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Abstract: This paper presents a quasi-steady technique that combines aerodynamic force coefficients from straight-line wind tunnel tests
with empirically developed tornado wind speed profiles to estimate the time history of aerodynamic loads on lattice structures. The meth-
odology is specifically useful for large and geometrically complex structures that could not be modeled with reasonable scales in the limited
number of tornado simulation facilities across the world. For this purpose, the experimentally developed tornado wind speed profiles were
extracted from a laboratory tornado wind field and aerodynamic force coefficients of different segments of a lattice tower structure were
assessed for various wind directions in a wind tunnel. The proposed method was then used to calculate the wind forces in the time domain on
the model lattice tower for different orientation angles with respect to the tornado’s mean path based on the empirical tornado wind speed
profiles and the measured aerodynamic force coefficient of each tower segment, where the wind field at the tower location was updated at each
time step as the tornado went past the tower. A tornado laboratory simulation test was conducted to measure the wind loads on a scaled model
of a lattice tower subject to a translating tornado for the purpose of validation of the proposed method. The moving average of the horizontal
wind force on the lattice tower model that was calculated with this method compared very well with that measured in a laboratory tornado
simulator, which paves the way for the use of straight-line wind tunnels to assess tornado-induced loads on a lattice structure and possibly
other similar structures. DOI: 10.1061/(ASCE)ST.1943-541X.0002660. © 2020 American Society of Civil Engineers.

Introduction

Many transmission towers, TV towers and antennas, communica-
tion towers, and open-roof trusses are made up of lattice structures.
These structures are vital to the everyday life of communities and
their failure can result in major socioeconomic impact. As such, it is
important to assess their vulnerability to high-intensity winds
(HIWs) such as hurricanes, tornadoes, and microbursts. Localized
severe wind events in the form of downbursts and tornadoes are
shown to be the source of 80% of weather-related failures in trans-
mission towers alone (ASCE 2010; Dempsey and White 1996).
These meteorological phenomena are localized and unpredictable,
rendering the capability to measure their scale, intensity, and struc-
ture using conventional recording stations in the field. The design
of lattice structures based on straight-line wind events, where the
velocity profile for a boundary-layer wind is used, which assumes a
log law or power law along the height, accounts for the variation of
mean wind velocity with height. The wind fields associated with

HIWs have different wind profiles and unique characteristics com-
pared to those for boundary-layer wind fields. The localized nature
of HIWs and the shape of the gust changes the line of action of the
wind loads, normally moving it closer to ground level.
Furthermore, specific to tornadoes, the wind profile has a signifi-
cant rotational and vertical component of velocity with accelera-
tions. The velocity fields are three dimensional and structural
loading effects are transient in nature.

The effects of tornadoes on lattice structures can generally be
divided into two major steps: (1) characterizing the tornado wind
speed profiles using tornado simulation through experiments or
computational fluid dynamics (CFD), and (2) understanding struc-
tural performance of lattice structures under tornado loads gener-
ated with simulated wind fields of tornadoes. For instance, Wen
(1975), Wen and Ang (1975), and Savory et al. (2001) attempted
to simplify the model for a tornado by utilizing a three-dimensional
flow in the boundary layer of the tornado-like vortex where the
tangential, radial, and vertical wind velocity profiles are functions
of radial distance and height. Mehta et al. (1976) developed ana-
lytical models of a tornado and calculated the loads on buildings
from poststorm damage investigations. The maximum wind speed
in the tornadic wind was determined from calculation of equivalent
straight-line wind capable of producing the same building failure.
A major disadvantage of this method is that the tornado loads were
considered to be steady state, which led to inaccurate load values
that underestimated the number of failures during tornadoes.

Specific to transmission towers, El Damatty et al. (2014) dis-
cussed advancement in tornado wind field measurements in addi-
tion to various numerical methods to simulate these events. It was
concluded that the size and location of the tornado relative to the
lattice transmission tower structure are important to the magnitude
of wind loads on the lattice tower. Hamada et al. (2010) established
a numerical approach to assess the performance of transmission
lines under tornado wind loads. The tornado wind field was based
on a model-scale CFD analysis that was conducted and validated in
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a previous study. Later, Hamada and El Damatty (2015) provided
a detailed approach to modeling the critical tornado wind speed pro-
files for transmission towers. Most recently, El Damatty and Hamada
(2016) developed the wind speed profiles for transmission lines us-
ing a series of experimental tests in tornado simulators that are in-
troduced in the ASCE Manual No. 74 (2010) design guidelines.
Hamada (2014) numerically modeled two lattice transmission tow-
ers and carried out a parametric study to identify the critical tornado
locations leading to peak forces on the structure, followed by failure
analysis under these critical cases. El Damatty et al. (2018) carried
out a study for the finite-element models of the transmission line
systems by considering the tornado wind fields from a 2005 Kansas
tornado. Teoh et al. (2019) used a dynamic wind simulation on a
series of power poles to study the damage to the structures and evalu-
ate the life-cycle cost considering aging and wind effects.

It is observed that the available studies on characterization of
loads either rely on highly expensive experimental simulations
or computationally time-consuming CFD models or utilize simpli-
fied assumptions in coming up with the empirical models for tor-
nado wind speed profiles. The developed performance models are
specific to the structure that is exposed to either experimental or
CFD-based tornado wind fields. Thus, there is a lack of a general
approach for simulating the effects of a translating tornado on lat-
tice structures that provides a quick and less costly but accurate
representation of the variable nature of the wind loads on these
structures. This is particularly necessary because available tornado
simulators are limited in number, with only three available in
North America: Iowa State University (Haan et al. 2008) and Texas
Tech University (Tang et al. 2018) in the US and Western Univer-
sity in Canada (Refan and Hangan 2016). The available tornado
simulators are relatively small in size and cannot accommodate
models of lattice structures such as those in TVantennas and trans-
mission towers with adequate scaling because of the blockage ef-
fects ratio of the projected area of the model in plan or elevation
with respect to the respective area of the tornado core. Furthermore,
they are incapable of accurately reproducing and measuring the ef-
fects of turbulence arising from wind flow over the open or sub-
urban terrain where most tower structures are located because of
their relatively small fetch. On the other hand, despite some recent
advancements, which are limited to predicting wind loads on sim-
ple buildings in nonsynoptic wind events, numerical methods (such
as CFD) fall short in replicating many aspects of the complex flow
field and their interaction with structures.

This paper proposes an alternative approach for calculating the
wind loads on lattice structures owing to a tornado. The paper aims
to extend the capability of subsonic wind tunnel facilities to rep-
licate the effects of HIWs on lattice structures. For this purpose, the
features of a 500-kV transmission tower is used to present the pro-
posed procedure. The procedure includes (1) use of tornado wind
speed profiles including their empirical forms based on measure-
ments in a laboratory tornado simulator (P. P. Sarkar, “Empirical
tornado and downburst wind speed profiles,” working paper),
(2) estimation of the aerodynamic force coefficients of different
segments of the lattice tower based on their section models in a
uniform wind flow generated in a wind tunnel, and (3) estimation
of the total wind loads experienced by the tower under different
simulated tornado scenarios and validating them using data from
the laboratory tornado simulator. The merit of this study exists in
eliminating the need to carry out computationally intensive numeri-
cal simulations or expensive experimental tests for estimating the
wind loads on a lattice tower during a tornado. The approach is
shown to be able to assess the mean shear forces, and should
the turbulence be modeled in the wind field and admittance func-
tions of the structure estimated, it can be even used to assess the

dynamic buffeting loads. The proposed method uses a quasi-steady
approach to predict the mean wind loads on a lattice tower in a
translating tornado by using empirical-laboratory-derived wind
speed profiles of a tornado and combining them with mean two-
dimensional aerodynamic force coefficients for different segments
of the lattice tower as measured in wind tunnels that are widely
available to the community. This relatively simple method to esti-
mate wind loads on a lattice tower in a tornado enhances the
capability of the natural hazards engineering community to char-
acterize the HIW-induced loads on lattice structures; this approach
can be easily extended to other types of nonsynoptic wind events
such as downburst and gust fronts.

Laboratory-Based Tornado Load Simulation

This section discusses the capabilities of the Iowa State University
tornado simulator (ISU-TS), the details associated with the exper-
imental setup, and the data collected from the conducted tornado
simulations on a model transmission tower.

Tornado Simulator

The laboratory tornado simulation has become an acceptable
method for estimating tornado wind loads on civil structures.
ISU-TS has contributed to this effort over more than a decade. This
section briefly describes the tornado vortex generation mechanism
of this facility. A 1.83-m-diameter fan at its center sucks air up-
ward, simulating an updraft that passes through a series of screens
and a honeycomb that tries to eliminate effects of the fan on the
upstream flow, before turning into a horizontal duct composed
of two spaced circular plates, then flowing radially outward at
the top of the simulator. The flow gains angular momentum after
passing through a series of equally spaced vanes and hinged flat
plates placed along the outer periphery of the circular plates at a
fixed angle. The rotating flow is then guided downward through
a vertical duct at the outer section of the simulator, where it resem-
bles the downdraft occurring in tornadoes. The downdraft flows
onto the ground plane and inward toward the tornado center before
it reaches the updraft region to complete the circuit. To simulate
translating tornadoes, the simulator is suspended above the ground
plane by a 5-t crane and can be moved on a straight line with a
maximum speed of 0.61 m=s. The schematic illustration and more
details about the simulator are available in Haan et al. (2008).

The controlling parameters of ISU-TS were set to simulate
a tornado with medium swirl ratio after vortex touchdown and
before evolution of multiple vortices. Critical nondimensional
parameters (Lewellen 2012; Church et al. 1979) like swirl ratio,
radial Reynolds number, and aspect ratio were calculated using
Eqs. (1)–(4). These parameters define the structure of the stationary
tornado that was used to simulate the translating one

Sc ¼
rcΓ
2Q 0h

¼ rc · 2πrcVθc

2Q
¼ πr2cVθc

Q
¼ 0.25 ð1Þ

Svane ¼
tan θ
2a

¼ 0.86 ð2Þ

a ¼ h
ro

¼ 0.84 ð3Þ

Rer ¼
Q 0

2πν
¼ 1.68 × 105 ð4Þ

where Vθc = maximum mean tangential velocity in the flow field
(10.8 m=s) that occurs at an elevation zc (0.05 m); rc = core radius
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(0.32 m) at which Vθc occurs; Sc = swirl ratio at rc, Γ = circulation
defined at rc; Q 0 = volume flow rate per unit inlet height; h = inlet
height (0.76 m); Q = volume flow rate (12.03 m3=s); Svane = swirl
ratio at the radial location of the vanes; θ = vane angle relative to the
radial direction (55°); a = aspect ratio; ro = fan radius (0.91 m);
Rer = radial Reynolds number; and ν = kinematic viscosity of
air (1.5 × 10−5 m2=s). Variable Sc is an alternate definition of
swirl ratio, initially given by Haan et al. (2008) to relate swirl ratio
to characteristic velocity and length, Vθc and rc, in the tornado
wind field. The simulated tornado had a translational velocity of
0.5 m=s. The velocity scale was estimated by comparing the maxi-
mum horizontal velocity of the laboratory tornado, 12.1 m=s, with
the maximum horizontal velocity of a design tornado for which a
highly important structure such as a transmission tower should be
designed. Because a majority of tornadoes in the US are of EF3 or
smaller intensity, the maximum mean hourly equivalent wind speed
of an EF3 tornado (73 m=s 3-s gust or 47.7 m=s mean hourly) can
be used to estimate the velocity scale λv ¼ 12.1=47.7 ¼ 1=3.9.
Thus, a translation speed of 0.5 m=s of the laboratory tornado
scales up to 1.95 m=s (4.4 mi=h) in full scale, which is a translation
speed of a slowly moving tornado in the field similar to the
Manchester, South Dakota, tornado of 2003 (2.2 m=s) (Karstens
et al. 2010).

Experimental Setup

A scaled model (λL ¼ 1∶120) representing a 500-kV transmission
tower (variant-148M single-circuit type) was tested in ISU-TS.
Selection of this length scale results in area ratio of 0.05 between
projected plan area of the structure and area of the tornado core
region. This ratio guarantees that peak wind pressure and wind
force coefficients are independent of the size of the structure.
The full model and its dimensions are shown in Fig. 1. To measure
the wind loads on the transmission tower model in ISU-TS, an alu-
minum rod was attached to the model that passed through its center
and fixed to its top. The model was fixed on the ground plane of
ISU-TS to a 3-axis load sensor (JR3, Woodland, CA) placed under-
neath it by this rod that passed through an orifice in the ground
plane. The load sensor was capable of measuring forces and mo-
ments in all the three directions. It has a precision of �0.25% of its
full range of 40 N (along the vertical or Z-axis) and 30 N (along the
X- or Y-axis or its in-plane). The sampling rate for the data was set
at 1,000 Hz.

A schematic view of the scaled model placed in the tornado sim-
ulator setup with its coordinate system and lateral positioning are
shown in Fig. 2. The tower was located at two lateral locations
along the Y-direction (Fig. 3) to represent the distance of the tower
from the mean tornado path that is along the X-axis. This distance is
normalized by the core radius (rc). The mean tornado path is de-
fined as the midlocation of the region where the maximum pressure
drop occurs for all the load cases used here. The tests were carried
out for three tower orientation angles (α) of 0°, 45°, and 90°. Ori-
entation angle is defined as the angle between the principal axis of
the transmission tower (Xm) and translation direction of the tornado
(X) as in Fig. 3. Along with different tower orientation angles,
the horizontal distance from the center of the mean tornado path
to the center of the transmission tower was varied as 0 and 30.5 cm
(12 in.) to simulate cases where the tornado passes the center of the
tower or follows a localized path away from the tower. The tornado
translated with a speed of 0.5 m=s for all of the considered scenar-
ios. The test cases and the corresponding illustrations are shown in
Fig. 3. For each case, 10 data runs were taken and the average of the
parameters was extracted from the data, i.e., forces along the X- and
Y-directions, to provide better statistics.

Based on a study by Kikitsu and Okuda (2016), the relative
size of the building model to the tornado size above a critical value
affects the measurements of surface pressures and loads on a test
model in tornado simulators, which is like a blockage effect of
models in regular wind tunnels. To determine the adequacy of
the model size with respect to measurement error of tornado-
induced loads in the laboratory, Kikitsu and Okuda defined a model
size to tornado size ratio to determine the relative size of the model

eulaVretemaraP
Geometric Scale 1:120 
Length of tower at base  (L) 36.5 cm (43.9 m in full scale) 
Width of tower at base (B) 9.4 cm (11.37 m in full scale) 

(a)

(b) (c)

(d)

Fig. 1. Scaled model of transmission tower for experimental
tests: (a) isometric view; (b) view in the longitudinal direction (Xm-
direction); (c) view in the transverse direction (Ym-direction); and
(d) tabulated model and full-scale dimensions.

Fig. 2. Coordinate system and lateral positioning of the transmission
tower under Case 1.
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to the tornado core as the ratio of the radius of the equivalent
circular area of the model plan area to the radius of the core of
simulated tornado [Eq. (5)]

rr ¼
req
rc

¼ 1

rc

ffiffiffiffiffiffiffi
BL
π

r
ð5Þ

where rr = model size to tornado size ratio, which is the relative
size of a model to the core of simulated tornado; rc = radius of the
core; and req = radius of the equivalent circular area of the tower
plan area (BL), where B and L are maximum width and maximum
length of the model, respectively.

Kikitsu and Okuda suggested that the model size to tornado
size ratio be limited to 0.45 or even lower, if possible. A lower
model size to tornado size ratio leads to a reduced blockage
effect of the model immersed inside the laboratory tornado and
ensures more accurate measurement of tornado-induced loads by
not adversely affecting the tornado flow structure by the model.
The model size to tornado size ratio in the current tests is
equal to 0.105=0.32 ¼ 0.33 (model plan area is 0.365 × 0.094 ¼
0.034 m2, req ¼ 0.105 m), which is much lower than the critical
value of 0.45.

Load Time Histories

Typical velocity components associated with a translating tornado
are shown in Fig. 4. The figure shows a tornado with a translating
velocity VT, which has two components of velocity on the horizon-
tal plane: the radial component Vr and the tangential component Vθ.
The tornado center is located at distance r from the transmission
tower. Owing to these two velocity components, the tower experi-
ences velocity in the radial and tangential directions that constantly
changes in magnitude and direction as the distance r changes. These
tower velocity components, Vr (r, z) and Vθ (r, z), vary with

(a) (b)

(c) (d)

(e) (f)

Fig. 3. Different cases for simulation and tower orientation: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; and (f) Case 6.

Fig. 4. Velocity components associated with a translating tornado.
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elevation and hence along the height of the transmission tower.
There is also a vertical component, Vz (r, z), of the velocity in a
tornado, the effect of which is neglected on the horizontal loads
on the tower, which is an open-framed structure.

The experimental results obtained from the ISU tornado simu-
lator tests for all the load cases identified in Fig. 3 are shown in

Fig. 5. In Fig. 5, CFx and CFy are normalized components of
the horizontal shear force along the absolute coordinate system that
does not change with orientation of the tower. The difference in the
X and Y forces and reversal pattern is a result of the combination of
wind speed magnitude, direction and force coefficients, projected
areas, tower orientation, location, and pressure drop profile.
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Fig. 5. Experimental load time histories for (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; and (f) Case 6.
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Analytical Tornado Load Estimation

This section provides an overview of the current approaches to
estimate tornado loads on towers, develops a series of empirical
tornado profiles that are generated based on the experimental
tornado simulations, discusses the proposed analytical methodol-
ogy for estimation of loads on lattice structures, and presents a
comparison on the results from experimental and proposed analyti-
cal methods.

State-of-the Art Approach in Calculating Tornado
Loads

The current approach to design transmission towers is to follow
ASCE Manual No. 74 (2010) for design of latticed steel transmis-
sion structures. This manual provides a method of calculating the
forces owing to a tornado by considering the gust response factor,
G, velocity pressure coefficient, Kz, and a load factor of 1.0,
respectively. Wind loading corresponding to a moderate tornado
(F1 or F2) is applied to the full structure height by considering
the maximum horizontal wind speed for the given scale. In general,
the velocity and turbulence intensity profiles are quite different
from a regular atmospheric boundary layer (ABL) straight-line
wind for which structures are designed. While there have been at-
tempts to include more reasonable tornado profiles in the manual
(El Damatty and Hamada 2016), there are still no clear guidelines
as to how the tornado loads will be estimated from the tornado wind
velocity profiles.

Most design codes (IEC 2003; CSA 2004) use a global ap-
proach to estimate the loads on lattice towers. This method is based
on the solidity ratio of the lattice structure, which represents the
ratio of the projected area to the total area, which is a measure of
the obstruction and flow momentum loss caused by the lattice
structure. Fundamental sources in wind engineering (Blevins
2003) and a few design codes (e.g., IEC 2003) provide equations
that relate the solidity ratio to the tower orientation angle that are
adopted from earlier tests (e.g., Georgiou and Vickery 1979;
Lindley and Willis 1974; Whitbread 1979). However, because of
the irregular shape of these towers, using one solidity ratio for
the whole tower introduces a great deal of uncertainty. The method
ends up using the same drag coefficient for the truss of a certain
solidity ratio regardless of the different wind directions it experi-
ences. Furthermore, the drag coefficient for two truss segments
that look different but with the same solidity ratio is taken to
be the same.

A review of the literature shows that the aerodynamic coeffi-
cients for different configurations of transmission towers are rarely
available (Deng et al. 2016). A few researchers have attempted to
develop local approaches where the wind forces are evaluated in
straight-line conditions on each truss member separately and then
summed to assess the total wind forces exerted on the structure
(Prud’homme et al. 2014, 2018). The method, although promising,
is shown to be infeasible in cases of a transmission tower where
there are hundreds of truss members with different orientations
and alignments. For this purpose, this paper proposes the use of
wind load coefficients generated from straight-line wind tunnel
tests to assess the tornado-induced wind forces on different seg-
ments of the tower by combining them with the wind speeds and
wind directions estimated from empirical-experimental tornado
wind speed profiles to assess the exerted wind loads experienced
by the structure. It is believed that such approach would provide
better estimates of the aerodynamic drag forces on the tower caused
by the translating tornado.

Empirical Tornado Velocity Profiles

Because of the nonstationarity of the flow, it is common to perform
repeated testing on the scaled models of structures in tornado sim-
ulators to obtain tornado loads on the structure. This is an expensive
and time-consuming approach. Additionally, access to such facili-
ties is limited. To address this issue, profiles of the radial and
tangential wind speeds of the tornado could be derived based on
laboratory data to estimate the wind loads acting on the transmis-
sion tower. The empirical wind profiles of the tangential wind
speed of a stationary tornado with a two-celled structure used here
were proposed by P. P. Sarkar on the basis of multiple data sets
obtained from ISU-TS as published by Sarkar and his co-workers
for the simulated tornado (Sarkar 2019).

The tangential wind speed profiles for a tornado with a core
radius of rc are classified into three categories: (1) within the
core (0.5rc ≤ r < rc), (2) vicinity of core boundary (r ¼ rc), and
(3) outside the core (r > 1.2rc). Constants associated with these
profiles are derived for a translating tornado. The equations of
the tangential wind speed profiles are as follows:

Vθðr; zÞ ¼ VθmaxðzÞ
�
r
rc

�
α

0 ≤ r ≤ rc ð6Þ

Vθðr; zÞ ¼ VθmaxðzÞ rc ≤ r ≤ 1.2rc ð7Þ

Vθðr; zÞ ¼ VθmaxðzÞ
�
1.2rc
r

�
η

r ≥ 1.2rc ð8Þ

where α ¼ 1.25 (for a two-celled tornado with medium swirl
like the ones used for this study); VθmaxðzÞ = maximum tangential
wind speed of the tornado at a given height (z); and η ¼ 1.2
(degradation rate).

The variation of the tangential wind speed with respect to the
height (z) can be calculated by the following equations:

VθmaxðzÞ
VθmaxðzcÞ

¼ C1

�
z
zc

�
β
�
1 − erf

�
C2

z
zc

��
z ≤ 3.5zc ð9Þ

VθmaxðzÞ
VθmaxðzcÞ

¼ C1

�
z
zc

�
γ

3.5zc ≤ z ≤ 12zc ð10Þ

where C1 ¼ 1.1; C2 ¼ 0.08; β ¼ 0.10; γ ¼ −0.018; z = elevation
from ground; and zc = height at which absolute maximum largest
value of the tangential wind speed Vθmax occurs in the flow field.
Fig. 6 shows the experimental radial wind speed profiles that were
used for interpolation and Fig. 7 shows the derived empirical
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Fig. 6. Experimental radial profiles used for interpolation. (Data from
Razavi and Sarkar 2018a, b, c.)
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tangential wind speed profiles and the interpolated radial profiles of
the wind speed at three elevations (z=zc ¼ 1.4, 4.25, 7.0) that are
midheights of the three tower sections used in this study. The pos-
itive values of radial velocities shown in Fig. 7 are in the opposite
direction to r, positive toward the center of tornado.

Fig. 7 shows the empirical form of the tangential wind speed
profile for a stationary tornado. Deriving a universal form of the
radial wind speed profile was not an easy task because it changes
continuously and drastically with distances r and z. Thus, the radial
wind speeds in this study at a given location (r, z) were obtained
by interpolation from the radial wind speed profiles measured at
discrete locations of a stationary tornado in ISU-TS by Razavi
and Sarkar (2018a, b, c).

The resultant horizontal wind speed, VH, can be calculated
using the following equation:

VH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
xm þ V2

ym

q
ð11Þ

where Vxm and Vym = components of wind speed along the prin-
cipal axes of the tower at a given elevation (z) that are functions of
tangential wind speed Vθ (r, z, θ) and radial wind speed Vr (r, z, θ)
of the stationary tornado at the radial location (r), orientation (θ),
and elevation (z) of the tower. The angle VH makes with respect to
the model axis Xm can be calculated using the ratio of Vθ (r, z, θ)
and Vr (r, z, θ) and tower orientation angle. The vector summation
of the translation velocity of the tornado VT (= 0.5 m=s here) and
VH provides the resultant velocity VTor of the approaching tornado
at the location of the transmission tower at a given elevation. Based
on the wind speed for the tornado (VTor) and with the known
dimensions of the scaled model, the shear forces acting on the
scaled model can be calculated if accurate estimates of the force
coefficients exist. The estimation of shear force coefficient for
the tower and how it varies with the translating tornado are dis-
cussed in the following section.

Estimates of Shear Force of a Transmission Tower in a
Tornado

Comparing the tornado wind speed profiles along the height of the
tower (Fig. 8), one can observe that in addition to the tower shape
variability along the height (and hence projected area), the wind

speed profile is also variable. This highlights that using only one
set of aerodynamic coefficients for the tower could result in notable
erroneous results. To address this issue the tower was divided into
three segments (Fig. 9) that represent the legs, the midsection, and
the top section of the tower, and the aerodynamic coefficients were
generated for each segment. In Fig. 9, AS and AT are the solid areas
and total areas for each of the sections.

At this stage, drag and lift coefficients for the three segments of
the tower were measured in the aerodynamic test section of the
Aerodynamic-Atmospheric Boundary Layer (AABL) Wind and
Gust Tunnel located at Iowa State University under uniform and
smooth (<0.2% turbulence intensity) flow on section models of
the tower segments. This wind tunnel is primarily a closed-circuit

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3 4
r/rc

z/zc =1.4

z/zc =4.25

z/zc =7

r/rc

-0.1

0

0.1

0.2

0.3

0 1 2 3 4

z/zc =1.4

z/zc =4.25

z/zc =7

(a) (b)

Fig. 7. (a) Empirical tangential wind speed profiles (data from Sarkar 2019), and (b) radial wind speed profiles (data from Razavi and Sarkar
2018a, b, c) for a stationary tornado.

Fig. 8. Variation in tornado velocity profile with height of tower and
the highly variable tower geometry along the height.
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tunnel with two test sections (aerodynamic: 2.44 × 1.83 m and
ABL: 2.44 × 2.21 m) with maximum wind speeds up to 53 m=s.
Figs. 10 and 11 show the test setup for the static tests for each of the
three tower segments.

Fig. 10 shows a typical model of a tower segment fixed to a JR3
load sensor with a protractor behind it to help in adjusting the wind
angle of attack of the model. The geometric or length scale of each
of three models shown in Fig. 11 is 1∶110. End plates were not used
in these models because these are not two-dimensional sections,
unlike typical section models that have uniform cross section along
their length. The end plates on a typical section model in a normal
flow are used to ensure two-dimensional flow around the model,
but the flow around the tower section models used here was three
dimensional because these models are nonuniform along its length.
There is a socket in the JR3 sensor that was meant for attaching the
tower section model. A small cylindrical tube was fixed at the base
of the section model to attach it to the JR3 sensor by inserting it into
the sensor socket. When calculating the drag force on the tower

section model, the drag force on the cylindrical tube was subtracted
to get the actual drag force on the tower section model.

The loads on the lattice tower segments were measured using a
six-component load sensor (JR3) that included the three compo-
nents of forces and moments in the X-, Y-, and Z-directions. Fig. 12
shows the top view of the transmission tower model and the tower
orientation angle (α) that is defined with respect to the principal
axis Xm of the tower model. For force measurements, the sampling
rate and sampling time were 500 Hz and 60 s, respectively. The
section model of each section of the transmission tower was rotated
along the model axis that is perpendicular to the wind flow to obtain
the different angles of attack. The angles were measured by a pro-
tractor attached to the probe.

Fig. 9. Three segments of the transmission tower model.

Fig. 10. Tower section model attached to JR3 load sensor in the wind
tunnel.

Fig. 11. Experimental setup showing the three section models of the
transmission tower tested in the ISU AABL wind and gust tunnel (side
view).

Fig. 12. Tower model with definition of tower orientation angle (α).
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The calculated blockage ratio was less than 3% for all experi-
ments. Tests were repeated for different orientation angles varying
from 0° to 90° in increments of 10°. For each tower orientation
angle, as defined in Fig. 12, the tests were conducted for a range
of wind speeds (9.89, 13.78, 17.68, 20.27 m=s). It is a standard
practice to use multiple wind speeds (four in this study) to ensure
consistency between the measurements at different wind speeds for
the Reynolds numbers used here. The drag and lift coefficients
measured in this study for the four considered wind speeds were
found to be independent of Reynolds number in the range of wind
speed used in this study. These velocities can be compared with the
maximum mean hourly equivalent wind speed of an EF3 tornado
(73 m=s 3-s gust or 47.7 m=s mean hourly) to estimate the velocity
scale varying from 1:4.8 to 1:2.4. Time and frequency scales can be
calculated from length and velocity scales as λt ¼ 1=46 (min) and
λf ¼ 46=1, respectively, for these tests. Thus, 60 s of data as mea-
sured in the wind tunnel would scale up to 46 min of full-scale data,
which was considered adequate to estimate the mean aerodynamic
loads. The average of the drag and lift coefficients for the different
wind speeds for a given tower orientation angle were taken for that
particular tower orientation angle.

Once the drag and lift coefficients were obtained, they were
resolved along the model coordinate system to get the force coef-
ficients CFxmi, CFymi in the Xm and Ym directions as functions of
the tower orientation angle (α). Eqs. (12) and (13) show the
formulation for obtaining the force coefficient in the Xm and Ym
directions, respectively

CFxmi ¼ CDi cosα − CLi sinα ð12Þ

CFymi ¼ CDi sinαþ CLi cosα ð13Þ

where CDi and CLi = drag and lift coefficients obtained for each of
the test sections, respectively.

Fig. 13 shows the force coefficients for each of the sections in
the Xm and Ym directions obtained using Eqs. (12) and (13). These
coefficients were later used in calculating the aerodynamic forces in
the Xm and Ym directions for simulating the tornado loads. The
components of the aerodynamic shear force (Fxmi, Fymi) for each
of the three segments of the tower (i ¼ 1–3) were calculated using
the horizontal wind speed VTor in a tornado experienced by these
segments of the tower at its midheight and the components of the

aerodynamic force coefficients (CFxi, CFyi) for each corresponding
segment, i, of the transmission tower. The total shear force (Fxm,
Fym) along each direction, Xm or Ym, was obtained by summing the
shear forces for each of the segments and comparing them with
those of the corresponding loads measured in ISU-TS for verifica-
tion. The two components of the aerodynamic shear force on the
horizontal plane acting on the lattice tower can be calculated
using Eq. (14)

Fxm ¼
X

0.5ρV2
Tor;iCFxiLxiDxi; Fym ¼

X
0.5ρV2

Tor;iCFyiLyiDyi

ð14Þ
where ρ = air density (= 1.23 kg=m3); VTor;i = resultant horizontal
wind speed at the midheight of the ith tower segment; CFxmi and
CFymi = force coefficients of the corresponding ith segment of
the tower along the Xm or Ym direction; and Lxi and Dxi, Lyi and
Dyi = projected area dimensions of the corresponding ith segment
of the tower on a plane normal to the Xm or Ym direction.

Analytical simulations were repeated for three tower orientation
angles and two different locations of the tower with respect to
the translating tornado and compared with the experimental
results (Fig. 5). The components of the normalized shear forces
Fxm and Fym or shear force coefficients (CFxm, CFym) obtained
in the Xm and Ym directions, as normalized by a characteristic area
AC and maximum tangential wind speed Vθmax, are defined in
Eqs. (15)–(19)

AX ¼ H ×maximumwidth of tower inYm direction ð15Þ

AY ¼ H ×maximumwidth of tower inXm direction ð16Þ

AC ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
AXAY

p
ð17Þ

CFxm ¼ Fxm

0.5ρV2
θmaxAC

ð18Þ

CFym ¼ Fym

0.5ρV2
θmaxAC

ð19Þ

The analytical and experimental results of CFxm and CFym were
compared for all the cases.

Fig. 14 shows that the analytical results present similar varia-
tions in the normalized shear force or shear force coefficient values
and shapes as the experimental results. In Case 1 [Fig. 14(a)], the
shear force in the Xm direction is significantly lower than the shear
in the Ym direction. This could be attributed to the tangential wind
speeds the tower experiences that are aligned with the Ym direction
(transverse or minor axis of the tower). Case 2 in Fig. 14(b) shows
the analytical and experimental shear forces when the tower orien-
tation angle is 45°. Case 3 in Fig. 14(c) shows the opposite behavior
of shear force components as the model is rotated by 90° compared
to Case 1. This can be explained based on tangential wind speeds
the tower experiences along the Xm direction (longitudinal or major
axis of the tower). It can be seen that in Case 1 the peak on the right
side (positive r=rc) is higher than the peak on the left side (negative
r=rc). This could be because of the translation of the tornado that
causes a decrease in the relative horizontal wind speed on the left
side while causing an increase in the relative horizontal wind speed
on the right side. For Case 2, where the model is oriented at an
angle of 45° with respect to the tornado translation direction, the
components of relative wind speed in the Xm and Ym directions
are similar, resulting in peak values that are similar in magnitude.
Case 4 in Fig. 14(d) shows the result when the tower model and the
tornado simulator are at a lateral offset value of 0.305 m and at
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Fig. 13. Force coefficients (CFxmi and CFymi) for different tower
segments as functions of tower orientation angle (or angle of attack, α).

© ASCE 04020108-9 J. Struct. Eng.

 J. Struct. Eng., 2020, 146(6): 04020108 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Io
w

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
07

/2
6/

20
. C

op
yr

ig
ht

 A
SC

E.
 F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

rig
ht

s r
es

er
ve

d.



tower orientation angle of 0°. The maximum shear force in the Ym
direction is similar but somewhat smaller than Case 1, while there is
increase in the shear force in the Xm direction. This is primarily
because the tangential wind speed direction is aligned with the
Xm direction and maximum tangential wind speed occurs at around

this location of rc (= 0.32 m). Cases 5 and 6 in Figs. 14(e and f)
show the shear forces in the Xm and Ym directions for the trans-
mission tower when there is a lateral offset of 0.305 m with tower
orientations of 45° and 90°, respectively. Results in Case 5 are
similar to that of Case 4, but because the tower is oriented at an
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Fig. 14. Comparison of analytical and experimental results for (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; and (f) Case 6.
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angle of 45°, there is reversal of sign of the shear force in the
Xm direction. Case 6 is the opposite of Case 4 in terms of shear
forces. This is because of switching of the direction along which
maximum wind speeds occur as seen by the tower in the Xm and
Ym directions.

The time lags between the two peak values (experimental versus
analytical) for all the cases are because of transient effects that are
intrinsically present in the aerodynamic loads generated in labora-
tory simulations of the translating tornado but not accounted for in
the analytical simulations. Also, as the tornado translates in the
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Fig. 15. Comparison of analytical and experimental results using total force that relates the drag coefficient at the specified direction to the
instantaneous wind for (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; and (f) Case 6.
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laboratory simulation, the members of the tower model closest to
the tornado center experience the effects of the tornado wind be-
fore the other members that are farther from it experience the
same. The effects of static pressure drop around the tornado center
that will have additional but minor effects on the shear force and
vertical wind component that influences the vertical angle of attack
and hence the aerodynamic loads are not accounted for in the
proposed formulation. A third effect that introduces the lag time
in the model loads is the fact that in laboratory tornado simulation
the location of the tornado is measured based on the physical
location of the tornado simulator, whereas the center of the
tornado vortex at the ground has been observed to lag behind this
location.

Because the proposed approach depends on the accuracy of the
tornado wind speed model, an alternate approach that uses total

force (i.e.,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2
x þ F2

y

q
) is used that relates the drag coefficient at

the specified direction to the instantaneous wind. Fig. 15 shows
the results for the six cases considered where the resultant force
net force vector is used and the results between the mean shear
force and the tested time-varying mean force are compared.

Conclusions

This paper aims to develop an analytical approach for calculating
the mean aerodynamic shear forces on a transmission tower sub-
jected to tornado loading. The aerodynamic shear forces for six
different cases were modeled using a conventional approach
adopted by the current codes and a proposed approach. The pro-
posed approach takes into account the effect of tower orientation
angles and offset distance of the tower from the tornado mean path
on the mean wind speeds and wind directions at the tower location.
The analytical results were validated by experimental test results
obtained from ISU-TS. Based on the results obtained, the proposed
approach can provide a good representation of the actual loading
on the transmission tower. In this method, the force coefficients of
different tower segments were measured in a regular wind tunnel as
a function of horizontal wind tower orientation angle or angle of
attack, and were then incorporated into the analytical load estima-
tion model. The results confirm the hypothesis that the capability of
subsonic wind tunnel facilities could be used to replicate the effects
of HIWs on large-scale structures. This relatively simple method
to estimate the maximum mean wind load on a lattice tower in a
tornado enhances the capability of the natural hazards engineering
community to characterize HIW-induced loads on lattice structures;
this approach can be easily extended to other types of nonsynoptic
wind events such as downburst and gust fronts. This method can be
extended further to capture the effects of turbulence, static pressure
drop, and vertical wind speed on the wind loads.
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