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Abstract: The wind load as a design factor of transmission tower is determined by wind
force coefficient of the rectangular frame. This wind force coefficient is changed by
several factors such as the section shape of tower frame, solidity ratio, tower body facade
and wind direction angle. However, in Korea, the wind response of transmission tower
has been partially studied and an experimental study on the estimated of wind force
coefficient of a transmission tower rectangular frame has not been conducted. In this
study, the characteristics of wind force coefficient of a transmission tower rectangular
frame were estimated using a model and tunnel test in some conditions such as various
solidity ratios and wind direction angles. For these conditions, several models with
different solidity ratios were developed by two methods such as adding frames or
increasing frames of 2D and 3D basic models. And the wind direction angle was changed
from 0 to 90 degree in 2D model, from 0 to 45 degree in 3D model. From the results, it
can be concluded that the wind force coefficient of a transmission tower frame can be

used as preliminary data in deciding on the transmission tower’s wind load.

1 INTRODUCTION

Most transmission tower frames that were
constructed with diverse shapes are rectangular-
frame-based solid truss structures. Recently,
rectangular-frame-based solid truss structures are
being applied to various structures and to
transmission towers. The wind force characteristics
of the solid-truss-shaped rectangular frame change
in a very complex manner according to the section
shape, solidity ratio, tower body fagade, and wind
direction angle (Pagon, 1958). The wind force
coefficient of the rectangular frame is a factor for
determining the wind load for transmission tower
design, which is defined in the KEPCO Design
Standard 2008 (DS-1111) and in the Korea
Building Code (Korea Electric Power Corporation,
2008 and Architectural Institute of Korea, 2009). In
Korea, studies on the wind response of
transmission towers have been partially conducted
(Min et al.,, 2006 and Jo et al., 2003), but few
experimental studies that estimated the wind force
coefficient of rectangular frames.

The wind force coefficient of an angle steel
rectangular frame mainly changes according to the
solidity ratio, and is almost constant regardless of
the Reynolds number. The wind force coefficient of
a steel pipe rectangular frame changes according
to the Reynolds number of each member of the
frame and to the solidity ratio.

In the rectangular tower frame test, the solidity
ratio was changed to make a model by adding the
tower members to 2D and 3D structures and by

increasing the member size. The wind direction
angle was changed during the wind tunnel test
from 0° to 90° for 2D structures, and from 0° to 45°
for 3D structures, and the results were summarized.
The tests of the rectangular tower frame were
limited to the angle steel members, which are not
influenced by the Reynolds number.

2  WIND TUNNEL TEST

To examine the characteristics of the wind force
coefficient of the tower members, 2D and 3D
rectangular  tower  frame models  were
manufactured for conducting the wind force
coefficient estimation test in the 3D wind tunnel.

21 Rectangular tower frame model for
wind tunnel test

Based on the actual angle steel tower, a span was
selected for the rectangular tower frame model,
and the model size was reduced to 1/30. The basic
model size was 29.4 cm for the lower base, 24.8
cm for the upper base, and 20.1 cm tall, and the
model was manufactured in 2D and 3D types. The
2D-type models were made into three types by
changing the solidity ratio with the addition of

members (Types I, I, and II).

Five types of the 3D-type models were made: three
types by changing the solidity ratio through the
addition of members, as with the 2D type (Types

I, IT and II), and another two types by increasing

the member size (Types IV and V).
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Table 1: Rectangular tower frame model shapes

Type
(Solidity ratio)

Type | Basic t /r ‘\
(0.117) asiclype /L"\

Type |l One member added to
(0.130) the basic type

Features Facgade

Type llI Two members added to
(0.140) the basic type
Type IV Type I member size
(0.267) doubled

Type V Type IT member size
(0.378) tripled

‘ 248mm

201mm

294mm

(a) 2D shape

(b) 3D shape
Figure 1: 3D rectangular frame shape: Type IV

The models were made of balsa. Table 1 and Fig.
1 show the shapes of the test models.

2.2 Wind tunnel airflow and data
measurement

The wind tunnel test for the rectangular tower
frame was conducted in the large-scale boundary
layer wind tunnel in the Hyundai E&C R&D Center.
The measurement area in the wind tunnel test
room was 25 m long, and its sectional area was
45 m wide and 2.5 m high. The spire and
roughness block were not used in the wind tunnel
for the test at a constant wind velocity. The airflow
characteristic was similar to the earth surface
roughness D, as shown in Fig. 2. Without the spire
and roughness block, the bottom of the model was
separated from the ground by 20 cm to remove the
wind tunnel boundary layer.

The wind velocity in the wind tunnel was 5.0 m/s at
the height of 40 cm. It was measured using a hot
wire anemometer, and the measurements were
corrected based on the values of the pivot tube.

The wind velocity data were measured for 60 s by
sampling them at 200 Hz. With the front of the
rectangular tower frame as the zero-degree wind
direction angle, 11 test wind directions were set at
10° intervals from 0° to 90° (including 45°) in the
2D =- type structure, and 10 wind directions were
set at 10° intervals from 0° to 45° in the 3D-type
structure. Fig. 3 shows the wind tunnel test for the
2D and 3D rectangular tower frames in the large-
scale wind tunnel.
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Figure 2: Vertical test wind velocity and turbulence
intensity distribution
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(b) 3D reétangular tower frame

Figure 3: Wind tunnel test of the rectangular tower
frame

2.3 Analysis of the test results

The solidity ratio that was used in the data analysis
is the ratio of the wind protection member area
within the internode area to the entire internode
area. Eq. 1 shows the equation for this
relationship:
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Figure 4: Solidity ratio of the frame

Eq. 2 was used to estimate the wind force
coefficient in this test (Wind Engineering Institute of
Korea, 1998 and Ohkuma Takeshi et al., 1996), as
follows:

gy A

wherein, C = wind force coefficient;
F = aerodynamic force;
q,, = design velocity pressure (=); and

A = representative area

(horizontal projected area at 0° wind direction).

3 EXPERIMENT RESULTS AND DISCUSSION

3.1 Wind force coefficient of the 2D
rectangular tower frame

Fig. 5 shows the characteristics of the wind force
coefficient of the 2D rectangular frame according to
the wind direction angle. The wind force coefficient
decreased with the increase in the wind direction

angle in all of the 2D-type structures (I, II, and

). In particular, the wind force coefficient was
highest at the wind direction angle of 10° in all the
2D-type structures (I, I, and II). With the
gradual increase in the wind direction angle, the
wind force coefficient also decreased and reached
a minimum value at the wind direction angle of 80°.
This is because as the wind direction angle
increased, the projected area that was facing the

wind became smaller than the reference
representative area for wind force -coefficient
estimation (projected area at the 0° wind direction),
and the wind force also decreased.

In the 2D-type structures |, Il, and lll, the solidity
ratios of which increased by adding members to
them, the solidity ratios were 0.117, 0.130, and
0.140, respectively. Thus, the change in the solidity
ratio was very small, and it did not significantly
influence the wind force coefficient. Table 2 shows
the wind force coefficient of the 2D rectangular
tower frame.
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Figure 5: Wind force coefficient according to the
wind direction change in the 2D rectangular frame
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Table 2: Wind force -coefficient of the 2D
rectangular tower frame

Wind 2D-type I | 2D-type I | 2D-type II
Direction
Angle 5m/s | 8mls 5m/s | 8m/s | 5m/s |8 m/s
0 177 | 1.73 159 | 1.71 | 1.69 | 1.79
10 179 | 1.74 165 | 1.72 | 1.80 | 1.81
20 170 | 1.65 160 | 1.63 | 1.69 | 1.70
30 1.46 | 1.48 144 | 150 | 1.48 | 1.53
40 132 | 1.33 130 | 1.37 | 1.34 | 1.39
45 121 | 1.21 118 | 123 | 122 | 1.27
50 111 | 1.1 1.05 | 112 | 1.09 | 1.13
60 0.74 0.73 0.79 0.78 | 0.78 | 0.79
70 0.14 | 0.20 0.28 | 0.27 | 0.26 | 0.30
80 0.28 0.24 0.11 0.11 0.10 | 0.08
90 0.26 | 0.25 019 | 019 | 0.17 | 0.18
3.2 Wind force coefficient of the 3D

rectangular tower frame

Fig. 6 shows the characteristics of the wind force
coefficient of the 3D rectangular frame according to
the wind direction angle. As shown in the 3D type |
in Fig. 6 (a), the wind force coefficient, which was
small at the wind direction angle of 0° and 45°,
gradually increased with the increase in the wind
direction angle, and started decreasing at the wind
direction angle of 25°. The overall change in the
wind force coefficient was not significant, though.

As with the 3D-type I, the wind force coefficient,
which was small at the wind direction angles of 0°
and 45°, gradually increased with the increase in
the wind direction angle, and started decreasing at
the wind direction angle of 25°, as shown in the

3D-type II in Fig. 6 (b).

In the 3D-types I, IV, and V, the wind force
coefficient decreased with the increase in the
solidity ratio, as shown in Fig. 6 (c) - (e). The wind
force coefficient did not significantly change when

the wind direction changed, however, as in 3D type
I.

The wind force coefficient slightly increased at the
5m/s wind speed and the direction angles of 5°

and 10° in the 3D-type I (solidity ratio: 0.117) and

the 3D-type II (solidity ratio: 0.130), whose

member sizes were small. On the whole, however,
the wind force coefficient gradually increased with
the increase in the wind direction angle, and
started decreasing at the wind direction angle of
25°. The overall change in the wind force
coefficient was not significant.
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Table 3: Wind force coefficient of the 3D rectangular tower frame

Wind Direction 3D-type [ 3D-type II 3D-type I 3D-type IV 3Dtype V
Angle 5mis 8mis 5mis 8mis 5mis 8mfs 5mis 8mis 5mis 8m/s
0 302 282 284 269 273 266 208 213 1.98
5 327 293 3.16 281 288 2.79 224 222 215
10 3.38 3.06 3.39 296 3.11 290 239 235 234
15 309 287 303 287 275 282 234 237 216
20 3.06 3.06 303 289 284 289 248 244 230
25 3.14 308 3.14 296 3.06 300 248 249 235
30 305 291 3.06 2.86 285 291 243 246 219
35 296 238 291 2.36 230 283 235 235 216
40 281 2.71 2.78 267 267 265 217 215 1.98
45 260 248 258 247 241 242 1.98 195 181
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Figure 6: Wind force coefficient according to the
wind direction change in the 3D rectangular frame

Fig. 7 shows the characteristics of the wind force
coefficient of the 3D rectangular frame according
to the change in the solidity ratio for different wind
direction angles. In this study, only three wind
direction angles were assumed: 0°, 25°, and 45°.

For the wind direction angle of 0°, the wind force
coefficient gradually decreased as the solidity
ratio increased from 0.117 to 0.378, as shown in
Fig. 7 (a). The decrease in the wind force
coefficient was not significant for the solidity ratios
of 0.117, 0.130, and 0.140, which were increased

by adding members to the basic structure,
because the change in the solidity ratio was small.
For the solidity ratios of 0.267 and 0.378, which
were increased by changing the member size, the
decrease in the wind force coefficient was large
due to the large change in the solidity ratio. This
trend was the same for both the 5m/s and 8m/s
wind velocities. For the wind directions of 25° and
45°, the wind force coefficient also decreased with
the increase in the solidity ratio, as with the wind
direction of 0° that is shown in Fig. 10 (b) and (c).
This trend was the same for all wind direction
angles.

Table 3 shows the wind force coefficients for five
3D rectangular frame types. The wind force
coefficient was set at 8 m/s to ensure a stable
condition. In the 3D-type |, the maximum wind
force coefficient was 3.08 at the wind direction
angle of 25°, and the minimum was 2.48 at 45°. In
the 3D-type I, the maximum wind force
coefficient was 2.96 at the wind direction angles of
10° and 25°, and the minimum was 2.47 at 45°. In
the 3D-type Ill, the maximum wind force
coefficient was 3.00 at the wind direction angle of
25°, and the minimum was 2.42 at 45°. In the 3D-
type IV, the maximum wind force coefficient was
2.49 at the wind direction angle of 25°, and the
minimum was 1.95 at 45°. In the 3D-type V, the
maximum wind force coefficient was 2.35 at the
wind direction angle of 25°, and the minimum was
1.80 at 45°.

In summary, the deviation of the wind force
coefficient was 0.6 in the 3D-type |, 0.49 in the
3D-type I, 0.58 in the 3D-type Ill, 0.54 in the 3D-
type IV, and 0.55 in the 3D-type V. The overall
trend of the wind force coefficient according to the
wind direction angle did not significantly vary
according to the change in the wind direction
angle.
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Figure 7: Wind force coefficient according to the
solidity ratio of the 3D rectangular frame

3.3 Comparison of the domestic
standard with the wind tunnel test
results

In this study, the wind force coefficient test for the
rectangular tower frame was limited to the angle
steel members. To compare the test results with
the standard, the following wind force coefficient
equations for angle steel in the KEPCO design
standard (DS-1111) and the Korea Building Code
were used. The equation in the KEPCO Design
Standard (DS-1111) is currently used when the
tower body wind force coefficients of square
lattice towers or steel poles are calculated using
the solidity ratio (Eq. 3).

C=4.0-6.6¢+5.5¢ (3)

Eq. 4 is the equation for calculating the wind force
coefficient using the solidity ratio of the square
plane of the truss tower, in the Korea Building
Code (Eq. 4).

C, =4.08 ~5.96 +4.0 (4)

Fig. 8 shows the wind tunnel test results
compared with the wind force -coefficient
according to the solidity ratio of the Korea Building
Code and KEPCO Design Standard (DS-1111).

Fig. 8 shows the wind force coefficient values
according to the equations for the truss tower in
the Korea Building Code and for the tower frame
in the KEPCO Design Standard (DS-1111),
compared with the wind force -coefficient
measurements from the wind tunnel test in this
study. On the whole, the values from the KEPCO
Design Standard (DS-1111) and Korea Building
Code were slightly larger than the measurements
from the test. This seems to have been because
the design standard and building code were more
conservatively determined.
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Figure 8: Comparison of the domestic standard
with the wind tunnel test results

4 CONCLUSION

To evaluate the wind force coefficient
characteristic of the rectangular tower frame,
three 2D and five 3D models were manufactured
by varying the basic members and solidity ratios.
The wind tunnel test results with different wind
direction angles are summarized as follows.

(1) According to the wind direction change, the
wind force coefficient gradually increased within
the wind direction range of 0-25°, and then
decreased. the overall change in the wind force
coefficient was about 0.5, however, which was not
significant.

(2) The wind force coefficient values from the
KEPCO Design Standard (DS-1111) and the
Korea Building Code are 10.7% larger than the
measurements from the test on the average. This
seems to have been because the standards were
determined to ensure the structures’ safety.

In this study, the rectangular frame members of
the 2D and 3D test models were limited to the
angle steel, and only five types of solidity ratios
were used. Because other member types such as
steel pipes are used to construct towers, including
truss towers, further studies must be conducted
on diverse member shapes and solidity ratios.
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