bers on the structural behaviors of the large-scale transmission tower should be investi-
gated.

In this study, the effect of secondary members on the structural response of transmis-
sion towers was analyzed. The parameters were the presence of horizontal members,
spacing, and shape of the braces. The displacement and distorted shape due to torsional
loads generated by broken wires were analyzed in the linear static analysis, and the con-
tribution of the secondary members to the results was confirmed. In the eigenvalue anal-
ysis under wind load conditions, which is the governing condition of the transmission
tower, an effect of the secondary members on the buckling strength of the main post was
observed, by reducing the effective buckling length. Geometric nonlinear and inelastic
analysis was conducted to confirm the effect of secondary members on the load-carrying
capacity. By observing the load-displacement curves of the tower under the wind load
condition, the effects of the secondary member parameters on the ultimate state were con-
firmed analytically.

2. General configuration and design load combinations for the transmission towers
2.1 Description and characteristics of the structures
2.1.1 Details of the model

A 765 kV-class lattice tower provided by Korea Eleetric Power Corporation was stud-
ied. This 109-m high tower was structured with equal-legged angles. As the capacity in-
creased, a higher load was applied to the transmission tower. The cross-section of the main
post changed from angular sections to hollow circular sections. The upper frame of the
model was composed of 3.80 m x 3.80 m square, and the lower frame was composed of
19.62 m x 19.62 m square. The lattice transmission tower supported two cross-arms at the
top of the tower for the ground wires and two arms comprising three layers to support
the electric power lines (conductors). The model shape is shown in Fig. 1. Fig. 2 shows the
wind direction along the transmission line.

The examined lattice transmission tower consists of two types of members: angle
members and circular pipe section members. The cross-arm is composed of an angle sec-
tion member, and the main post, braces, and horizontal member are composed of a circu-
lar pipe section member. The details of the members are shown in Fig. 3. Sixteen angle
members and fifteen circular pipe section members were used to design the section mem-
bers. The yield strengths of the circular pipe section and angle section were 345 and 290
MPa, respectively to perform geometric nonlinear and inelastic analysis by applying a
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bilinear elastic-plastic model. The steel material properties are a mass density o = 7,850
kg/m3, Young’s modulus E =210 GPa, and Poisson’s ratio v = 0.3. Table 1 summarizes the
section properties of the 765-kV transmission tower.

The horizontal angle of the wire was 30°, and the wind span and weight span were
450 and 800 m, respectively. For conductors, the cardinal aluminum conductor steel-rein-
forced model, primarily used in 765 kV-class lattice transmission towers, was applied. The
rated tensile strength was 150 kN, and the unit weight was 17.26 N/m. The rated tensile
strength of the ground wire, AWS-200, was 126 kN, and the unit weight was 9.42 N/m.
Table 2 summarizes the properties of the conductors and the ground wire.

The transmission tower consists of three parts: (a) common part, (b) body part, and
(c) leg part. This study focused on the body parts of the transmission towers. Changes
were applied to the horizontal members, brace members, and main posts to confirm the
effects of horizontal members on the overall behavior of the transmission tower.

Using the commercial analysis software ABAQUS, B31 beam elements with six de-
grees of freedom were applied to the analytical models. The inclined angle, shape, and
orientation of the members were realistically modeled using beam elements. The connec-
tion between the members is fastened by multiple bolts. Therefore, some researchers con-
cluded that the multiple-bolts connection can provide rotational constraints [38-39]. Re-
flecting the connection characteristics, the entire members of the examined transmission
towers were modeled with beam elements. In addition, the stress at the predefined refer-
ence points at the sections was calculated, therefore the inelasticity of the members and
structures could be checked during the nonlinear analysis because the beam sections
shown in Fig. 3 were assigned for all the members.
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Figure 1. Characteristics and dimensions of the 765 kV-class transmission towers
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Figure 2. Details of wind directions on a transmission line Figure 3. Details of the section members

The load exerted on the ground wires was applied as a concentrated load on the top-
most arm. The multi-point constraint (MPC) and reference point were used to exert the
load applied in the six arms to support the conductors. The load components were trans-
verse, longitudinal, and vertical loads. The wind load applied to the transmission tower
was evenly exerted in a line load throughout the tower. In terms of boundary conditions,
the fixed support conditions were applied to the four legs in contact with the ground. Figs.
3 and 4 present the MPC-tie option and the boundary conditions, respectively.

N
RN
74

Figure 4. Details of the MPC-tie option Figure 5. Details of the boundary conditions
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Table 1. Section properties of 765-kV transmission tower

Member type Cross-section (mmxmm)
D609.6x16
D609.6x14
D558.8x14
D558.8x12

Main post ©457.0x12
®406.0x10
©318.5x8.0
0216.3x7.0
P165.2x5.5
©216.3x7.0
©190.7x5.3
D165.2x5.5
P139.8x4.5
P101.6x3.2
©89.1x3.2
©216.3x7.0
®190.7x5.3
D165.2x5.5
D139.8x4.5
®89.1x3.2
D76.3x2.8

Brace

Horizontal member

Table 2. Description of the conductors and ground wires

Parameters Conductor Ground wire
Specification ACSR (cardinal) AWS-200
Rated tension strength (kN) 150 126
Unit weight (N/m) 17.26 9.42
Outer diameter (m) 0.03 0.018

Area (mm?2) 547.3 204.3

Modulus of elasticity (GPa) 74.2 108.8

Thermal expansion coefficient (10-6/°C) 23 15.5
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Figure 6. Description of parametric variables in the analytical models: (a) Models with five equal
braces; (b) Models with four equal braces; (c) Models with three equal braces; (d) Models with two

equal braces
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2.1.2 Parametric variables of the analytical model

Parametric studies were conducted to analyze the effects of horizontal and brace
members on improving the load-carrying capacity of the transmission tower. The varia-
bles of the research were the presence of horizontal members, shape of braces, and brace
spacing. The role of the horizontal member is to prevent distortion and maintain the shape
of the structure. To confirm the torsional resistance and distortion of the transmission
tower with the effects of the horizontal members, variables indicating the presence of hor-
izontal members were applied in the models. To affect the slenderness ratio of the mem-
bers, the lengths of the main post and braces were modulated by the equal spacing and
shape of the braces. However, the section properties of the brace and the main post were
maintained. The shape of a brace can be categorized into two types: X and K bracing. X
bracing is a shape in which braces, horizontal members, and main posts are gathered in
one place. K bracing is a shape in which bracing exists between horizontal members to
support the middle part of the main post. The equal spacing of braces is categorized into
four types: five to two equal spacings. The respective spacings of the five, four, three, and
two equal spacings were 8.2 m, 10.25 m, 13.67 m, and 20.5 m per spacing. The variables
used in the analytical models are shown in Fig. 5; it shows the models with equal spacing
of the braces, the differences owing to the shape of the braces, and the presence or absence
of horizontal members. Structural analysis was performed on a total of sixteen models.
The positions of the horizontal members and the coordinate system of the displacements
are shown in Fig. 6. The transverse displacement at the front of the tower, longitudinal
displacement at the front of the tower, and vertical displacement were named Ux, Uy, and
Uz, respectively. The horizontal member of the lowest part was named Lv1 and of the
uppermost part Lv6.

Lv6
LvS

Post3

Post2

Figure 7. Description of horizontal member position and the coordinate system of displacements

2.1 Analytical load combination and method
2.2.1 Design load and load combination

The wind load and broken wire load conditions are exerted in the lattice transmission
tower based on the ASCE74 (Guidelines for Electrical Line Structural Loading, 4th edition)
design standard. Linear static, eigenvalue, and geometric nonlinear and inelastic analyses
were performed to analyze the effect of the horizontal and brace members on enhancing
the load-carrying capacity of the transmission tower. Linear static, eigenvalue, and geo-
metric nonlinear and inelastic analyses were performed to analyze the effect of the hori-
zontal and brace members on structural behavior. The horizontal members and braces
maintain the distance between the main post and reduce the effective buckling length. It
also serves to prevent twisting of the constituting shape. A linear static analysis was
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performed to observe the effect of the horizontal and brace members on the resistance of
the torsion and distortion of the tower due to the broken wire loads categorized into three
types: longitudinal, transverse, and vertical loads. Eigenvalue analysis was performed to
confirm if the effective buckling length was reduced due to the effect of horizontal mem-
bers and braces, thereby improving the elastic buckling strength. Finally, geometric non-
linear and inelastic analysis was performed to explore the effect of the buckling strength
improvement of the secondary members on the load-carrying capacity. Eigenvalue and
geometric nonlinear and inelastic analyses were performed by applying the wind load
condition to the transmission tower. Table 3 shows the summary of the analysis method-
ologies and their objectives in this study. Details are described in the next sections.

Table 3. Summary of the analytical investigation

Analysis type Objective Applied load case

. . . To see the effect on the torsional and .
Linear static analysis . . . Broken wire case
distortional resistance

To see the effect on the elastic
Eigenvalue analysis . . Wind load case
buckling resistance

Geometric nonlinear and To see the effect on the load-carrying .
. . . , Wind load case
inelastic analysis capacity

Local conditions, topographical conditions, wind gusts, tower shape, and height
must be considered to exert the load used in load combinations. The local conditions of
exposure C Are recommended by the ASCE74; thus, the load combination was calculated
for exposure C. A panel was set for each height of the tower, and the wind load was ap-
plied to the panel. In research, the wind load is considered a common load condition, and
the broken wire condition inducing torsional loads is considered an abnormal load con-
dition. The wire loads were applied based on the calculation of the wire tension owing to
the states of change. It can be calculated given that the conditions of the initial and final
states were known. The wind load based on the ASCE74 was calculated. Kz, Kzt, V100, G,
Cf, and A are required to calculate the wind loads. Kz is the wind pressure exposure co-
efficient, Kzt is the topographic factor, V100 is the reference 3-second wind speed for the
100-year mean recurrence interval (m/s), G is the gust response factor for conductors,
ground wires, and structures, Cf is the force coefficient value, and A is the area projected
on the plane normal to the wind direction (m?2).

2.2.2 Linear static analysis

Linear static analysis was performed to observe the distortion and torsional stiffness
of the transmission tower owing to the horizontal and brace members. The role of the
horizontal and brace members is to resist distortion and maintain the original shape, sup-
port resisting the torsional loads applied in the main post, and reduce the effective buck-
ling length to prevent buckling. Broken wire load conditions inducing torsion were ap-
plied to the transmission towers to analyze the effect of the horizontal and brace members
on the torsional loads. Broken wire loads are divided into four types: disconnection of the
ground wire, 1st-floor conductor, 2nd-floor conductor, and 3rd-floor conductor. The bro-
ken load condition of the ground wire was named GW, and the broken load conditions of
the 1st-, 2nd-, and 3rd-floor conductors were named CD1, CD2, and CD3, respectively.
Descriptions of the four load conditions with broken wires are presented in Fig. 7. V, T,
and L are the vertical, lateral, and longitudinal loads, respectively.
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Figure 8. Descriptions of the load conditions with broken wires

2.2.3 Eigenvalue analysis

The elastic buckling strength and eigenmode of an ideal structure can be predicted
using an eigenvalue analysis. The eigenmode can predict the buckling mode based on
geometric characteristics. It was necessary to confirm that the transmission tower had suf-
ficient elastic buckling strength. The Lanczos eigensolver was used as the method. Eigen-
value analysis was performed by avoiding overlapping of the eigenvalues and
eigenmodes. Models with various variables were analyzed to identify the factors affecting
the elastic buckling strength of the transmission tower, and the effects of the presence of
horizontal members and the spacing and shape of the braces on the elastic buckling
strength were studied under 0° wind load (transverse direction) conditions

2.2.4 Geometric nonlinear and inelastic analysis

Geometric nonlinear and inelastic analysis of the models with or without horizontal
members and models with different shapes and spacings of the braces was performed to
analyze the ultimate behavior, weak members, and load-carrying capacity of the trans-
mission tower under 0% wind load (transverse direction) conditions. To consider the ma-
terial features of the section, the yield strengths of the circular pipe section and angle sec-
tion were 345 and 290 MPa, respectively, for applying of a bilinear elastic-plastic model.
The load conditions were the same as those used in the eigenvalue analysis. The arc length
method was used for the geometric nonlinear and inelastic analysis. By analyzing the
load-displacement curves in the models with various parameters, the load-carrying ca-
pacity of the transmission tower owing to the effect of the horizontal and brace members
was confirmed.

3. Contribution of the secondary members to structural behavior and load-carrying
capacity

3.1 Comparative studies of linear static behavior

By analyzing the parametric models owing to the horizontal members and the shape
of the braces, the brace spacing, displacement of the horizontal position, and distortion of
the section shape were determined. To confirm the effect of the secondary members on
the torsional load, broken condition loads were applied to the models. Among the load
conditions caused by the broken wires, CD1 is the governing load. Therefore, the CD1
load condition was applied to the transmission tower to confirm the displacement and
distortion. The transverse, longitudinal, vertical, and torsional displacements were
checked at four points at the position where horizontal members and the main post met.
The displacements of the equal-spacing brace model under the effect of the secondary
members are presented in Tables 4-7; they show the transverse, longitudinal, vertical, and
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torsional displacements Ux, Uy, Uz, and U, respectively. In addition, the horizontal
member of the lowest part was named Lv1, and the uppermost part was named Lvé6. Figs.
8 and 9 show the deformed shapes of the transmission towers under the examined load
combinations, obtained by the linear elastic analysis.

L DL

(d)

Figure 9. Comparison of the deformed shapes of the transmission towers with X bracing
under the considered load combination: (a) Models with five equal spacings and horizontal mem-
bers; (b) Models with five equal spacings without horizontal members; (c) Models with two equal
spacings and horizontal members; (d) Models with two equal spacings without horizontal members
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(d)

Figure 10. Comparison of the deformed shapes of the transmission towers with K bracing
under the considered load combination: (a) Models with five equal spacings and horizontal mem-
bers; (b) Models with five equal spacings without horizontal members; (c) Models with two equal
spacings and horizontal members; (d) Models with two equal spacings without horizontal members
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Table 4. Brace spacing effect on the displacement of X-bracing models with horizontal members

X-brace
Postl Post2 Post3 Post4
Ux Uy Uz Ue Ux Uy Uz Ue Ux Uy Uz Ue Ux Uy Uz Use
(mm) (mm) (mm) (rad) (mm) (mm) (mm) (rad) (mm) (mm) (mm) (rad) (mm) (mm) (mm) (rad)
Lvl 88 6.3 04 0001 -34 66 45 0001 36 61 08 0000 90 58 49  0.001
Lv2 135 96 06 0002 -02 102 66 0001 -06 -45 12 0000 140 -39 72 0.0l
Lv3 203 145 07 0003 50 151 84 0002 45 -13 15 0001 208 06 92 0002
Lvd 298 215 07 0005 121 221 98 0003 116 32 18 0002 304 39 108 0.004
Lvs 430 313 05 0009 213 319 108 0006 208 91 18 0004 436 98 120 0.007
Lve 601 444 007 0015 332 445 111 0011 332 178 17 0008 602 179 125 0013
Lvl 87 6.2 04 0001 -33 66 45 0001 36 -62 08 0000 91 57 49  0.001
Lv2 148 105 06 0002 10 13 71 0001 04 -39 13 0000 155 31 77 0002
Four Lv3 242 173 07 0004 84 182 90 0002 77 07 17 0001 250 17 99  0.003
Lvd 395 286 05 0008 182 294 105 0005 175 67 18 0003 403 76 117 0.006
Lv5 611 451 002 0016 318 452 110 0011 317 161 17 0007 612 162 124 0013
Lvl 86 6.1 04 0001 -33 67 45 0001 -37 63 08 0000 91 56 49  0.001
Lv2 176 125 07 0002 29 135 77 0002 21  -31 14 0000 184 -19 84  0.002
Lv3 342 246 06 0006 137 257 100 0004 129 33 17 0002 351 44 110 0.005
Lv4 637 470 009 0016 286 471 109 0011 285 121 15 0006 639 123 122 0013
Lvl 86 6.1 04 0001 -32 67 45 0001 -37 63 08 0000 92 55 49 0001
Two Lv2 256 183 06 0004 61 197 87 0003 50 -25 15 0001 269 -09 96 0003
Lv3 732 538 046 0019 192 540 107 0012 191 02 11 0004 734 03 119 0015

Spacing

Five

Three

Table 5. Brace spacing effect on the displacement of X-bracing models without horizontal members

X-brace
Postl Post2 Post3 Post4
Ux Uy Uz Ue Ux Uy Uz Ue Ux Uy Uz Ue Ux Uy Uz Us
(mm) (mm) (mm) (rad) (mm) (mm) (mm) (rad) (mm) (mm) (mm) (rad) (mm) (mm) (mm) (rad)
Lvl 89 6.4 04 0001 -34 65 45 0001 35 60 08 0001 90 59 49  0.001
Lv2 132 92 06 0002 01 106 66 0001 09 50 12 0001 144 34 72  0.001
Lv3 202 143 07 0003 51 152 84 0002 44 14 16 0001 211 -04 92 0002
Lvd 298 212 07 0005 122 224 98 0003 114 31 18 0002 308 44 109 0.004
Lvs 44 305 05 0009 221 328 108 0006 202 84 19 0004 448 110 120 0.008
Lve 606 448 005 0016 335 448 113 0012 336 182 18 0008 606 181 127 0013
Lvl 89 6.4 04 0001 -34 65 45 0001 35 59 08 0001 90 59 49  0.001
Lv2 142 97 06 0002 16 121 70 0000 -02 49 13 0001 163 20 76 0002
Four Lv3 244 174 07 0004 84 182 92 0002 78 09 17 0001 252 19 101  0.003
Lvd 384 273 05 0007 197 311 105 0006 166 53 18 0003 422 96 116 0.007
Lv5 618 457 001 0016 324 457 113 0012 324 167 17 0008 619 166 127 0013
Lvl 88 6.3 04 0001 -34 65 45 0001 36 60 08 0000 90 -58 49  0.001
Lv2 166 112 06 0002 38 148 76 0002 13 -44 14 0001 196 -03 83 0002
Lv3 328 231 06 0006 156 277 100 0005 117 16 18 0002 375 69 110  0.005
Lvd 649 479 01 0017 297 480 112 0012 297 131 16 0007 650 131 126 0014
Lvl 89 6.4 04 0001 34 64 46 0001 -34 58 08 0001 89 59 49 0001
Two Lv2 214 134 06 0003 106 254 83 0003 15 -81 14 0001 323 57 9.0  0.004
Lv3 753 555 046 0019 211 %6 112 0012 212 18 13 0004 754 18 126 0016

Spacing

Five

Three

Table 6 Brace spacing effect on the displacement of K-bracing models with horizontal members
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X-brace
Postl Post2 Post3 Post4
Ux Uy Uz Ue Ux Uy Uz Ue Ux Uy Uz Ue Ux Uy Uz Use
Spacing (mm) (mm) (mm) (rad) (mm) (mm) (mm) (rad) (mm) (mm) (mm) (rad) (mm) (mm) (mm) (rad)

Lvl 83 59 04 0001 -30 6l 45 0001 -31 55 08 0001 85 -53 48  0.001
Lv2 132 94 06 0002 0.1 9.7 66 0001 -01 -39 120000 134 -36 72  0.001
Lv3 200 144 07 0003 52 146 84 0002 50 07 16 0001 203 04 92 0002
Lv4 297 214 07 0005 122 218 98 0003 119 36 18 0002 300 40 109 0.004
Lvs 430 314 05 0009 215 316 108 0006 213 96 19 0004 433 99 121 0007
Lve 611 451 002 0016 328 449 112 0011 330 173 17 0008 611 171 126 0013
Lvl 83 59 04 0001 -30 6l 45 0001 -31 55 08 0001 85 53 48  0.001
Lv2 146 105 06 0002 12 107 71 0001 10 -3.2 13 0000 149 29 78  0.002
Four Lv3 243 174 07 0004 85 177 91 0002 83 14 17 0001 245 18 100 0.003
Lv4 397 288 05 0008 185 291 106 0.005 183 74 18 0003 399 77 118 0006
Lvb 624 4060 004 0016 317 458 112 0011 319 1569 17 0007 623 156 126 0013
Lvl 83 59 04 0001 -30 6l 45 0001 -31 55 08 0001 84 53 48  0.001
Lv2 176 126 07 0002 30 128 79 0001 28 -22 15 0000 178 -19 86  0.002
Lv3 350 2563 06 0006 138 255 102 0004 136 39 18 0002 32 41 113 0005
Lv4 o661 485 02 0017 288 484 112 0012 289 118 16 0006 660 116 126 0.014
Lvl 83 59 04 0001 -29 6l 45 0001 31 54 08 0001 84 52 49  0.001
Two Lv2 265 190 06 0004 65 192 92 0003 63 -12 16 0001 267 -10 101  0.003
Lv3 774 564 06 0020 205 53 113 0012 206 01 120004 773 01 126 0016

Five

Three

Table 7 Brace spacing effect on the displacement of K-bracing models without horizontal members

X-brace
Postl Post2 Post3 Post4
Ux Uy Uz Ue Ux Uy Uz Ue Ux Uy Uz Ue Ux Uy Uz Use
Spacing (mm) (mm) (mm) (rad) (mm) (mm) (mm) (rad) (mm) (mm) (mm) (rad) (mm) (mm) (mm) (rad)

Lvl 83 59 04 0001 30 6l 45 0001 31 55 08 0001 84 53 49  0.001
Lv2 128 89 06 0002 08 105 65 0001 -04 45 12 0000 142 -26 71  0.001
Lvd 200 142 07 0003 56 148 84 0002 51 -05 1e 0001 205 0.1 92 0.002
Lv4 293 208 07 0005 130 225 97 0004 117 32 18 0002 308 51 107 0004
Lvb 425 308 05 0009 227 324 107 0006 213 96 19 0004 442 114 119  0.007
Lve o614 453 001 0016 330 451 113 0012 331 175 18 0008 613 172 127 0013
Lvl 83 59 04 0001 30 6l 45 0001 -31 55 08 0001 84 53 49  0.001
Lv2 141 97 06 0002 23 119 69 0001 08 -39 13 0000 160 -14 75  0.002
Four Lv3 244 173 07 0004 91 186 90 0003 80 1.0 17 0001 256 25 9.9  0.003
Lv4 386 277 05 0007 207 306 103 0006 183 71 18 0003 415 105 115  0.007
Lvs 628 462 004 0016 319 460 113 0012 321 160 17 0007 626 158 127 0013
Lvl 83 6.0 04 0001 -30 6l 45 0001 -31 54 08 0001 84 53 49  0.001
Lv2 166 111 06 0002 52 152 74 0002 23 -36 14 0000 201 10 81  0.002
Lv3 333 236 06 0006 171 274 98 0005 140 38 17 0002 370 82 108 0.005
Lv4d o604 487 019 0017 289 486 113 0012 291 119 16 0006 663 117 127 0.014
Lvl 83 6.0 04 0001 -30 6l 45 0001 -31 54 08 0001 84 53 49  0.001
Two Lv2 232 149 05 0003 143 259 77 0004 59 -39 14 0001 330 88 84  0.004
Lv3 778 57 06 0020 207 55 114 0012 209 03 12 0004 777 00 128 0016

Five

Three
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Horizontal members and braces rarely affected the displacement up to the model
with three equal spacings. There was an effect on the displacement according to the shape
of the brace in the model with two equal spacings in which the slenderness ratio was in-
creased, and the effect of the horizontal member is negligible. In addition, the secondary
members did not affect the torsional displacement in any of the models.

By applying a displacement to the position of horizontal members, the extent of dis-
tortion contributed to by the presence of the horizontal members was determined. Fig. 10
showed the extent of distortion of models with X bracing, and Fig. 11 showed the extent
of distortion of models with K bracing. The shape of the structure was shown as a rectan-
gle, according to the position of the horizontal member. Although there was a slight move-
ment in the position of the horizontal member at the top point, it maintained a rectangular
shape. Therefore, there were no effects on distortion caused by the presence or absence of
horizontal members.
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Figure 11. Comparison of the distortion effect of the presence or absence of horizontal members in
the models with X bracing: (a) Models with five equal spacings; (b) Models with four equal spacings;
(c) Models with three equal spacings; (d) Models with two equal spacings
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Figure 12. Comparison of the distortion effect of the presence or absence of horizontal members in
the models with K bracing: (a) Models with five equal spacings; (b) Models with four equal spacings;
(c) Models with three equal spacings; (d) Models with two equal spacings

3.2 Comparative studies of eigenvalues and corresponding modes

By changing the shape of the brace and the spacing between the braces, the effect of
the presence of horizontal members was confirmed by the eigenvalues and eigenmodes.
Figs. 12 and 13 show the eigenvalues and corresponding eigenmode shapes of the numer-
ical models under the examined load combination. As shown in the figures, bracing and
horizontal members can be buckled as well as the main posts at each elastic buckling
mode. Although the buckling mode occurred in some members such as cross-arms and
braces locally, in this study, global buckling was defined as buckling that occurs simulta-
neously in the main post and braces of the body part.
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Figure 13. Changes in eigenvalue and corresponding mode shape of the transmission tower models
with five equal braces: (a) Model with X braces and horizontal members; (b) Model with X braces without
horizontal members; (c) Model with K braces and horizontal members; (d) Model with K braces without

horizontal members
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Figure 14. Changes in eigenvalue and corresponding mode shape of the transmission tower models
with five equal braces: (a) Model with X braces and horizontal members; (b) Model with X braces
without horizontal members; (c) Model with K braces and horizontal members; (d) Model with K
braces without horizontal members

The difference in the elastic buckling strength based on the effect of the horizontal
members and braces was shown in Fig. 14 and the elastic buckling strength was confirmed
in the global buckling mode shape in which buckling occurred at the same time in the
main post and brace members. Because the elastic buckling strength was affected by the
slenderness ratio, the slenderness ratio criteria of the ASCE 10-15 specification were con-
firmed. ASCE 10-15 mentions that the slenderness ratio of the main post should be 200 or
more, and the brace members should be 250 or more. Accordingly, the slenderness ratio
of a model with two equal spacings with the highest slenderness ratio was 74.2 and satis-
fied the ASCE 10-15 specification. The elastic buckling strength decreased as the spacing
of the braces increased, and the difference owing to the shape of the braces and the pres-
ence or absence of horizontal members was confirmed. Models with five and two equal
spacings were determined as representative models to show the eigenvalues and
eigenmodes of the effects of different equal spacings. Figs. 15 and 16 showed the eigen-
values and eigenmodes in the models with five and two equal bracings affected by the
horizontal members and the bracing shape. The elastic buckling strength of the model
with X bracing was less affected by the presence of the horizontal members than K brac-
ing. As the slenderness ratio increased, the effect of the horizontal members was maxim-
ized. The horizontal member reduced the effective buckling length to effectively enhance
the elastic buckling strength in K bracing.
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Figure 16. Eigenvalues and eigenmodes in the model with five equal braces: (a) Model with X braces
and horizontal members; (b) Model with X braces without horizontal members; (c) Model with K
braces and horizontal members; (d) Model with K braces without horizontal members
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Figure 17. Eigenvalues and eigenmodes in the model with two equal braces: (a) Model with X braces
and horizontal members; (b) Model with X braces without horizontal members; (c) Model with K
braces and horizontal members; (d) Model with K braces without horizontal members

3.3 Effects of the secondary members on the load-carrying capacity
The initial imperfection was applied in the finite element models by many research-
ers to accurately confirm the buckling of the structures [40-43]. In this study, the initial
imperfection is applied using the buckling mode generated in the structure through elastic
buckling analysis. The geometric nonlinear and inelastic analysis was performed to deter-
mine the effects of the shape, spacing of the braces, and horizontal members on the ulti-
mate behavior. Figs. 17 and 18 show the deformed shapes of the transmission towers, ob-
tained by the geometric nonlinear and inelastic analysis. The figures clearly exhibit the
gradual increase of the deformation of the structure as the external load increases. Because
the geometric nonlinear and inelastic analysis was conducted, the ultimate behaviors of
each tower could be investigated. According to the analysis results, yield and inelastic
buckling of the main posts were clearly observed as the significant causes of the ultimate
behavior of the examined transmission towers. The ultimate modes and failed members
were different with respect to the details of the brace and horizontal members.
The displacement at two points was checked to present the load-displacement
curves. The first point was the topmost section, where the maximum displacement occurs,
and the second point was the section with maximum deformation. These two points are
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illustrated in Fig. 19. The maximum deformation occurred on the main post, except for
the model with X bracing of two equal spacings, on which the point of maximum defor-
mation was on the braces. The load-carrying capacity was determined using the load—
displacement curve. The load—displacement curves affected by the bracing shape, spacing,
and horizontal members are shown in Figs. 20-23. The y-axis represents the load propor-
tionality factor (LPF), and the x-axis represents the displacement of the models. Hor in
legend is horizontal members. The bending point of the load—displacement curve corre-
sponds to the maximum LPF. The state of reaching the maximum LPF is defined as the
limit state in this study. The maximum LPF of the models was compared to analyze the
load-carrying capacity. Table 8 shows the maximum LPF of the models affected by the
horizontal and brace members. In models with five equal bracings with a sufficiently low
slenderness ratio, the stiffness of the main post and brace was sufficient to resist the load
applied in the transmission tower. Therefore, the presence of horizontal members and the
shape of brace members did not affect the results. However, as the slenderness ratio in-
creased, the effects of the horizontal members depended on the brace shape. In the model
with X bracing, the horizontal member is located in the section where the brace and main
post are connected. Because the effective buckling length of the main post is not reduced
even if the horizontal member is removed, the horizontal members do not affect the load-
carrying capacity in the two equal-spacing models with large slenderness ratios. How-
ever, the horizontal member plays a role in reducing the effective buckling length of the
main post in models with K bracing and enhances their load-carrying capacity. By ana-
lyzing the results of the geometric nonlinear and inelastic analysis, it was confirmed that
the horizontal member has a limited effect on the load-carrying capacity. When the spac-
ing of braces is decreased to increase the number of braces, there is little enhancement of
the load-carrying capacity based on the effect of horizontal members. However, if K brac-
ing is induced by the proper arrangement of horizontal members, the effective buckling
length decreases, and the load-carrying capacity is limitedly enhanced in models with a
large slenderness ratio. In addition, by increasing the spacing of the braces, the number of
horizontal members was reduced, and the configuration of the transmission towers could
be further simplified.
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Figure 18. Progress in deformation of the transmission towers with five equal braces (scale factor

10.0): (a) Model with X braces and horizontal members; (b) Model with X braces without horizontal
members; (c) Model with K braces and horizontal members; (d) Model with K braces without hori-

(d) LPF = 1.834 (in load decrease path)

(a) LPF =1.012 (b)LPF =1.955

zontal members

(a) LPF = 1.005

(a)

A

(254 i
by

‘—'7- ‘/* AR

(d)LPF = 1.421 (in load decrease path)

7/

(a)LPF =1.012 (c)LPF =1.797

(b)

(b)LPF =1.652


https://doi.org/10.20944/preprints202212.0129.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2022 d0i:10.20944/preprints202212.0129.v1

(a)LPF =1.012 (c)LPF =1.977 (d) LPF = 1.815 (in load decrease path)

(a)LPF =1.012 (b)LPF =1.754 (¢)LPF =1.770 (d)LPF = 1.468 (in load decrease path)

(d)

Figure 19. Progress in deformation of the transmission towers with two equal braces (scale factor
10.0): (a) Model with X braces and horizontal members; (b) Model with X braces without horizontal
members; (c) Model with K braces and horizontal members; (d) Model with K braces without hori-
zontal members
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Table 8. Load-carrying capacity of models affected by parameters

Models with X bracing Models with K bracing
Details With Without With Without
horizontal members horizontal members horizontal members horizontal members
Five equal spacings of braces 2.082 2.057 2.078 2.060
Two equal spacings of braces 1.885 1.797 1.977 1.770
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Figure 20. Two points to determine the load—displacement curve in the analytical models: (a) Model
with X bracing of five equal spacings; (b) Model with K bracing of five equal spacings; (c) Model
with X bracing of two equal spacings; (d) Model with K bracing of two equal spacings
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Figure 21. Comparison of load—displacement curves in models with five equal X braces with or
without horizontal members; (a) Topmost section; (b) Section of the main post
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Figure 22. Comparison of load—displacement curves in models with five equal K braces with or
without horizontal members; (a) Topmost section; (b) Section of the main post
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Figure 23. Comparison of load—displacement curves in models with two equal X braces with or
without horizontal members; (a) Topmost section; (b) Section of the brace
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Figure 24. Comparison of load-displacement curves in models with two equal K braces with or
without horizontal members; (a) Topmost section; (b) Section of the brace

4. Conclusion

In this study, the effect of horizontal members on the overall behavior of large-capac-
ity transmission towers was studied. In addition to horizontal members, the shape and
spacing of braces, which could affect the overall behavior of the structure, was also stud-
ied. The following conclusions were reached by performing linear static, eigenvalue, and
geometric material nonlinear analyses.

The linear static analysis confirmed that there was no significant effect of the hori-
zontal members and braces on the displacement and distortion of the transmission tower
when torsional loads were applied. Regardless of the presence of a horizontal member,
the structural behaviors of the towers were nearly the same.

In the results of the eigenvalue analysis, an equal-spacing model with X bracing did
not have an effect on the horizontal members. However, the spacing of the braces affected
the eigenvalues. The brace spacing and horizontal members affected the results of the
elastic buckling strength in the models with K bracing. As the slenderness ratio increased,
the effect of the horizontal members increased. The horizontal members reduced the ef-
fective buckling length to effectively enhance the elastic buckling strength in K bracing.

By analyzing the load—displacement curve obtained by the geometric nonlinear and
inelastic analysis, it was found that the load-carrying capacity in the model with X bracing
is affected by the spacing of braces and is not affected by horizontal members. However,
the effect of the horizontal members limitedly enhances the load-carrying capacity of
models with K bracing and a large slenderness ratio. Bracing formation with a large slen-
derness ratio is effective to increase the load-carrying capacity. Furthermore, By increas-
ing the spacing of the braces, the number of horizontal members can be reduced, and the
members of the transmission towers could be simplified.

By comparing the results of the eigenvalue analysis and the geometric nonlinear and
inelastic analysis, the ultimate strength was lower in the geometric nonlinear and inelastic
analysis because the material features were reflected. In other words, material features
were more dominant than geometric features in the analysis.

Based on the comparative study, it can be concluded that bracing directly affects the
structural behavior and load-carrying capacity of the towers, while the effect of the hori-
zontal members is limited. If the brace is sufficiently erected, the number of horizontal
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members can be significantly reduced so that the structural configuration can be simpli-
fied.
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