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Abstract

Tornadoes have destroyed or severely damaged several bridges in the USA. Considering
that tornadic wind loads have not been considered as a design load in the latest version (the 8th
Edition, published in 2017) of the AASHTO Bridge Design Specifications, Phase I of this
project, starting in January 2019, characterized the wind effects induced by tornadoes on bridges
that do not normally experience large deformation and vibration during strong winds. That is, the
bridge can be assumed to be rigid in the computational domain, and the wind pressure on the
bridge can be determined without consideration of the wind-bridge interaction, which is suitable
for short-span or middle-span bridges. This project (Phase II) aims to characterize the wind
effects induced by tornadoes on bridges whose deformation and vibration are significant under
strong winds. In this case, the wind-bridge interaction will be considered. This is suitable for
long-span bridges, such as cable-stayed and suspension bridges. The obtained research findings
will be used to modify the equations for calculating the design wind pressure on bridges,

preventing bridges from being severely damaged or destroyed during future tornado incidents.
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Chapter 1 Research Motivation and Research Objective

1.1 Research Motivation

Tornadoes, one of the most dangerous natural hazards, are a kind of non-synoptic wind
phenomenon that regularly strikes the United States. Tornado outbreaks in inhabited regions
have resulted in severe property damage, injuries, and fatalities. At least 695 people lost their
lives in the deadliest tornado in US history, the Tri-State tornado, which struck on March 18,
1925 [1]. The Oklahoma tornado on May 3, 1999 had the greatest recorded wind speed of 302 +
22 mph (486 + 35 km/h), resulting in $1.5 billion in damages and the deaths of 36 people [2].
The Joplin tornado on May 22, 2011 killed 162 people and caused $2.8 billion of property loss
[3]. Due to the significant loss of lives and properties, the incorporating of a tornado-resistant
design into buildings has gained widespread acceptance. The specifications of a tornado-resistant
design for Risk Categories III or IV buildings have been incorporated in a new chapter in ASCE
7-22, Chapter 32.

Section 3.8 in AASHTO, “Wind Load”, governs the wind design for bridges. Due to a
lack of tornado-resistant bridge design, 13 bridges in the USA were destroyed or badly damaged
by tornadoes (see Figures 1.2-1.5). For instance, on July 21, 2003, a low-intensity tornado (rated
as F-1) demolished the railroad bridge that crossed the Kinzua gorge [4]. Of its twenty towers,
eleven were demolished, as illustrated in Figure 1.2. The wind speed at that moment was only
73—112 mph. Given that the bridge was demolished at such a low wind speed, it seems likely that
the damage was a result of tornadoes’ distinct wind effects that differ from straight-line winds—
that is, swirling, rotating winds. Consequently, understanding how tornadoes impact bridges is

essential to inform a tornado-resistant design for bridges.



Figure 1.1 A tornado Figure 1.2 Kinzua bridge (F1 Figure 1.3 Utica Swing
tornado in 2003) Bridge, 1906

Figure 1.4 New Castle Bridge, = Figure 1.5 Hurricane Creek Figure 1.6 Simulated
2013 Bridge, 2011, F4 tornadic wind field

1.2 Research Objective

A thorough literature review revealed that while much research has been done on the
tornadic wind effects on other types of structures and straing-line wind effects on bridges, the
wind effects caused by tornadoes on bridges have not yet been well studied
[5,6,7,8,9,10,11,12,13,14,15]. This is especially true for long-span bridges, such as cable-stayed
bridges. The goal of this project is to provide understanding of tornadic wind effects on cable-
stayed bridges using CFD simulations, which can be used to enhance bridge wind resistance and
prevent catastrophic failure of cable-stayed bridges during tornadoes. This will be achieved by
applying CFD simulations. To modify the wind pressure equation provided in AASHTO, the

CFD model simulates the action of an equivalent straight-line wind field on the cable-stayed



bridge. A modified formula for determining the design wind pressure for a tornado-resistant
design for cable-stayed bridges in the AASHTO Bridge Design Specifications is one of the
anticipated outcomes and outputs. The obtained design tornadic wind loads can be utilized to
determine how vulnerable current bridges are and to create a strategy for reinforcing them to
resist a certain intensity of tornado.

1.3 Description of the Bridge of Interest

The study considers the wind effects on a cable-stayed bridge with the length of 274.32
meters and the width of 12.19 meters. The bridge model is created and constructed using
Pointwise. Figure 1a) presents the 3D model of this cable-stayed bridge. The Pointwise model of
this bridge is presented in Figure 1b). The zoomed-in image of the red circle area in Figure 1b),

shown in Figure 1c¢), provides details about the diaphragm plates and I-shaped girders.
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b) The model of the cable-stayed bridge established in Pointwise



¢) Cross section of the bridge deck
Figure 1.7 The Model of the cable-stayed bridge

1.4 Research Tasks

The following three tasks have been carried out to address the proposed research objective.
First, a real-world tornado was simulated and the wind effects of tornadoes on the cable-stayed
bridge were obtained, as detailed in Chapter 2. Second, the equivalent straight-line wind field was
simulated, and the wind effects on the cable-stayed bridge under the equivalent straight-line winds
was obtained and compared with those under tornadic winds, as detailed in Chapter 3. Third, the
obtained results from Chapters 2 and 3 were used to modify the equation in Chapter 4 of the
AASHTO code for determining the design wind pressure for cable-stayed bridges. Fourth, Chapter

5 presents conclusions and future work.



Chapter 2 Simulation of Tornadic Wind Field and Investigation of Wind Effects of Tornadoes on
the Cable-stayed Bridge

This chapter describes how a real-world tornado in Spencer, SD on May 30, 1988, was
simulated at full-scale and how to obtain the tornadic wind effects on the cable-stayed bridge.
First, only the pure wind field was simulated, to confirm that the simulated tornadic wind field
was accurate. Second, the cable-stayed bridge introduced in Section 1.3 was incorporated within
the computational domain and the wind effects were extracted during the entire duration when
the tornado passed the bridge.

2.1 CFD Simulation Setup

A cylindrical computational domain was applied to simulate swirling air flow. It is a
comprehensive simulation, as illustrated in Figure 2.1. The radius of the pressure outlet is 340
meters, while the height of the velocity inlet is 100 meters. The velocity-inlet is the inflow
surface boundary condition, and the pressure-outlet is the outflow surface boundary condition in
this computational domain. All other boundaries were set as non-slip walls. A fine mesh was
used in the center of the convergent zone and the area close to the ground.

Large Eddy Simulation (LES), which is controlled by filtered time-dependent Navier-
Stokes equations, serves as the foundation for the CFD simulation. Large eddies are assumed to
be the primary means of transporting mass and momentum and can be solved directly from the
equations, while small eddies are represented numerically using the WALE (Cwale = 0.325) sub-
grid model (Nicoud and Ducros, 1999). Since the SIMPLEC (Semi-implicit hand for Pressure
Linked Equation) scheme often has better convergence than PISO (Pressure-Implicit with
Splitting of Operators), the segregated implicit solver is used to solve the governing equation

using a SIMPLEC approach for pressure-velocity coupling [16].



The simulation is initially performed for 260 s to produce a stationary tornadic wind
field. To replicate the tornado’s translation, a relative motion is created between the bridge and
the computational domain’s ground surface by moving the bridge in the opposite direction from
the tornado’s translation, but at the same speed, which in this case is 15 m/s. To simulate the
translation stage of the tornado, an additional 68 seconds were simulated with the layering
approach of the dynamic meshing method. The time step of this simulation was set as 0.01 s.
After meshing, the domain had about 10 million cells, which includes the cable-stayed bridge.

2.2 Velocity Input

The velocity input at the velocity inlet was defined in Egs. (2.1), (2.2), and (2.3). They
are the tangential velocity profile and the radial velocity profile along height, which are the
regression equations of the radar-measured velocity data at a radius of 800 m of the Spencer, SD

tornado of 30 May 1988 [17]. All other boundary conditions are defined as symmetry.

Tangential velocity: V, = 20.61(Z/20)%1774 2.1
7 0.169

Radial velocity: V, = —31.34 (5) 7 <20m 2.2)
7 0.1826

h=4514(2)" " - 7648 Z>20m 2.3)

where Z is the height from the ground surface.
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Figure 2.1 Computational domain of the tornadic wind field

2.3 Validation of the simulated tornadic wind field

The CFD model of the tornadic wind field was verified using the velocity data obtained
from radar measurements. As indicated by the red graph in Figure 2.2, the tangential velocity
profile along the radius at an elevation of 80 meters was extracted and displayed. The time-
averaged tangential velocity is calculated during from 260-300 seconds. The tangential velocity
profile extracted from the radar-measured velocity data of the Spencer, SD tornado was also
displayed in Figure 2.2, as indicated by the black graph. The two graphs are very close to each

other, with similar maximum tangential velocity and core radius, validating the CFD model.

‘ —Simulation results ‘

‘ —Radar measured data
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Figure 2.2 Tangential velocity profile along the radial distance at the elevation of 80 m



The instantaneous tangential velocity distribution at 270 s on an 80 m horizontal plane is
shown in Figure 2.3. The arrows show the direction of the resultant velocity of tangential and
radial velocity components, while the color indicates the tangential velocity magnitude. With
increasing tangential velocity, the wind flow outside the core region converges towards the
tornado center. After reaching its greatest value at a particular radius known as the core radius,
the tangential velocity then decreases along the radial distance from the core radius to the
tornado center.

At around the core radius, the tangential velocity forms circular strips with uniform
velocities in each strip. There is only one vortex in this tornado, as seen in Figure 2.3. The
tangential velocity distribution through the tornado center on a vertical plane is shown in Figure
2.4. The arrows show the direction of the resultant radial and vertical component velocities,
while the color indicates the tangential velocity magnitude. Updrafts are seen in the surrounding
areas, and a downdraft is seen in the center, demonstrating the double-celled, single-vortex flow
structure.

The instantaneous pressure contour on the horizontal plane at an elevation of 80 meters is
shown in Figure 2.5. Regular circular strips are observed. The instantaneous pressure contour
through the tornado core on a vertical plane is shown in Figure 2.6. On both the horizontal plane

and the vertical plane, it shows that pressure drops steadily from the periphery to the center.
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2.4 Wind Effects Induced by the Tornado on the Cable-stayed Bridge

To obtain the wind effects on the cable-stayed bridge, this bridge is included in the
tornadic wind field (see Figure 2.7). The pressure coefficient is adopted to represent the pressure

distribution on the bridge surface. In this study, the pressure coefficient is calculated based on

Eq. (2.4)

Cp = (2.4)



where P — P. denotes the relative static pressure at the point where the pressure coefficient is
evaluated. P, V;, and p, denote the reference pressure, reference wind velocity, and air density,
respectively, which are P. = 101,325 Pa, V, = 81.1 m/s and p,, = 1.225 kg/m? in this study

[17].

~ Pressure-outlet
—

Symrhetry

1000 m
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Velocity-inlet ————————

Bottom wall

Figure 2.7 Tornadic wind field with the cable-stayed the bridge included

Figure 2.8 shows the extracted instantaneous tangential velocity and pressure distribution
on the horizontal plane at an elevation of 6.85 meters. At this point, the center of the
computational domain is closer to the center of the cable-stayed bridge. Figures 2.8a) and 2.8c¢)
show the stream lines of the wind flow as black graphs. At this moment, it is difficult to pinpoint
the exact center of the tornado because of the cable-stayed bridge. When compared to the wind
flow outside the core radius, the wind flow inside the core radius is more turbulent and moves at
a slower speed. Figure 2.8 b) shows the instantaneous pressure distribution on the horizontal
plane at an elevation of 6.85 m. Outside the core region, regular circular strips are observed, and
the pressure magnitude steadily falls along the radius from the outside region to the center of the

tornado, following the typical features of tornadoes. The presence of the bridge results in

10



multiple dark blue, lower-pressure patches in the core region, illustrating variations in the
pressure distribution that occur, which is different from the pure wind field (when a tornadic
wind field does not have any structure). The zoomed-in image of the indicated location in Figure
2.8b) is shown in Figure 2.8c). There are a number of tiny vortices visible between the
diaphragm plates under the bridge’s deck and on both sides of the pylon.

As illustrated in Figure 2.9, the pressure coefficient operating on the cable-stayed bridge
is extracted as its center gets closer to the computational domain center. Due to the air pressure
drop in the tornado’s center, negative pressure predominates the bridge. On the side of the I-
shaped girder at the end of the bridge, which is shown by a red circle, positive pressure is seen.

This is due to the bridge’s end experiencing a high horizontal velocity as it approaches the core

radius.
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a) Tangential velocity distribution on the b) Pressure distribution on the horizontal plane
horizontal plane
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¢) Zoom-in picture of the marked region
Figure 2.8 Pressure and tangential velocity distribution on the horizontal plane
at the elevation of 6.85m

Pressure Coefficient
1.252
0.965

- 0.678
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Figure 2.9 Pressure coefficients acting on the cable-stayed bridge when the bridge approaches
the center of the computational domain
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Chapter 3 Wind Effects of Equivalent Straight-line Winds on the Bridge and Its Comparison with
Tornadic Wind Effects

An equivalent straight-line wind field is constructed to acquire the wind effects generated
by straight-line winds, because the existing AASHTO wind design is based on straight-line
winds. The coefficients in the wind pressure equation (in AASHTO) can be changed to compute
the wind pressure created by tornadoes by comparing the wind effects caused by tornadic winds
and its equivalent straight-line winds. The equivalent straight-line wind field is simulated in this
chapter. The cable-stayed bridge is placed in this straight-line wind field to examine the wind
effects of straight-line winds on the bridge (refer to Figure 3.1). The method used by Franke

(2006) [ 18] was applied to determine the size of this rectangular computing domain.

Symmetry,
T Pressure-outlet
] pd
- A TheCable-stayed "L
8 - b
3 T 7 Symmetry

~— e
A o J,/,,/«// 150
7~ 1 ~

~ A, e

Figure 3.1 Equivalent straight-line wind field including the cable-stayed bridge

3.1 Simulation Setup

The computational domain of the straight-line wind field is designed according to Franke
(2006) [18]. The distances between the velocity-inlet or pressure-outlet boundaries and the cable-
stayed bridge are SH and 15H, respectively, where H is the height of the cable-stayed bridge’s

deck. The blockage ratio is 1.4%, which satisfies the requirement of the straight-line wind tunnel

13



test. The velocity input is based on a power-law profile and the exponent of the power-law is
0.14, as shown in Eq. (3.1), which is to simulate the scenario of the open terrain. The maximum
resultant velocity (the resultant velocity of tangential and radial velocities) at the height of cable-
stayed bridge’s deck (H,= 6.85 m) is 81.1 m/s in the tornadic wind field. Therefore, the velocity

profile applied to the velocity input is expressed below.

V, = 81.1(Z/H,)%* 3.1)

where V; denotes the velocity at different heights; H,. denotes the reference height (H,.= 6.85 m)
and Z denotes the height above ground.

K, or turbulent intensity, is used as the Reynolds Stress Specification technique for the
equivalent straight-line winds, where the turbulent intensity is 10% and the turbulent viscosity
ratio is 0.01. Thirty-six seconds of simulation is run, with a time step of 0.01 s. With the cable-
stayed bridge included, the equivalent straight-line wind field has a total of about 9.8 million
cells.

3.2 Comparison of the peak velocity on horizontal plane and peak pressure on bridge surface
induced by tornadic winds and the equivalent straight-line winds

Figure 3.2 shows the outcome of the 3-second time-averaged velocity distribution along
the Y direction on the horizontal plane. The streamlines of flow, represented by the black lines
on both sides, remain straight on the horizontal plane, with the exception of the area near the
cable-stayed bridge. This suggests that the straight-line wind field’s design is appropriate
because the wind flow is not impeded by the wind field’s boundary. When the air approaches the
cable-stayed bridge, the velocity increases, as the wind flow must accelerate due to the blockage

of the cable-stayed bridge. The maximum negative velocity is noted where vortices occur at the

14



corners close to the pylons on the windward side. When comparing the maximum tangential
velocity, the magnitude under tornadic winds (93 m/s; see Figure 2.8 a)) is slightly greater (4%)
than that under the equivalent straight-line winds (89 m/s, see Figure 3.2).

The 3-second time-averaged pressure distribution on the horizontal plane at an elevation
of 6.85 meters is shown in Figure 3.3 a). With the exception of the areas close to the cable-stayed
bridge, the pressure distribution is uniform on the horizontal plane. The windward side of the
cable-stayed bridge experiences the highest positive pressure. According to the Bernoulli
equation, the flow velocity drops to zero at the stagnation point on the windward side, and the
pressure rises as a result. The magnified image of the red-marked area in Figure 3.3 a) is shown
in Figure 3.3 b). The streamlines in the wind field are represented by black lines in Figure 3.3 b).
The two corners of the pylon on the windward side of the cable-stayed bridge are where the
greatest negative pressures are found. On the leeward side of the bridge, two large vortices are
observed behind the pylon. On the windward side of the cable-stayed bridge and in the spaces
between the diaphragm plates beneath the bridge deck, tiny vortices are also observed. Hence,
negative pressure predominates the area beneath the bridge deck, which causes suction. When
compared to the tornadic case, as depicted in Figure 2.8 ¢), the big vortices vanish and the
quantity of vortices is lower than under straight-line winds, indicating the differences in wind
flow between tornadic and straight-line winds, even though the wind flow under tornadic winds
moves similarly to the straight-line winds in the marked region.

Figure 3.4 shows the pressure distribution on the cable-stayed bridge’s surface. Negative
pressure predominates the cable-stayed bridge’s surface. Only the pylons and the windward side
of the deck exhibit positive pressure. The red circle indicates the top section of the pylons, where

the highest positive pressure is observed. These findings resemble those of Erdem (2016) [19].
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Erdem came to the conclusion that the tower’s vertical surface experienced the greatest pressure
distribution, which rose in direct proportion to the tower’s height. Because the wind must speed
up to pass through the pylons, the highest negative pressure is achieved on their sides. According
to the Bernoulli equation, pressure decreases as velocity increases. The point of greatest pressure
is not the same as the point during tornadic winds. The maximum positive pressure in the
tornadic situation (see Figure 2.9) is found on the windward side of the I-shaped beam, and the
maximum negative pressure is found at the deck corner closest to the area experiencing the
maximum positive pressure. The maximal negative pressure magnitude (2.766) under tornadic

winds is 12% larger than that under the equivalent straight-line winds (2.466), as depicted in

Figure 3.4.
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Figure 3.2 Time-averaged velocity distribution on the horizontal plane at the elevation of
6.85m
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b) Zoom-in picture of the marked region
Figure 3.3 Time-averaged pressure distribution on the horizontal plane
at the elevation of 6.85m
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Figure 3.4 Time-averaged pressure distribution on the surface of the cable-stayed bridge
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3.3 Comparison of the force and moment coefficients acting on the cable-stayed bridge under
tornadic winds and under the equivalent straight-line winds

The force coefficients acting on the cable-stayed bridge under tornadic winds (see Figure
3.5) and the equivalent straight-line winds (see Figure 3.6) are extracted and compared. The
temporal history of the force coefficient operating on the cable-stayed bridge exhibits notably
distinct tendencies when comparing Figures 3.5 and 3.6. The two peak values at the designated
time instants, which are approximately 15 s and 50 s, are shown. At these two time instants, the
cable-stayed bridge’s center gets closer to the tornado’s core radius, where it is exposed to
extremely high wind velocity. In the vicinity of the core radius, the force coefficient exhibits
dense and tiny fluctuations, but expands in a large magnitude range. The force coefficient on the
bridge under the equivalent straight-line winds, however, exhibits random fluctuation in a narrow
magnitude range, as illustrated in Figure 3.6. This indicates that the wind flow in the straight-line
wind field is more stable than in the tornadic wind field.

Within the computational domain, X is along the longitudinal direction of the cable-
stayed bridge, Y is perpendicular to the bridge’s longitudinal direction, and Z is in the vertical
direction. The highest magnitude is always attained in the tornadic scenario, with the exception
of the force coefficient in the Y direction, when comparing the force coefficient caused by
tornadic winds to that caused by the equivalent straight-line winds. Because the wind flow in a
straight-line wind field flows perpendicular to the X direction, the wind force is relatively small
along the X direction, which is why the peak value of the force coefficient in the X direction
under tornadic winds (2.8) is 11 times greater than that under straight-line winds (0.25). When
tornadic winds are present, the force coefficient in the Z direction peaks at 0.25, which is 11
times higher than when straight-line winds are present (0.022). As a result, while designing a

cable-stayed bridge to withstand tornadic winds, the wind design should increase the lift force.
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On the other hand, the force coefficient peak value under straight-line winds (2.94) is 1.7 times
higher in the Y direction than it is under tornadic winds (1.7). However, the maximum horizontal
resultant force caused by tornadic winds is higher than that caused by the equivalent straight-line
winds.

Figures 3.7 and 3.8 show the extracted moment coefficients acting on the cable-stayed
bridge under tornadic winds and the corresponding straight-line winds. When the cable-stayed
bridge is near the core radius, the time history of the moment coefficient about the X and Y axes
under tornadic winds exhibits two peak values (see Figures 3.7 a) and b)). When the cable-stayed
bridge gets closer to the tornado center, the moment coefficient about the Z axis only exhibits
one peak value (see Figure 3.7 c)). The temporal history reveals sharp variations in the wind
speed within the tornadic wind field, particularly as the cable-stayed bridge gets closer to the
tornado’s center and core radius. On the other hand, the time history for the cable-stayed bridge
under straight-line winds reveals random fluctuations within a narrow magnitude range. The
highest moment coefficient value about the X axis under tornadic winds (7) is 1.19 times smaller
than under equivalent straight-line winds (8.35), as can be seen by comparing Figures 3.7 and
3.8. When tornadic winds are present, the moment coefficient’s highest value about the Y axis
(0.25) 1s 4.2 times higher than that when straight-line winds are present (0.06). Despite both
being extremely small, the highest value of the moment coefficient about the Z axis under
tornadic winds (0.09) is 27.3 times larger than that under the equivalent straight-line winds

(0.0033).
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3.4 Force and moment coefficient acting on the unit length deck of the cable-stayed bridge under
tornadic winds and under the equivalent straight-line winds

The accompanying structural analysis is performed using ANSYS mechanical 17.1 to
examine the force and moment coefficients acting on the unit length (1 m) deck of the cable-
stayed bridge. First, as seen in Figure 3.9 a), the finite element model (FEM) of the unit length
deck of the cable-stayed bridge is constructed using the DesignModeler in the workbench.
Second, using the transient load mapping technique (ANSYS 2013), the tornadic wind pressure
acting on the surface of the cable-stayed bridge during the final 68 seconds of the simulation
period (when the bridge moves) is mapped onto this FEM, as illustrated in Figure 3.9 c). This
data is taken from the CFD simulation. As demonstrated in Figure 3.9 b), the fixed support
boundary conditions are applied to both sides of the FEM to determine the force and moment
exerted on it by the tornadic wind pressure. Lastly, the coefficients of force and moment
operating on the FEM are computed. In addition to obtaining the force and moment coefficients
acting on the FEM under tornadic winds, the process and methods are again employed to map

the straight-line wind pressure onto the FEM.

Z

28 A

a) The FEM of the unit length deck of b) The FEM after adopting fixed support at
the cable-stayed bridge two sides
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*___

z

¢) The FEM after importing the tornadic wind pressure onto the surface
Figure 3.9 FEM designed in ANSYS DesignModeler

As illustrated in Figure 3.10, the force coefficient acting on the FEM in the X direction
(henceforth referred to as “Fx”) is extremely tiny for the FEM under tornadic winds. This is
because fixed support is supplied to these two sides, and no pressure is projected onto the surface
perpendicular to the X direction. The force coefficients acting on the complete cable-stayed
bridge (shown in Figures 3.5 b) and c) and in the Y and Z directions (referred to as “Fy” and
“Fz”) in Figures 3.10 b) and c) are similar. When FEM sequentially approaches the tornado’s
core radius, two peak values are seen. And the time instant at which the FEM finds the tornado’s
center, 30 s, yields the lowest value.

As can be seen in Figure 3.11 a), the FEM under corresponding straight-line winds results
in a very tiny magnitude of Fx, which is comparable to the FEM under tornadic winds. Because
of the relative stability of straight-line winds, Figures 3.11 b) and c¢) depict random fluctuation in
a narrow range for the Fy and Fz coefficients.

The comparison of Fx under tornadic winds and their equivalent straight-line winds is not
a valid reference because the Fx is extremely modest. The peak value of Fy under tornadic winds

(1.9) is 1.08 times bigger than that under equivalent straight-line winds (1.75). Furthermore, the
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FEM encounters more unfavorable conditions under tornadic winds, as indicated by the highest
value of Fz (0.34), which is 7.5 times greater than that under equivalent straight-line winds
(0.045).

In Figures 3.12 and 3.13, the time history of the moment coefficient is extracted and
displayed. Figures 3.12 a) and b) illustrate the moment coefficient about the X axis (Mx) and
about the y axis (My) under tornadic winds, which demonstrate the rapid change of wind impacts
on the FEM over time. The time history of Mx and My shows two peak values, which
correspond to the time instants t = 15s and 35s, because at these two time instants the FEM
experiences high velocity at the core radius; the smallest value happens at t = 25s when the FEM
is located at the tornado center. The time histories of Mx, My, and Mz for the FEM under the
equivalent straight-line winds exhibit random fluctuation within a narrow magnitude range,

indicating a rather steady wind flow in straight-line winds.
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Chapter 4 Modification of the Wind Pressure Equation in AASHTO

The AASHTO Bridge Design Specifications (American Association of State Highway
and Transportation Officials 2017) now govern the design of bridges under wind loads. From

this standard, the design wind pressure Pp is computed as

_p Yoz _p Yoz (Kip
Pp = Pg 7 Pg 10000 (ftz) @D

where the base wind pressure is Pz= 0.05 ksf, V3= 100 mph, and Vp; is the design velocity at a
particular elevation.

Equation (4.1) is based on the wind pressure caused by straight-line winds. The wind
effects of tornadoes are entirely different from those caused by straight-line winds, according to
the research findings from earlier chapters; hence, it is not possible to compute the wind pressure
caused by tornadoes using Eq. (4.1). In fact, the most recent edition of the AASHTO Bridge
Design Specifications, the 8th Edition, which was released in 2017, does not include tornadic
wind stresses as a design load. The present AASHTO wind design criteria need to be updated to
improve the safety of bridges during tornadoes.

The identical Vj, (81.1 m/s at 6.85 m height) is applied in both tornadic and equivalent
straight-line winds in this investigation, and the maximum force coefficients on the bridge are
compared. The relationship between the pressure on the bridge under tornadic winds and its
equivalent straight-line winds may be seen in the comparison of the force coefficients, as the
force is determined by the pressure acting on the entire bridge.

The X direction is the bridge’s longitudinal direction, the Y direction is perpendicular to
the bridge’s longitudinal direction on the horizontal plane, and the Z direction is the vertical

direction, as seen in Figure 1.7. The highest magnitude is always attained in the tornadic
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scenario, with the exception of the force coefficient in the Y direction, when comparing the force
coefficient on the cable-stayed bridge under tornadic winds with the equivalent straight-line
winds. Because the wind flow in a straight-line wind field flows perpendicular to the X direction,
the wind force is relatively small along the X direction, which is why the peak value of the force
coefficient in the X direction under tornadic winds (2.8) is 11 times bigger than that under
straight-line winds (0.25). When tornadic winds are present, the force coefficient in the Z
direction peaks at 0.25, which is 11 times higher than when straight-line winds are present
(0.022). As a result, while designing a cable-stayed bridge to withstand tornadic winds, the wind
design should increase the lift force. The highest value of Fz during tornadic winds (0.34) is 7.5
times bigger than that under corresponding straight-line winds (0.045) for the force coefficient
acting on the FEM. As a result, it is possible to alter the current wind pressure equation by

adding a coefficient, as shown below:

_ Viz _ V5z  (kip
Pp = 11Pp v 11Pg T5000 (ftz) (4.2)

where Pz= 0.05 ksf, V3= 100 mph, and Vpzis the design velocity at a particular elevation.

Further study may be needed to refine this modification.
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Chapter 5 Conclusions and Future Work

The goal of this project is to obtain the wind effects of tornadoes on cable-stayed bridges
using computational fluid dynamics (CFD) simulations and to update the equations in AASHTO
for calculating the design wind pressure in order to improve the resistance of cable-stayed
bridges to tornadoes.

The research outcomes include: 1) A high-fidelity CFD model to determine the wind
pressure distribution caused by tornadoes on the cable-stayed bridge; 2) Wind effects acting on
the cable-stayed bridge under tornadic winds and under the equivalent straight-line winds; and 3)
A revised formula for estimating wind pressure for a tornado-resistant bridge design. Eventually,
the design theory of highway bridges based on a thorough comprehension of tornadic wind
effects will be advanced by this research.

This project is the second phase of the research, with results based on a historical tornado
and a particular cable-stayed bridge. In the future, systematic simulations will be carried out for
parametric studies; in addition, studies will be conducted to examine how the current trend will
change if the two-way fluid-solid-interaction simulation is applied, when the deformation of the
cable-stayed bridge is taken into account. The AASHTO wind pressure equation can then be

further modified by adding the amplification coefficient to address more complex scenarios.
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