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SUMMARY AND MAIN FINDINGS

This report on the study of wind action on the Indian River Inlet Bridge, Delaware, provides
information from the deck and arch section model tests as well as the full bridge aeroelastic model tests.
The aim of this study was to provide:

1. Wind climate and wind speed information at the project site;

2. Basic aerodynamic information for the deck and arch designs;

3. Investigation of the overall stability of the deck section in high wind conditions;
4

Investigation of the deck section behavior with respect to vortex shedding induced oscillation in
smooth wind;

o

Definition of the behavior of the deck section due to buffeting in turbulent wind;

Determination of the static force coefficients in both smooth and turbulent flows for the deck
section;

7. Determination of the static force coefficients in both smooth and turbulent flows for the arch
section, and their dependency on the Reynolds number;

Determination of the equivalent static wind loads for the deck and arch sections;

9. Determination of the response characteristics of the full bridge aeroelastic model to three
dimensional turbulent wind over a full range of wind speeds for the completed bridge and three
different construction stages;

10. Determination of the response characteristics of the full bridge aeroelastic model in winds with
low turbulence conditions to confirm the potential for vortex shedding induced bridge response
and flutter instability for the completed bridge and three different construction stages.

The deck section model was constructed at a geometric scale of 1:80 relative to full scale, while the
arch section model was constructed at a scale of 1:40. Both the deck and arch section models were
tested at the inlet to the high speed test section of the Boundary Layer Wind Tunnel Il. The deck section
model test was performed in two phases: i) on a static force balance in which the overall static forces and
moment in vertical, lateral and torsional directions were measured at different angles of vertical wind
inclination; and ii) with scaled dynamic structural properties of the prototype, to monitor the dynamic
response. The arch section model was tested using the static force balance only. Both section models
were tested in smooth flow and grid-generated turbulent wind representative of the natural wind
conditions at the project site. The section model test methodology is presented in Appendix A.

The full bridge aeroelastic model was constructed at a geometric scale of 1:150 relative to the
prototype. The model was tested on the turntable of the Low Speed Test Section of the Boundary Layer
Wind Tunnel 1l in three dimensional turbulent wind conditions. The long upwind fetch within the wind
tunnel allows extended modeling of upwind terrains, thus permits the simulation of wind conditions
representative of those anticipated for the project site. Two upstream terrain conditions, a hurricane
profile and an open country exposure, were used in the tests. The existing bridge (upwind of the
proposed Indian River Inlet Bridge for a wind angle of 90°) was also constructed, in order to assess its
effect on the proposed bridge. Five different wind angles (0°, 30°, 60° 90° and 270° relative to the
longitudinal axis of the bridge) were examined in the test. A 90° wind angle is defined as when the
pedestrian walkway on the proposed bridge is upstream.

A design probability distribution of surface wind speed and direction was developed for the bridge site
on the basis of full scale meteorological records from the weather stations in the area. In addition, a study
was carried out to include Monte Carlo computer simulations of the tropical storms and to assess their
impact on the climate of extreme winds. The methodology and the wind speed results from these
analyses are given in Section 2 of this report.
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The highlights and main findings of these studies are as follows:

Wind Climate

A wind climate study was carried out for the Indian River Inlet Bridge. The design probability
distribution of surface wind speed and direction was developed on the basis of full scale
meteorological records from nearby weather stations, including stations at Atlantic City, NJ,
Wallops Island, VA and Dover AFB in Delaware. Monte Carlo simulations of the tropical storms
were carried out and their impact on extreme winds was analyzed.

The directional characteristics associated with hurricane winds are shown in Figure i for various
return periods. It can be seen that strong winds during hurricane events are equally likely to come
from any wind direction with a slight preference to the northeast sector.

Predictions of the hourly mean wind speed for winds over water at various heights, regardless of
wind direction, are shown in Figure ii. The predicted hourly mean wind speeds at various heights
for wind over water are also presented in Table i.

Static Test of Section Model — Bridge Deck

The 1:80 scale section model was mounted on the BLWTL Bridge Section Model force balance
which is capable of measuring the total forces on the section (X and Z body forces, as well as the
torque). Tests were carried out in both smooth and grid-generated turbulent flow conditions for
angles of mean vertical inclination between -12° to +12° in increments of 1°.

The static test was performed for the completed bridge deck configuration for winds from the two
primary wind directions normal to the longitudinal axis of the bridge.

The static force coefficients at 0° angle of attack are listed in Table ii for both sidewalk upstream
and downstream tests. The sign convention for the bridge deck forces is given in Figure iii and
the static force coefficients for the test of sidewalk upstream is plotted in Figure iv. All static test
results including tables and plots are also given in Section 3 and Appendix C.

There are no significant differences observed between the smooth and turbulent flow test results
for any of the coefficients at small angles of attack for either wind direction. The coefficients differ
for the two flow conditions only at high negative angles of attack for the sidewalk upstream case.

The coefficients show that there is a positive slope in the aerodynamic lift and torsional force
coefficient curves for small angles of attack. This is indicative of good aerodynamic stability
characteristics.

Dynamic Test of Section Model — Bridge Deck

Response to Extreme Wind in Smooth Flow Conditions:

These tests were conducted to provide: a) lower bound estimates of the response to vortex
shedding and b) estimates of the wind speeds associated with any possible flutter instability up to
the design wind speed.

The dynamic tests were performed in two stages. Initial properties of the bridge deck were used
in the first stage with a torsional to vertical frequency ratio of 2.22. A second series of section
model tests were carried out with a new torsional to vertical frequency ratio of 1.19, as a result of
modifications to the structural design of the bridge.

All dynamic section model tests were performed at relatively low damping with a nominal value of
0.5% of critical in both vertical and torsional directions. Another series of tests was performed
with extremely low damping (0.1-0.2% of critical) in an attempt to ascertain whether vortex
shedding induced response was present. All tests conducted in both stages were summarized in
Table iii.
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e The onset of a “Flutter Instability” was defined as when the character of the response changed
from a random type motion to that of a regular, sinusoidal motion, involving either pure torsional
or a coupled vertical-torsional vibration. This can be clearly identified through an examination of
the “peak factor” which is defined as the ratio of the largest observed reading during the sample
period to the Root Mean Square (RMS) of the sample. A random signal has peak factors in the 3-

4 range, while a sinusoid has a peak factor of V2 or1.41.

e The model was subjected to scaled mean wind speeds in smooth flow of up to 220 mph at deck
height with no sign of torsional instability (flutter).

¢ No instance of vortex shedding induced oscillation of the bridge deck was observed through the
range of wind speeds examined.

Response to Winds in Expected Site Turbulence Conditions:

e These tests were conducted to provide: a) estimates of the response to turbulent buffeting and
b) permit the assessment of Equivalent Static Wind Loads on the bridge deck.

e Turbulence in the wind tunnel was generated by a grid placed upstream of the model. The mesh
size and bar spacing were selected to give a reasonable representation of the natural wind at the
frequency range of interest. The vertical I, and horizontal |, turbulence intensities measured
using this grid is about 4% and 5% respectively. Turbulence developed using the fixed grid
technique is normally lacking sufficient energy in the low frequency - large scale range to match
full scale, resulting in an overall lower turbulence intensity than that expected at the site. The
energy in the high frequency end of the spectrum, however, is well modeled and is critical for the
definition of resonant response and the overall behavior of the structure to turbulent wind.

e All section model tests reached the target maximum wind speeds.

e The response of the bridge deck was characterized by turbulent buffeting with no sign of torsional
or vertical instability.

e A sample plot is given in Figure v for the test condition of 0° angle of attack, 0.5% damping and
sidewalk upstream in turbulent flow.

Equivalent Static Loads — Bridge Deck

e Wind loads were estimated for the deck section of the complete bridge. The analysis is based
upon the measured response of the section model in turbulent flow, with suitable corrections for
discrepancies in the intensity and spectrum of turbulence, the damping and the mode shapes.
The design loads were determined from estimates of the dynamic motion in the lowest symmetric
and anti-symmetric modes as well as the mean load and is fully described in Appendix E. The
distribution of each load component follows the computed mode shapes of the bridge shown in
Figure vi.

e The equivalent static wind load plots resulting from this analysis at O degrees are presented in
Figure vii. These wind loads are obtained for an assumed prototype damping of 0.5% of critical or
a logarithmic decrement of 0.031 for all modes. A mean hourly wind speed of 91mph at deck
height is used as a reference wind speed for the purposes of illustration and the equivalent static
loads at this wind speed are reproduced in equation form as shown below. The equivalent static
loads at other wind speeds can be estimated from the plots.

W, (7) 1o/t =177 a(n) £ y1, 27101, (17) £ 72, 129015, (17) 1)
W, () Ib/ft = 551(n7) + 71, 352001, (1) £ 75, 4756 a5, (17) (2)
W, (7) Ib-ft /ft = 7947 (1) + 1, 5619111, (7) (3)
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In the equations, W, (Ib/ft), W, (Ib/ft) and W, (Ib-ft/ft) are the desired wind loads per unit length
resulting from the application of:W (Ib/ft), the mean, distributed according to a(n) (normally with
a constant value of 1), VVl (Ib/ft), the symmetric, according to as(n) and VVZ (Ib-ft/ft), the
asymmetric, according to a,(n). These distribution functions vary according to the mode shapes
presented in Figure vi with a maximum value of 1.0.

To reflect the multitude of combinations with which the fluctuating loads can occur, the load
combination factors yix, yax Yiz» Y2z Yies Y20 Should be used in any combination of the modal terms
whose values are taken as follows: y=£1.0 if only one modal term is included; +0.8 for two terms;
+0.7 for three terms and +0.6 for four or more terms. This applies to all modal terms whether they

are in X, Z and 0, singly or together.

Static Test of Section Model — Arch Section

The 1:40 scale arch section model was mounted on the BLWTL Bridge Section Model force
balance. The sign convention for the definition of the force coefficients is given in Figure viii.

Tests were carried out in the same flow fields (smooth and turbulent) as the bridge deck. A similar
range of Reynolds numbers was investigated. However, unlike the bridge deck results, a strong
Reynolds number dependency in the results was observed.

Therefore, another series of tests were conducted to investigate the extent of the Reynolds
number dependency. The static aerodynamic coefficients from these tests are summarized in
Table iv for both turbulent and smooth flow, along with the slopes of the coefficients. The full set
of results is given in Section 5 and Appendix F.

The slope of the vertical force coefficient curve provides an indication of dynamic stability for
oC

cross-wind motion or “galloping”. Using Den Hartog's criteria, if (C, +8_y) <0, there will be an
(24

aerodynamic force in the vertical direction, proportional to the velocity of the motion or a negative
aerodynamic damping term, and a cross-wind instability would occur. This is not the case for the
arch due to the large drag force and the near-zero slope in the vertical force coefficient.
Therefore, “galloping” motions are not expected to occur within the range of wind speeds
investigated.

Equivalent Static Loads — Arch Section

Equivalent static loads were derived based on the overall bending moment at the base of the
arch. The loads are presented as statically acting pressures with four components: (1) mean,
(2) quasi-steady (slowly varying and hence similar in distribution to the mean), (3) symmetric and
(4) anti-symmetric. The maximum magnitudes of the various components are given in Table v.

The distributions with height of the components are given in Figure ix, while the distributions with
distance along the deck from the arch — deck intersection are given in Figure Xx.

The loads are combined as usual with the load combination factor, y, when more than one load
effect is combined. y equals 1.0 when the load effect due to any one of Py, Psym OF Paptisym IS

added to the mean load effect, 0.8 when any two are added and 0.7 when all three are added
simultaneously.

Bridge Aeroelastic Model Tests

The 1:150 scale bridge aeroelastic model faithfully reproduced the dynamic characteristics of the
prototype bridge in an intermediate stage of the design process. However, the test results are
expected to be appropriate for the final design. Four bridge configurations were tested, including
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the completed bridge and three under construction stages of the cantilevered tie-beam,
cantilevered arch and bridge prior to final deck completion.

e Two wind profiles, a hurricane exposure (Z,=0.025ft) and an open country exposure (Z,=0.1ft),
were used to model the general terrain conditions upstream of the project. Tests were conducted
for five different wind angles of 0°, 30°, 60°, 90° and 270°. The 90° wind denotes the pedestrian
walkway upstream. In addition, tests were also conducted at 90° wind with the existing bridge
upwind to assess its effect on the proposed Indian River Bridge.

e No flutter instability was observed in any of the tests performed for all bridge configurations up to
a full scale wind speed of 139 mph (3-second gust of 199 mph) at deck height.

e No vortex shedding induced instability was observed in any of the tests performed for the
completed bridge configuration with either the hurricane profile or the open country profile, except
a small vortex peak at about 45 mph (3-second gust of 64 mph) in limited test conditions.

e |n addition, no significant vortex shedding peaks were observed in any of the tests conducted in
the hurricane and open country exposures for the three under construction stages. The various
vortex shedding peaks observed are small and are not expected to manifest themselves in
prototype conditions.

e The effect of the existing bridge upstream of the proposed Indian River Bridge, is small in both
terrain conditions of hurricane and open country exposures.

e The response of the bridge in turbulent wind was characterised by turbulent buffeting, with
dynamic responses generally proportional to the intensity of turbulence (i.e. larger responses
were found in the tests under open country exposure conditions than those in the hurricane
exposure).

o Tests performed for the aeroelastic model are summarized in Table vi for all bridge
configurations. The test results for the completed bridge configuration are given in Table vii. All
test results, including the detailed response plots, are given in Appendices H, I, J and K
respectively for the four bridge configurations: a) the completed bridge, b) the cantilevered tie-
beam, c) the cantilevered arch and d) the bridge prior to final deck completion.
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TABLEi PREDICTED HOURLY-MEAN WIND SPEEDS AT VARIOUS
HEIGHTS FOR WINDS OVER WATER

Standard
Arch Height (274") Deck Height (55’) Anemometer Height
Return Period (33)

(Years)

m/s mph | mph* | m/s mph | mph* m/s mph | mph*

50 43.1 96 147 35.9 80 122 33.6 75 114

100 49.1 110 167 40.7 91 138 38.0 85 129

500 60.4 135 205 49.5 111 168 46.0 103 156

1000 63.8 143 217 52.1 117 177 48.4 108 165

5000 70.5 158 240 57.7 129 196 53.4 119 182

10000 72.6 162 247 58.8 132 200 54.5 122 185

Note: mph* - equivalent 3-second gust speed (mph)
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TABLEii SUMMARY OF STATIC TEST RESULTS — BRIDGE DECK

Smooth Flow Turbulent Flow
Angle of Attack a 0° 0°
X-Force Cx 0.072 0.075
Z-Force C; -0.258 -0.279
Sidewalk
Upstream Lift Slope dCz/da 8.34 7.57
Torque Cy, 0.010 0.005
Torque Slope dCp/da 1.91 1.87
Angle of Attack a 0° 0°
X-Force Cx 0.076 0.075
Z-Force C; -0.362 -0.396
Sidewalk
Downstream Lift Slope dCz/da 6.46 6.99
Torque Cy, 0.015 0.012
Torque Slope dC,/da 1.02 1.04
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TABLE iii

SUMMARY OF DYNAMIC TEST RESULTS

Indian River Inlet Bridge, Dynamic Section Model Test Result Summary from Two Different Stages, 0 Degree Angle of

Attack

SECTION MODEL TESTING with initial frequencies, February 2004

Vmax Flutter Vortex
Prototype Properties at deck | . i induced
: instability | . ;
height vibration
NO. Test Flow Damping WaIkV\_/ay Mass MMI fv ft mph
Location
Lb/ft | Lb-f%/ft | Hz | Hz
0.1% in lift & Not Not
1 EYT301 | smooth 0.26% in torsion upstream 45619 | 3.42E+07 | 0.77 | 1.71 220 observed | observed
o o
2 | DYN101 | smooth | OS%MIft& | cieam | 45619 | 3.42E+07 | 077 | 171 | 202 Not Not
torsion observed | observed
0.1% in lift & Not Not
3 EYT201 | turbulent 0.26% in torsion upstream 45619 | 3.42E+07 | 0.77 | 1.71 219 observed | observed
o i 1
4 | DYT101 | turbulent | O-B%MNift& \ o cieam | 45619 | 3.42E+07 | 0.77 | 1.71 | 218 Not Not
p
torsion observed | observed
o i 1
5 | EYN1O1 | smooth | QA& o iream | 45610 | 3.42E+07 | 0.77 | 1.71 | 229 Not Not
0.26% in torsion observed | observed
o i 1
6 | DYN301 | smooth | O-3%inlift& o stream | 45619 | 3.42E+07 | 0.77 | 1.71 | 219 Not Not
torsion observed | observed
op i 1
7 | EYT101 | turbulent | O3 INNf& o tream | 45619 | 3.42E+07 | 0.77 | 1.71 | 226 Not Not
0.26% in torsion observed | observed
o i 1
8 | DYT102 | turbulent | O-3%0INNift& oo nstream | 45619 | 3.42E+07 | 0.77 | 1.71 | 218 Not Not
torsion observed | observed
SECTION MODEL TESTING with modified frequencies, June 2004
Vmax Flutter Vortex
Prototype Properties at deck | . o induced
. instability | . .
height vibration
NO. Test Flow Damping Walkvyay Mass MMI fv ft mph
Location
Lb/ft | Lb-f*ft | Hz | Hz
o o I
1 | PWU101 | smooth | OA8%inlift& 4 oieam | 45619 | 3.42E+07 | 073 | 0.87 | 231 Not Not
0.6% in torsion observed | observed
op 1
2 | PwD101 | smooth | OAS%Inlift& o tream | 45619 | 3.42E+07 | 0.73 | 0.87 | 230 Not Not
0.6% in torsion observed | observed
o 1
3 | PWD201 | turbulent | 2% Inlift& o tream | 45619 | 3.42E+07 | 0.73 | 0.87 | 239 Not Not
0.6% in torsion observed | observed
o i i
4 | PWU201 | turbulent | OD%Inift& i oeam | 45619 | 3.42E+07 | 0.73 | 0.87 | 239 Not Not
0.6% in torsion observed | observed
- XiX - Alan G. Davenport Wind Engineering Group

MReport: BLWT-SS31-2004




TABLE iv SUMMARY OF RESULTS FROM STATIC TESTS ON INDIAN RIVER
INLET BRIDGE ARCH

Recommended Slope
Value for Design
Crx 0.95
Cry 0.45 ~0
Cwmz 0.07 -0.21
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TABLEv MAGNITUDE OF PRESSURES FOR THE VARIOUS COMPONENTS
OF THE EQUIVALENT STATIC LOAD DISTRIBUTIONS
CORRESPONDING TO A 100-YEAR RETURN PERIOD MEAN
HOURLY WIND SPEED AT ARCH CROWN =110 MPH

Component Magnitude
Mean, Ppean® 30 psf
Quasi-Steady, Pq 15 psf
Symmetric, Py, 40 psf
Anti-Symmetric, Pgntisym 8.5 psf

Alan G. Davenport Wind Engineering Group
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TABLEvi SUMMARY OF FULL BRIDGE AEROELASTIC MODEL TESTS,
INDIAN RIVER INLET BRIDGE
Bridge No. of Flow Conditions Wind Directions | Existing Bridge
Configuration Tests and
Construction
Cranes
Completed 15 Smooth flow, low 0° (along deck), Existing bridge
Bridge turbulent flow, 30° 60°, 90°
hurricane exposure and | (perpendicular to
open country exposure | deck) and 270°
Cantilevered Tie- 11 Smooth flow, hurricane | 0° (along deck), Existing bridge
Beam* exposure and open 30° 60°, 90°
country exposure (perpendicular to
deck) and 270°
Cantilevered 12 Smooth flow, hurricane | 0° (along deck), Existing bridge
Arch* exposure and open 30° 60°, 90° and one
country exposure (perpendicular to | construction
deck) and 270° crane on arch
Bridge Prior to 13 Smooth flow, hurricane | 0° (along deck), Existing bridge

Deck
Completion*

exposure and open
country exposure

30° 60°, 90°
(perpendicular to
deck) and 270°

and two
construction
cranes on deck

* Supporting towers were used at both sides of the bridge in the under-construction stages in the test to

support the arch.
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TABLE vii SUMMARY OF FULL BRIDGE AEROELASTIC MODEL TESTS,
COMPLETED BRIDGE CONFIGURATION
Test Test Flow condition Existing Wind direction Vgeck (Mph) Vortex Peak
File No. bridge (Test angle) Maximum Locations
wind speed
at deck
height
IFA102 1 Bare tunnel floor No Perpendicular to 155 40 ~ 50 mph,
(low turbulent bridge (90°) 80 mph,
flow) 105 mph,
135 mph
ITA201 2 Hurricane profile Yes Perpendicular to 142 40 ~ 50 mph
bridge (90°)
IFA201 3 Hurricane profile No Perpendicular to 141 40 ~ 50 mph
bridge (90°)
IFB201 4 Hurricane profile No 60° to the bridge 141 50 mph
IFC201 5 Hurricane profile No 30° to the bridge 143 N/A
IFD201 6 Hurricane profile No Along the bridge 144 N/A
(0°)
IFE201 7 Hurricane profile No Perpendicular to 141 40 mph
bridge (270°)
IFA301 8 Open Country Yes Perpendicular to 143 40 mph
profile bridge (90°)
IFA302 9 Open Country No Perpendicular to 143 40 mph
profile bridge (90°)
IFB302 10 Open Country No 60° to the bridge 141 N/A
profile
IFC302 11 Open Country No 30° to the bridge 146 N/A
profile
IFD302 12 Open Country No Along the bridge 145 N/A
profile (0°)
IFE302 13 Open Country No Perpendicular to 144 40 mph
profile bridge (270°)
IFA303 14 Open Country No Perpendicular to 144 N/A
Profile (higher bridge (90°)
arch damping)
IFA402 15 Smooth Flow No Perpendicular to 148 45 mph,
(bridge elevated) bridge (90°) 80 mph,
110 mph,
140 mph
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Wind Direction

M,

Wind Direction

FIGURE iii ~SKETCH SHOWING SIGN CONVENTION OF FORCES
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FIGURE iv
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Lift Mode 1 (=0.49 Hz) Lift Mode 2 (=0.73 Hz)

1 1
0.5 \ 0.5
0 T T T T 0

0.2 0.4 0.2 0.4 0.6 0.8
05 05 —e—LiftMode | = |
-1
-1
Torsion Mode 1 (f=0.87 Hz)
1
0.5

—<— Torsion Mode

Drag Mode 1 (f=0.54 Hz) Drag Mode 2 (f=1.0 Hz)

0.5 0.5

0.6

| —%—Drag ode |———

—&— Drag Mode 0.5

FIGURE vi MODE SHAPES USED IN THE EQUIVALENT STATIC LOAD ANALYSIS —
BRIDGE DECK
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EQUIVALENT STATIC LOADS
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DETAILS OF THE STUDY

Project Name: The Indian River Inlet Bridge
Project Location: Indian River Inlet, Delaware.
Project Descriptions: The proposed Indian River Inlet bridge is a tied-arch bridge with a 1000 ft

main span and two side spans of 150 ft. A 23 ft deep arch with a single
plane of suspenders supports the 108-6” wide deck. The deck sections
are composed of precast concrete sections with traffic barrier, rounded
nosing on one side and a cantilevered sidewalk on the other.

Test Dates: Deck Section Model (Dynamic, initial frequencies) — February 2004
Deck Section Model (Static) — February 2004
Arch Section Model (Static) — February 2004
Deck Section Model (Dynamic, revised frequencies) — June 2004
Full Aeroelastic Model, completed bridge — May to June 2004
Full Aeroelastic Model, Construction Stages — September to November

2004
Preliminary Deck Section Model (Dynamic, initial frequencies) — March 2004
Reporting: Deck Section Model (Static) — March 2004

Arch Section Model (Static) — March 2004

Deck Section Model (Dynamic, revised frequencies) — June 2004
Equivalent Static Loads for Bridge Arch — May 2004

Equivalent Static Loads for Bridge Deck — October 2004

Full Aeroelastic Model, completed bridge — May to June 2004

Full Aeroelastic Model, Construction Stages — September to November
2004

Report Scope: The report is organized as follows:

Section 1 — Introduction

Section 2 — The Modeling of the Wind

Section 3 - Section Model Study — Bridge Deck

Section 4 - Equivalent Static Load Analysis for Bridge Deck
Section 5 — Section Model Study — Arch Section

Section 6 — Structural Loads on Arch Rib

Section 7 — Full Aeroelastic Model Study
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1 INTRODUCTION

1.1 General

This report describes the section model and full aeroelastic model studies of the proposed Indian
River Inlet Bridge in Delaware. The proposed bridge is a tied arch with a 1000 ft main span and two side
spans of 150 ft. A 23 ft deep arch with a single plane of suspenders supports the 108'-6” wide deck. The
deck sections are composed of precast concrete sections with traffic barrier, rounded nosing on one side
and a cantilevered sidewalk on the other.

Figure 1.1 shows the bridge and its overall dimensions. General outlines of the deck section and the
supporting arch are shown in Figures 1.2 and 1.3 respectively.

A primary objective of the section model study for the deck section was to investigate the overall
aeroelastic stability in high wind conditions and define the wind speeds associated with possible flutter
instability and vortex shedding induced oscillation within the design criteria for wind. The investigation
also served the purpose to define the dynamic response characteristics of the section to turbulent wind
over a full range of wind speed and to provide information for the design of the overall structure against
wind effects. The main purpose of the section model study for the arch section was to investigate the
extent of the Reynolds number dependency in consideration of its curved surface. The bridge aeroelastic
model was designed and constructed to determine the response characteristics of the bridge to three
dimensional turbulent flow in simulated site wind conditions, over a full range of wind speeds. Four bridge
configurations, including the completed bridge and three under construction stages, were studied in the
aeroelastic model investigation.

Behavior of the 1:80 scale deck section model and the 1:40 scale arch section model were studied in
the 3.4m wide by 2.5m high High-Speed Test Section in the Boundary Layer Wind Tunnel 1l (BLWTII)
located at the Boundary Layer Wind Tunnel Laboratory, the University of Western Ontario. Section model
tests were conducted at the inlet to the test section in both smooth flow and grid-generated turbulent flow
conditions. The 1:150 scale bridge aeroelastic models were tested on the turntable in the Low Speed Test
Section of BLWTII under two wind profiles, a hurricane profile corresponding to a roughness length of
Z,=0.025ft and a typical open country exposure corresponding to a roughness length of Z,=0.1ft. An
additional “smooth flow” test was carried out with the bridge model elevated above the boundary layer of
the tunnel floor in order to identify any potential vortex shedding induced vibration and flutter instability.

1.2 Scope of Report

A wind climate study was carried out for the Indian River Inlet Bridge (see Section 2). The design
probability distribution of surface wind speed and direction was developed on the basis of full scale
meteorological records from nearby weather stations. Monte Carlo simulations of the tropical storms were
also carried out to assess their impact on extreme winds expected to affect the Indian River Bridge.

A rigid section model for the basic deck cross section was designed and constructed at a scale of
1:80. The total length of the model was 7ft. The section model was ballasted to the appropriate scaled
mass and mass moment of inertia of the prototype and mounted on a dynamic test rig. The stiffness of
the model support system was adjusted to simulate the appropriate scaled frequencies of the prototype in
lift and torsion. The model was tested in both smooth and turbulent flow conditions to measure the
response of the deck section (see Section 3).

Information from the static and dynamic section model tests were used in combination with mode
shapes and frequencies to predict the full scale equivalent static loads for the structure (see Section 4).

An arch section model was constructed at a scale of 1:40, which was tested with the static force
balance. Tests were carried out in the same flow fields (smooth and turbulent) as the bridge deck. A
similar range of Reynolds numbers was investigated. In addition, a second series of tests were conducted
to investigate the extent of the Reynolds number dependency because of its curved surface (see
Section 5).
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The structural loads analysis for the arch structure follows the well established procedure for
calculating the response of line-like structures to wind action. The details of this procedure are presented
in Appendix G. Equivalent static loads were then derived based on the overall bending moment at the
base of the arch (see Section 6).

Full aeroelastic models of the bridge were designed and constructed at a geometric scale of 1:150
relative to the prototype. Four bridge configurations, including the completed bridge and three under
construction stages, were studied. The models were tested for representative site wind conditions (see
Section 7). Two typical upstream terrain conditions, a hurricane exposure and an open country exposure,
were used in the tests. Measurements of bridge responses were taken at five different wind angles of 0°,
30° 60° 90° and 270°. The 90° wind denotes the pedestrian walkway upstream. The wind characteristics
generated in the wind tunnel are considered to be good representation of the wind conditions at the
bridge site. In addition, tests were also conducted at 90° wind with the existing bridge upwind to assess its
effect on the proposed Indian River Bridge. An additional “smooth flow” test was carried out with the
bridge model elevated above the boundary layer of the tunnel floor in order to identify any potential vortex
shedding induced vibration and flutter instability.

Presented in this report are results from:
o the results of the meteorological study;
e the static section model tests of the bridge deck (the static force coefficients);

e the dynamic section model tests of the bridge deck (response to vortex shedding and flutter
instability in smooth flow, and buffeting responses in turbulent flow);

¢ the equivalent static loads of the bridge deck;

e the static section model tests of the arch section (the static force coefficients and their variations
with Reynolds number);

e the equivalent static loads of the arch section;

o the bridge aeroelastic model tests for four bridge configurations, including the completed bridge
and three under construction stages.
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2 THE MODELLING OF THE SITE AND THE WIND

2.1 Introduction

This report presents the findings of a study carried out to evaluate the statistical wind climate for the
Indian River Inlet Bridge. This is a companion study to the wind tunnel investigations in support of the
design for the Bridge. Wind tunnel model studies provide information on wind forces and different
measures of the bridge performance during wind events for which the speed and the direction of the
approach wind are known. The wind climate provides a statistical prediction of the combinations of wind
speed and wind direction which are expected at the bridge site. This information is then used to put the
wind tunnel findings into context and to assess the risk of exceeding different levels of the bridge
response during its design lifetime and beyond.

A statistical model of the wind climate can be determined from historical records of previously-
observed wind speed and wind directions at particular weather stations. The locations of these weather
stations should be such that the observed winds can be reliably related to those at the site of interest.
Figure 2.1 shows the location of the bridge and the locations of the three principal nearby weather
stations. These are weather stations at Atlantic City, NJ, Wallops Island, VA and Dover AFB in Delaware.
Surface wind-speed observations are typically made at 10 m above local ground in open-country type
exposures at these airports. These sites are usually free of the influence of the local terrain roughness
and provide representative measures of wind speed and wind direction for the region.

The study also includes Monte Carlo computer simulations of tropical storms and assesses their
impact on extreme winds expected to affect the Indian River Inlet Bridge in the future. The findings of the
Monte Carlo simulations show that extreme winds in the Indian River Inlet area are expected to result due
to hurricanes rather than extratropical storms. This diminishes the importance of historical records of
surface wind data. Typical record lengths of such observations are not long enough to predict future
hurricane events; hence the reliance on Monte Carlo simulations to assess hurricane risk. With the
importance of surface data diminished, the detailed reconciliation of data at the Atlantic City, Wallops
Island and Dover AFB anemometers becomes less important, except for commonly-occurring winds.

2.2 Analysis of Surface Wind Data

While the directional characteristics of surface data tend to be biased by local topographic
differences, they are usually recorded much more frequently (8-24 readings per day) than upper-level
measurements and hence offer better statistical estimates. An appropriate average conversion factor,
relating mean surface and gradient wind speeds, can usually be estimated for sites with an open
exposure (i.e. airports). The bases for such conversion factors are the power law (see Appendix A of
Reference 1) and established values for the power law exponent and gradient height. Thus, the overall
speed predictions arising from surface data are generally better than their directional characteristics.

Surface wind speed and wind direction data for Atlantic City, NJ, Wallops Island, VA and Dover AFB
in Delaware were obtained as time histories of wind speed and direction. A location map for the various
sites is shown in Figure 2.1. The time histories of wind speed and direction were processed to remove
any data associated with known historical tropical storms in the area and then formed into monthly and
annual frequency histograms of wind speed versus wind direction. The annual and seasonal frequency
histograms were analyzed using the methodology outlined in Reference 1.

The main characteristics of the surface wind climate for Dover AFB are summarized in Figures 2.2
and 2.3. Figure 2.2 shows the shows the annual probability distribution of the mean hourly wind speed
and wind direction at the surface (10m) level. The radial distance to a probability contour for a particular
wind direction indicates the wind speed which is exceeded with that probability level within a sector of
22.5°. The innermost contour indicates the directional variation of common wind speeds (exceeded an
average of 1% of the time from each azimuth sector) and is comparable to a conventional wind rose. The
shape of the outermost contour indicates the directional preferences of extreme winds. The data
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presented in Figure 2.2 indicate a directional preference of strong winds at the airport site from the
northwest quadrant with a secondary lobe from the east.

Seasonal probability distributions are presented in Figure 2.3 (Winter season is the combined months
of December, January and February). Summer is the least windy period with maximum winds most likely
in the spring and winter. The directional characteristics of the wind climate do not change significantly
with season.

Similar plots for the Atlantic City and Wallops Island sites are shown in Figures 2.4 through 2.7. Both
of these stations show a directional preference of strong winds from the northwest and northeast sectors.

The directional characteristics of the surface wind climates are further illustrated in Figure 2.8 through
2.13. These diagrams shows the relative contribution of particular azimuth sectors to the exceedance of
wind speeds associated with different recurrence frequencies. Data here are presented for average
occurrence rates ranging from once per week through once per 500 years. Extreme winds are
predominant from the northeast and northwest sectors.

The overall strength of the wind climate can be ascertained from the prediction of the hourly mean
wind speed expected for a given return period, regardless of wind direction. The hourly-mean wind
speeds predicted for various return periods at these stations, at a 10 m reference height in open-country
exposure, are summarized in Figure 2.14

Also shown in Figure 2.14 is the nominal ASCE 7-98 [2] surface (over land) hourly mean wind speed.
It is important to note that the current approach of the ASCE 7-98 is to predict 500-year wind speed and
to reduce this by the square-root of the load factor to arrive at the “basic” wind speed. The basic wind
speed is no longer directly associated with a 50-year return period.

The parent surface wind climate models were extrapolated to gradient height using the ASCE 7-98
Exposure ‘D’ power-law relationship (i.e. a factor of 1.4). Predicted hourly-mean wind speeds for various
return periods are shown in Figure 2.14 by the group of curves labelled as ‘Gradient’.

2.3 Monte Carlo Simulation of Hurricane Winds

Historical wind records at a particular weather station are insufficient to reliably predict extreme wind
speeds which may be expected due to future hurricane passages. Typically weather data are available for
station records of 20 to 40 years and are unlikely to capture a significant number of hurricane events
during the recording life of the station. The approach used to overcome this difficulty is to determine the
statistical parameters of tropical storms for the project area and to use a Monte Carlo simulation of
hurricane events over a period of 100,000 years so that a statistically meaningful sample of extreme
winds at the project site can be examined. The average annual occurrence rate of these storms in the
Indian River Inlet area is approximately 0.37. That is, on average, the area experiences one storm every
three years. Depending on the storm track and the translation velocity, the duration of each storm
passage may be 1 to 2 days. The procedures followed in such Monte Carlo simulations at the BLWTL
are described elsewhere (Refs. 1 and 3).

Figure 2.15 shows the tracks of all tropical storms which have passed within 250 km of Indian River
Inlet within the 1886 to 2000 period. Tropical storms are labelled as hurricanes when the one-minute
sustained wind speed at 10 m above the water surface exceeds 64 knots anywhere within the storm
system. The portions of tropical storm tracks with a sustained one-minute wind speed in excess of 64
knots (i.e. hurricane strength) are shown in Figure 2.16. The portions of tropical storms tracks which have
reached tropical-storm strength are shown in Figure 2.17. In the northern hemisphere, the maximum wind
speeds within a hurricane storm cell are to the right of the track which traces the movement of the eye of
the hurricane. From Figure 2.16 it is clear that the majority of past hurricanes have passed to the south
and the east of the bridge site and the corresponding maximum winds would have been experienced over
water. This is fortuitous.
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2.4 Design Wind Climate for Bridge Site

In addition to selecting a full-scale wind speed which is unaffected by the local terrain, it is also
important that this reference value can be related to wind speeds in the wind tunnel model simulation.
This matching of model and full-scale reference speeds is essential in order to permit the transfer of wind-
tunnel data to full scale. For this reason, two reference levels for the final design wind climate models
were chosen to be the deck height (i.e. 55 feet or 16.8 m above water level) and the top of the bridge arch
(i.e. 274 feet or 83.5 m above water level). The choice of these reference levels is consistent with state-
of-the-art wind tunnel modelling techniques and properly relates model and full-scale values.

The variation of wind speed with height (from the surface upwards) has been modeled using a
logarithmic profile law, which is valid in the lower ~100m of the boundary layer. The variation of the
hourly-mean wind speed with height is given as:

In(z/z,)

Uz)=Uyyg——>~
(2)=Uso In(10/z,)

where U(z) is the hourly-mean wind speed at height z, Uy is the hourly-mean wind speed at a height of

10m above the surface and z, is the aerodynamic surface roughness length, which is normally assigned

a value of 0.03 m for smooth open terrain (typical of an airport).

The hurricane wind speeds are given for the case of the wind blowing over the water, and thus the
surface roughness parameter, z, varies with the mean wind speed. The variation of the roughness

length with wind speed is modeled through the following:

z, =10.0xexp(-0.4/,Cy)
C4 =(1.026 x 0.05366U,,) x10°

Figure 2.18 shows the probability distribution of wind speeds and directions at the 274 ft (83.5 m)
level for Indian River Inlet area obtained from the Monte Carlo simulation of hurricane passages over a
simulation period of 100,000 years. The characteristics of these hurricanes, including the central
pressure, the translational speed, the track angle and the distance to the maximum wind speed are
described by their statistical properties, as determined from tropical storms passing within 250 km of the
bridge site (see Figure 2.15).

Relative importance factors for the hurricane wind climate model are shown in Figure 2.19. Strong
winds during hurricane events are equally likely to come from any wind direction with a slight preference
to the northeast sector. This is consistent with the observation that the majority of hurricane tracks pass
to the southeast of the site, thus locating Indian River Inlet on the ‘weaker’ side of the eye wall.

Predictions of the hourly-mean wind speed for winds blowing over water at various heights,
regardless of wind direction, are shown in Figure 2.20. Predicted hourly-mean wind speeds at various
heights above water for wind blowing over water are also presented in Table 2.1.

The prediction of extreme winds likely to be seen by the bridge does not rely on a reconciliation of the
directional characteristics of the surface non-hurricane wind data. Extreme winds in the Indian River Inlet
area are expected to result due to tropical rather than extratropical storms.
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TABLE 2.1 PREDICTED HOURLY-MEAN WIND SPEEDS AT VARIOUS
HEIGHTS FOR WINDS BLOWING OVER WATER

Standard
Arch Height (274 ft) Deck Height (55 ft) Anemometer Height
Return Period (33 ft)

(Years)

m/s mph | mph* | m/s mph | mph* m/s mph | mph*

50 43.1 96 147 35.9 80 122 33.6 75 114

100 49.1 110 167 40.7 91 138 38.0 85 129

500 60.4 135 205 49.5 111 168 46.0 103 156

1000 63.8 143 217 52.1 117 177 48.4 108 165

5000 70.5 158 240 57.7 129 196 53.4 119 182

10000 72.6 162 247 58.8 132 200 54.5 122 185

Note: mph* - equivalent 3-second gust speed (mph)
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ANNUAL

Radial distances indicate wind speed in m/s 5 R 0

A point along the innermost contour represents the wind speed exceeded on average 1%
of the time within a 22.5 degree sector centred on that direction. Other contours represent
probability levels of 0.1%, 0.01%, 0.001% and 0.0001%, respectively.

Dover AFB - Surface

FIGURE 2.2 ANNUAL PROBABILITY DISTRIBUTION OF SURFACE HOURLY-MEAN
WIND SPEED AND WIND DIRECTION — DOVER AFB, DELAWARE (1942-
2003)
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SPRING SUMMER

AUTUMN WINTER

Radial distances indicate wind speed in m/s 0 o 20
A point along the innermost contour represents the wind speed exceeded on average 1%
of the time within a 22.5 degree sector centred on that direction. Other contours represent
probability levels of 0.1%, 0.01%, 0.001% and 0.0001%, respectively.

Dover AFB - Surface

FIGURE 2.3 SEASONAL PROBABILITY DISTRIBUTION OF SURFACE HOURLY-MEAN
WIND SPEED AND WIND DIRECTION — DOVER AFB, DELAWARE (1942-
2003)
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ANNUAL

Radial distances indicate wind speed in m/s 5 R 0

A point along the innermost contour represents the wind speed exceeded on average 1%
of the time within a 22.5 degree sector centred on that direction. Other contours represent
probability levels of 0.1%, 0.01%, 0.001% and 0.0001%, respectively.

Atlantic City - Surface

FIGURE 2.4 ANNUAL PROBABILITY DISTRIBUTION OF SURFACE HOURLY-MEAN
WIND SPEED AND WIND DIRECTION — ATLANTIC CITY, NEW JERSEY
(1958-1999)
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SPRING SUMMER

AUTUMN WINTER

Radial distances indicate wind speed in m/s 0 0 20
A point along the innermost contour represents the wind speed exceeded on average 1%
of the time within a 22.5 degree sector centred on that direction. Other contours represent
probability levels of 0.1%, 0.01%, 0.001% and 0.0001%, respectively.

Atlantic City - Surface

FIGURE 2.5 SEASONAL PROBABILITY DISTRIBUTION OF SURFACE HOURLY-MEAN
WIND SPEED AND WIND DIRECTION — ATLANTIC CITY, NEW JERSEY
(1958-1999)
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ANNUAL

Radial distances indicate wind speed in m/s 5 R 0

A point along the innermost contour represents the wind speed exceeded on average 1%
of the time within a 22.5 degree sector centred on that direction. Other contours represent
probability levels of 0.1%, 0.01%, 0.001% and 0.0001%, respectively.

Wallops Island - Surface

FIGURE 2.6 ANNUAL PROBABILITY DISTRIBUTION OF SURFACE HOURLY-MEAN
WIND SPEED AND WIND DIRECTION — WALLOPS ISLAND, VIRGINIA (1966-
1996)
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SPRING SUMMER

AUTUMN WINTER

Radial distances indicate wind speed in m/s 0 0 20
A point along the innermost contour represents the wind speed exceeded on average 1%
of the time within a 22.5 degree sector centred on that direction. Other contours represent
probability levels of 0.1%, 0.01%, 0.001% and 0.0001%, respectively.

Wallops Island - Surface

FIGURE 2.7 SEASONAL PROBABILITY DISTRIBUTION OF SURFACE HOURLY-MEAN
WIND SPEED AND WIND DIRECTION — WALLOPS ISLAND, VIRGINIA
(1966-1996)
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WIND SPEEDS WITH DIFFERENT RECURRENCE INTERVALS, DOVER AFB, DELAWARE (1942-

FIGURE 2.8 ANNUAL RELATIVE IMPORTANCE FACTORS FOR VARIOUS WIND DIRECTIONS AND MAXIMUM
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"All Storms" - Indian River (1886-2000)

79 -78 77 -76 -75 74 -73 -72

FIGURE 2.15 TROPICAL STORMS PASSING WITHIN A 250 KM RADIUS OF INDIAN RIVER
INLET BRIDGE FOR THE RECORD PERIOD 1886-2000 — ALL STORMS CASE
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"Hurricane Strength” - Indian River (1886-2000)
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FIGURE 2.16 TROPICAL STORMS PASSING WITHIN A 250 KM RADIUS OF INDIAN RIVER

INLET BRIDGE FOR THE RECORD PERIOD 1886-2000 - STORM SEQUENCES
REACHING “HURRICANE” STAGE (V>33m/s)
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"Tropical Storm Strength” - Indian River (1886-2000)

EXPOSURE 1

FIGURE 2.17 TROPICAL STORMS PASSING WITHIN A 250 KM RADIUS OF INDIAN RIVER
INLET BRIDGE FOR THE RECORD PERIOD 1886-2000 — STORM SEQUENCES
REACHING “TROPICAL STORM” STAGE (V<33m/s)
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7
LL

ANNUAL

Radial distances indicate wind speed in m/s 5 0 80

A point along the innermost contour represents the wind speed exceeded on average 1%
of the time within a 22.5 degree sector centred on that direction. Other contours represent
probability levels of 0.1%, 0.01%, 0.001% and 0.0001%, respectively.

Hurricane Climate at 274 ft Level

FIGURE 2.18 ANNUAL PROBABILITY DISTRIBUTION OF HOURLY-MEAN WIND SPEED AND
WIND DIRECTION AT 83.5 m (274 ft) ABOVE WATER LEVEL FOR INDIAN RIVER
INLET OBTAINED FROM MONTE CARLO SIMULATION OVER 100,000 YEARS
(37,150 STORMS)
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3 SECTION MODEL STUDY — BRIDGE DECK

3.1 General

This section examines the behavior of the Indian River Inlet Bridge under the action of wind using the
section model approach.

The bridge was studied using the section model technique at the inlet to the High Speed Section of
the Boundary Layer Wind Tunnel Il. Testing of the deck section model was conducted under the action of
both grid-generated turbulence and uniform flow conditions for comparative purposes. The grid was
designed to model the high frequency end of the full scale wind spectrum, critical for the definition of
resonant response of the bridge section.

The 7 ft long section model corresponds to a 560 ft long section of the full scale deck at a prototype
scale of 1 to 80. A typical section model test setup is shown in Figure 3.1. The turbulence generating grid
at the inlet of the wind tunnel can be seen in the background. Close-up views of the model and
instrumentation set-up are shown in Figure 3.2.

A summary of the similitude requirements for the design of the basic deck section model is shown in
Table 3.1. Further details concerning the design of section model and the approach to testing can be
found in Appendix A.

Full scale dynamic properties of the basic deck section were provided by Figg Bridge Engineers, Inc.
and are given in Table 3.2. The frequencies associated with the fundamental vertical and torsional
symmetrical modes of vibration for the bridge deck were selected as the frequencies to be simulated in
the section model tests. These two modes of vibration are expected to provide the highest likelihood of a
coupled type of flutter instability. During the test, the model was matched to the scaled mass and mass
moment of inertia properties of the bridge deck section. The scaled model properties are also presented
in Table 3.2.

3.2 Dynamic Response Testing

3.2.1 General

The section model was mounted on soft springs with adjustable pneumatic dashpots permitting the
simulation of the vertical and torsional frequencies of vibration. The sprung model was ballasted with
additional mass to represent the dynamically scaled mass and mass moment of inertia.

Historically, the development of section model testing was done in aeronautical wind tunnels in
smooth, uniform flow and included testing under conditions of inclined mean flow in an attempt to handle
the fluctuating component of turbulence. The use of turbulent flow in the test procedure generally makes it
unnecessary to consider the effect of wind inclination in dynamic tests unless the bridge is situated in
extreme topography where inclined mean wind conditions may exist.

The dynamic section model tests of the bridge deck were performed in two sequences. The Initial
properties of the bridge provided by the Engineers, were used in the first series of tests with a torsional to
vertical frequency ratio of 2.22. The second series of tests were conducted after the structural design of
the bridge was modified and revised dynamic properties of the bridge were provided. The modified
dynamic properties included a torsional to vertical frequency ratio of 1.19.

The section model of the deck was tested in both smooth and turbulent flows at 0° angle of incidence
for a nominal structural damping of 0.5% of critical. A ‘low damping’ case was also investigated. Table 3.3
summarizes the test conditions and parameters as well as the corresponding test numbers in the test
program.
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3.2.2 Modeling of Wind

Turbulence in the wind tunnel was generated by a grid placed upstream of the model. The grid used
in this study has a bar size of 2" in width and a spacing of 10" from center to center, which provides a
reasonable representation of the natural wind energy levels at the frequency range of interest in the full
scale wind spectrum. The vertical l,, and horizontal |, turbulence intensities generated using this grid are
about 0.04 and 0.05 respectively. Turbulence developed using the fixed grid technique is normally lacking
sufficient energy in the low frequency - large scale range to match full scale, resulting in an overall lower
turbulence intensity than that expected at the site. The energy in the high frequency end of the spectrum,
however, is well modeled using this grid, which is critical for the definition of resonant response and the
overall behavior of the structure in turbulent wind. Measured turbulence spectra in the wind tunnel and
that suggested by ESDU (z, =0.025ft) is presented in Figure 3.4. This value of z, corresponds roughly to

ASCE terrain category C and is appropriate for this location.

3.2.3 Dynamic Bridge Response

The extreme mass and exceptional stiffness of the Indian River Bridge structural system makes it
very difficult to provide a “well conditioned” experiment, where the entire wind speed range of the wind
tunnel is utilized. Prototype bridges with high natural frequencies require models and test rigs with high
stiffnress and high sprung natural frequencies. This, in general, is not possible with traditional test
equipment which is designed for the natural frequencies and mass conditions associated with most cable
stayed and suspension bridges. Consequently, test wind speeds associated with common winds are low,
small responses are observed and the resolution of instrumentation becomes problematic.

Tests for the Indian River Inlet Bridge deck section were performed in smooth flow to assess its
aerodynamic characteristics and any tendency to instability with regard to both vortex induced vibration
and flutter. The turbulence intensity in the smooth flow was below 0.5%. In addition, the test in turbulent
flow was carried out to assess the effect of turbulent buffeting.

All results from the dynamic section model tests are presented in graphical form in Appendix B. The
peak response was formed from a peak factor times the root-mean-square (RMS) response. Thus, the
total response is equal to the mean, plus or minus the peak. The peak shown in the plots is formed from
the RMS multiplied by an appropriate peak factor. In plotting, for the range of wind speeds where the
model is stable, the peak shown is formed from the RMS multiplied by a statistical peak factor of 3.5.

Ymax = yi 9 - Yrms

where g is the peak factor and y, ..,y and ygys are the maximum, mean and root mean square (RMS)
response.

The peak factor during instability decreases to a value approaching 1.4 or \/5 (i.e. 1/(RMS) of a
sinusoidal signal with amplitude of 1.0). Thus, for the range of wind speeds where the model has shown
either a large vortex shedding peak or flutter instability, the actual peak factor calculated from the test for
the corresponding wind speed is used to obtain the peak shown in the plot. Otherwise, the use of a
constant peak factor of 3.5 would tend to overestimate the peak response in the region of the instability.
Rotations and full scale displacements in these plots have been plotted against the full scale mean wind
speed at deck height in mph. Full scale displacements were obtained from the measured model
displacements and converted using the geometric length scaling of 1:80. Rotations need no such scaling.
The full scale and model frequencies have been used to determine the conversion factors from model
scale velocity to full scale wind speed through the following relationship:

f 1
Vi scate = Vimodel (%)(A_j
model L

where (1/ /1L)= 80, the geometric scale of the model and f is the natural frequency of either the vertical or
torsional mode of vibration.
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In section model testing, the onset of a “Flutter Instability” can be defined as when the character of
the response changes from a random type motion to that of a regular, sinusoidal motion, involving either
pure torsional or a coupled vertical-torsional vibration. This can be clearly identified through an
examination of the “peak factor” which is defined as the ratio of the largest observed reading during the
sample period to the Root Mean Square (RMS) of the sample. A random signal has peak factors in the 3-

4 range, while a sinusoid has a peak factor of J2 or 1.41. For the purpose of this investigation, a peak
factor of less than 2 was selected as the governing criteria. A discussion of the peak factor with respect to
its use in determining conditions of flutter instability is contained in Appendix D.

During the first series of dynamic testing of the deck section model, no significant motions in either lift
or torsion were observed. The mass of the bridge deck is particularly large, while maintaining a relatively
small radius of gyration. Typical bridge decks exhibit a radius of gyration to deck width ratio of 0.3 to 0.35,
but due to the relatively heavy centrally located tie beam, this ratio is of the order of 0.25, which in
combination with the high torsional stiffness of the deck, results in a high natural frequency in torsion
(1.71 Hz). The vertical modes of vibration are largely governed by the large contribution to the overall
stiffness by the arch and are also comparatively high for a bridge of this span (0.77 Hz). The wind speeds
for flutter instability are generally proportional to the torsional natural frequency and given the relatively
high frequency and high frequency ratio, this was not expected to occur within practical wind speeds.

The second series of tests test was carried out after the bridge structural properties were modified,
resulting in a frequency of the first symmetric lift mode of 0.73Hz and the first symmetric torsional mode of
0.87Hz. This yields a torsional to lift frequency ratio of 1.19, which was significantly lower than the value
of 2.22 used in the first series of tests. Ordinarily, a frequency ratio this low would be of some concern for
coupled instability, however, the high frequency in general, indicates that any instability would be likely
only at very high wind speeds. The mass and mass moment of inertia of the model were the same as in
the first series of tests.

The plots in Appendix B indicate that the maximum vertical displacement from both series of tests is
well below 0.5 feet. The maximum rotation from the first series of tests is less than 0.1 degrees, and the
maximum rotation from the second series is only marginally larger at 0.3 degree. Therefore, no instability
or significant buffeting response is likely for the bridge.

3.3 Static Response Testing — Bridge Deck

The model was mounted on the BLWTL Bridge 3-component balance, which is capable of measuring
the total forces on the section (X and Z body forces as well as the moment). Tests were performed
adjusting the model inclination relative to the mean wind flow. The sign convention for the definition of the
force coefficients is given in Figure 3.5.

A typical force coefficient is defined as follows:

in which C is an aerodynamic coefficient, F is the mean aerodynamic force per unit span length,
q-= %,ov2 is the mean wind velocity pressure at deck level, p is the density of air (0.00238 slugs/ft®), V is
the mean wind velocity at deck level in ft/s, and B is the bridge deck width. The subscripts x,z refer to the
X and Z body force components respectively.

The moment coefficient is defined:

Tests were carried out in both smooth flow (l,= 0.5%) and grid generated turbulent flow (I,= 7%) for
angles of mean vertical inclination between -12 to +12 degrees in 1 degree increments. The tests were
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repeated for three different wind speeds to investigate a potential for Reynolds Number effects. A
velocity-weighted average was performed using the measurements at the three wind speeds. Due to the
asymmetry of the deck, two wind directions were tested and are denoted as sidewalk upstream and
sidewalk downstream.

The static aerodynamic coefficients from all tests of the section model are summarized in Tables 3.4
to 3.7. The corresponding curves of force coefficient vs. angle of attack are shown in Figures 3.6 and 3.7
for sidewalk upstream and downstream respectively. A complete data set of the force coefficients as well
as the slopes of the Z and torsional forces (based upon the angle of attack in radians) is given in
Appendix C.

The coefficients are normalized by deck width to make comparisons with other structures more
meaningful. Should the results be desired on a projected area to the wind basis, as is sometimes the
case, the C,, coefficients should be multiplied by the ratio of deck width to overall section height (for
example, 110.5/14=7.9), and for C,, by the square of this value ((110.5/14)*=62.3). The centre of
measurement of the forces was at 6.5 ft below the upper surface of the tie beam on the tie beam
centerline.

There are no significant differences observed between the smooth and turbulent flow test results for
any of the coefficients at small angles of attack for either wind direction. For the sidewalk upstream case,
the coefficients differ for the two flow conditions at high negative angles of attack. The coefficients show
that there a positive slope in the aerodynamic lift and torsional force coefficient curve for small angles
attack, which is indicative of good stability characteristics. This observation is consistent with the results
of the dynamic tests.
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TABLE 3.1 SECTION MODEL SCALING PARAMETERS

PARAMETER SIMILITUDE VALUE
REQUIREMENT
Length* AL =Lm/Lp 0.0125
Density Ap = pm/pp 1.0
Velocity (refer to Table 2.2) A =Vm/Vp = AL fm/fp 0.0609
Mass per Unit Length Am = iplf 1.56E-04
Mass M = ﬂpﬂf 1.95E-06
Mass Moment of Inertia per Unit Length di = ﬂm/lf 2.44E-08
Mass Moment of Inertia Al = M ’15 3.05E-10
Time AT =Tm/Tp = AL/ AV 0.205
Damping A =<¢m/¢p 1.0

* Length Scale 1: 80
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TABLE 3.2 FULL SCALE AND MODEL SCALE PROPERTIES FOR THE BASIC

DECK SECTION

PROTOTYPE MODEL
Characteristic Length B
110.6 ft 1.38 ft
Mass
lift 45.6 kip/ft 7.13 Ib/ft
torque 34.2E+03 kip-ft’/ft .835 Ib-ft’/ft
Frequency
lift 0.77 Hz 3.75Hz
torque 1.71Hz 8.26 Hz
fi/fy 2.22 2.20
Stiffness
lift 33.2 kip/ft/ft 860 Ib/ft
torque 2140 kip-ft/ft/degree 8.54 Ib-ft/degree
Damping (% of critical)
lift ~0.7% ~0.1% and 0.5%
torque ~0.7% ~ 0.2% and 0.5%

Velocity Scaling:

Vertical:

Torsional:

Average:

Vo, (B), 3751 1
, (B), 07780 164

Vp (B), 17180 16.6
\/—m = (—1 + 1 j. 0 5 = —1
vV, (164 16.6 16.5
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TABLE 3.3 RESULTS OF DYNAMIC SECTION MODEL TESTS

Indian River Inlet Bridge, Dynamic Section Model Test Result Summary, 0 Degrees Angle of Attack

SECTION MODEL TESTING with initial frequencies, February 2004

Vmax Flutter Vortex
Prototype Properties * at deck instabilit induced
height Y| vibration
NO. Test Flow Damping \(Valkvyay Mass MMI fv ft mph
ocation
Lb/ft | Lb-f*/ft | Hz | Hz
0.1% in lift & Not Not
1 EYT301 smooth 0.26% in torsion upstream 45619 | 3.42E+07 | 0.77 | 1.71 220 observed | observed
0.5% in lift & Not Not
2 DYN101 | smooth torsion upstream 45619 | 3.42E+07 | 0.77 | 1.71 202 observed | observed
0.1% in lift & Not Not
3 EYT201 | turbulent 0.26% in torsion upstream 45619 | 3.42E+07 | 0.77 | 1.71 219 observed | observed
o i I
4 | DYT101 | turbulent | 0% nNift& o ream | 45619 | 3.42E407 | 0.77 | 1.71 | 218 Not Not
torsion observed | observed
o i 1
5 | EYN1O1 | smooth |  OQA%Inlift& o iream | 45619 | 3.42E+07 | 0.77 | 1.71 | 229 Not Not
0.26% in torsion observed | observed
o i I
6 | DYN301 | smooth | O-3%inlift& o tream | 45619 | 3.42E+07 | 0.77 | 1.71 | 219 Not Not
torsion observed | observed
op i 1
7 | EYT101 | turbulent | Q3% INNf& o tream | 45619 | 3.42E+07 | 0.77 | 1.71 | 226 Not Not
0.26% in torsion observed | observed
o i 1
8 | DYT102 | turbulent | O-3%0INNft& o nstream | 45619 | 3.42E+07 | 0.77 | 1.71 | 218 Not Not
torsion observed | observed
SECTION MODEL TESTING with modified frequencies, June 2004
Vmax Flutter Vortex
Prototype Properties * at deck instabilit induced
height Y | vibration
NO. Test Flow Damping Walkvyay Mass MMI fv ft mph
Location
Lb/ft | Lb-f*ft | Hz | Hz
o o
1 | PWU101 | smooth | OA8%iInlift& 4 oicam | 45619 | 3.42E+07 | 073 | 0.87 | 231 Not Not
0.6% in torsion observed | observed
o 1
2 | PwD101 | smooth | OQAS%Inlift& o tream | 45619 | 3.42E+07 | 0.73 | 0.87 | 230 Not Not
0.6% in torsion observed | observed
o 1
3 | PwD201 | turbulent | O:2%Inift& o tream | 45619 | 3.42E+07 | 0.73 | 0.87 | 239 Not Not
0.6% in torsion observed | observed
o i
4 | PWU201 | turbulent | O:D%inlift& i oeam | 45619 | 3.42E+07 | 0.73 | 0.87 | 239 Not Not
0.6% in torsion observed | observed

* Typical properties supplied by the Engineers (actual properties vary along span and with arch
coordinate). Mass and structural properties of the deck changed during the course of the study due to

evolving design of the bridge. Model design values reflect the prototype properties at the time of the

model test.
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TABLE 3.4 STATIC FORCE COEFFICIENTS, SIDEWALK UPSTREAM,
SMOOTH FLOW

Angle of
Attack Cx Cz Cm
-12 0.058 -1.185 -0.141
-11 0.048 -1.188 -0.153
-10 0.031 -1.235 -0.178
-9 0.011 -1.281 -0.209
-8 -0.013 -1.324 -0.250
-7 -0.010 -1.234 -0.243
-6 0.004 -1.102 -0.214
-5 0.019 -0.969 -0.178
-4 0.031 -0.827 -0.139
-3 0.047 -0.686 -0.099
-2 0.059 -0.545 -0.062
-1 0.068 -0.404 -0.025
0 0.072 -0.258 0.010
1 0.073 -0.117 0.041
2 0.073 0.039 0.071
3 0.072 0.201 0.091
4 0.074 0.309 0.097
5 0.078 0.373 0.098
6 0.082 0.406 0.099
7 0.085 0.428 0.101
8 0.088 0.442 0.102
9 0.092 0.474 0.105
10 0.095 0.550 0.113
11 0.098 0.579 0.117
12 0.101 0.598 0.120
Slope of Cz Curve = 8.34
Slope of Cm Curve = 1.91

Czat0°= -0.258

Cxat0°= 0.072

Cmat0°= 0.010

MReport: BLWT-SS31-2004

- XXXViii -

Alan G. Davenport Wind Engineering Group



TABLE 3.5 STATIC FORCE COEFFICIENTS, SIDEWALK UPSTREAM,
TURBULENT FLOW

Angle of
Attack Cx Cz Cm
-12 0.005 -1.449 -0.231
-11 -0.008 -1.459 -0.251
-10 -0.020 -1.452 -0.271
-9 -0.023 -1.401 -0.276
-8 -0.016 -1.312 -0.263
-7 -0.005 -1.203 -0.240
-6 0.007 -1.081 -0.209
-5 0.019 -0.953 -0.174
-4 0.033 -0.823 -0.138
-3 0.047 -0.682 -0.100
-2 0.060 -0.547 -0.064
-1 0.069 -0.415 -0.029
0 0.075 -0.279 0.005
1 0.078 -0.148 0.037
2 0.081 -0.020 0.067
3 0.082 0.113 0.094
4 0.081 0.244 0.116
5 0.079 0.360 0.128
6 0.079 0.455 0.134
7 0.079 0.520 0.135
8 0.081 0.561 0.133
9 0.083 0.585 0.131
10 0.085 0.599 0.128
11 0.087 0.604 0.126
12 0.089 0.612 0.124
Slope of Cz Curve = 7.57
Slope of Cm Curve = 1.87

Czat0°= -0.279

Cxat0°= 0.075

Cmat0°= 0.005
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TABLE 3.6 STATIC FORCE COEFFICIENTS, SIDEWALK DOWNSTREAM,
SMOOTH FLOW

Angle of
Attack Cx Cz Cm
-12 -0.151 -1.546 -0.222
-11 -0.135 -1.473 -0.209
-10 -0.108 -1.388 -0.191
-9 -0.081 -1.300 -0.171
-8 -0.055 -1.206 -0.151
-7 -0.029 -1.111 -0.130
-6 -0.006 -1.014 -0.109
-5 0.015 -0.914 -0.087
-4 0.033 -0.813 -0.067
-3 0.048 -0.702 -0.045
-2 0.061 -0.586 -0.023
-1 0.070 -0.475 -0.004
0 0.076 -0.362 0.015
1 0.079 -0.248 0.033
2 0.081 -0.136 0.048
3 0.081 -0.020 0.061
4 0.080 0.089 0.069
5 0.079 0.192 0.073
6 0.078 0.281 0.072
7 0.078 0.351 0.070
8 0.078 0.397 0.067
9 0.079 0.426 0.064
10 0.079 0.443 0.060
11 0.080 0.461 0.057
12 0.080 0.473 0.055

Slope of Cz Curve =
Slope of Cm Curve
Czat0°
Cx at0°
Cm at 0°

6.46
1.02
-0.362
0.076
0.015
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TABLE 3.7 STATIC FORCE COEFFICIENTS, SIDEWALK DOWNSTREAM,
TURBULENT FLOW

Angle of
Attack Cx Cz Cm
-12 -0.154 -1.517 -0.224
-11 -0.138 -1.473 -0.214
-10 -0.112 -1.403 -0.198
-9 -0.086 -1.328 -0.180
-8 -0.060 -1.245 -0.160
-7 -0.036 -1.156 -0.138
-6 -0.012 -1.060 -0.116
-5 0.010 -0.962 -0.094
-4 0.029 -0.860 -0.072
-3 0.046 -0.748 -0.050
-2 0.059 -0.633 -0.029
-1 0.068 -0.515 -0.008
0 0.075 -0.396 0.012
1 0.078 -0.273 0.030
2 0.078 -0.144 0.043
3 0.076 -0.002 0.050
4 0.075 0.105 0.048
5 0.077 0.184 0.046
6 0.079 0.235 0.045
7 0.082 0.267 0.045
8 0.084 0.302 0.046
9 0.085 0.371 0.048
10 0.087 0.373 0.051
11 0.092 0.333 0.054
12 0.093 0.342 0.056
Slope of Cz Curve = 6.99
Slope of Cm Curve = 1.04

Czat0°= -0.396

Cxat0°= 0.075

Cmat0°= 0.012
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b) SMOOTH FLOW

FIGURE 3.1 SECTION MODEL TEST SET-UP — BRIDGE DECK

Y
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FIGURE 3.2 CLOSE-UP VIEWS OF THE SECTION MODEL
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FIGURE 3.4 TURBULENCE SPECTRA (FULL SCALE AND GRID-TURBULENCE)
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Wind Direction

Wind Direction

FIGURE 3.5 SKETCH SHOWING SIGN CONVENTION OF FORCES
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4 EQUIVALENT STATIC LOAD ANALYSIS FOR BRIDGE DECK

4.1 General

The definition of wind loads on the Indian River Bridge follows the approach taken by the Laboratory
during the study of wind action on the Sunshine Skyway Bridge, in Tampa, Florida, USA [4, 5]. The
definition of wind loads on the structure depends upon the measurements of the dynamic response of a
model to turbulent wind and the correction of this response for discrepancies in the intensity and
spectrum of turbulence, the damping and the joint acceptance function (a measure of the aerodynamic
efficiency of the bridge in its response to turbulence). This approach is described in detail in Appendix E
and in References [6, 7].

4.2 Adaptation of Section Model Tests Results

The section model responses shown in Figure 4.1 in turbulent flow were used as the basis for the
derivation of the wind loading for the structure. The prototype modes and frequencies used for the
prediction of the full scale deck loading were based upon a dynamic analysis of the structure which was
supplied by the Engineers. The fundamental symmetric and asymmetric modes of vibration in lift, drag
and torque were used in the determination of the equivalent static wind loads. The prototype and model
properties used in the analysis are shown in Tables 4.1 and 4.2 respectively.

The turbulence intensities developed in the wind tunnel using grid turbulence is normally lacking
sufficient energy in the low frequency - large scale range. While adequate for the definition of resonant
response and the overall behavior of the structure to turbulent wind, a slight correction to the loading is
made to account for the difference in frequency content. The amplitudes of the spectra of turbulence are

matched over the range of reduced frequencies (f* =fB/V ) of interest for the deck. The response is
adjusted for the deficiency in low frequency turbulence which acts more or less quasi-statically.

The intensities of grid-generated turbulence in the wind tunnel were about 4% and 5% respectively for
the vertical and longitudinal components. The responses shown in Figure 4.1 of the Section Model Study
are not adjusted for the target level of turbulence (nor the deficiency in low frequency turbulence). The
analysis of the dynamic loads includes an adjustment to consider both of these areas, as well as a mode
shape correction. A vertical turbulence intensity of 5%, resulted from the selection of the terrain
roughness length Z, (=0.025 ft) at the project site, was used in the analysis (implying an approximate
correction of 5/4 or 1.25 on the dynamics).

The equivalent static load analysis was carried out for the completed bridge for a mean wind
inclination of 0°. The lowest symmetric and asymmetric deck modes of vibration which are used as the
load distribution functions are shown in Figure 4.2. Since the true fundamental asymmetric torque mode
of the bridge deck are higher than the 15" mode with frequencies over 1.7Hz, its effect on the overall
dynamic responses of the bridge is considered small and not included in this analysis. The equivalent
static wind loads resulting from this analysis of the bridge deck are presented in Figure 4.3. A mean
hourly wind speed of 91 mph at deck height is used as a reference wind speed, and the loads for this
speed are reproduced in equation form below. These loads are summarized for the assumed prototype
damping case of 0.5% of critical (or a logarithmic decrement of 0.031). Loads for other wind speeds can
be interpolated from the plots.

W, (7) b/t =177a(n) £ 14 27100, (17) £ 724129054 (77) 1)
W, () Ib/ft =551 (n) £ y1,35200,(77) + y,,4756a,,(n) )
W, () Ib- ft [ ft = 7947 (1) + 7,,56191,(77) (3)

In the equations, W, (KN/m), W, (kN/m) and W, (kN-m/m) are the desired wind loads per unit length
resulting from the application of:W (kN/m), the mean, distributed according to a(n) (hormally with a
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constant value of 1), VVl (kN/m), the symmetric, according to a,(n) and VVZ (KN-m/m), the asymmetric,

according to ay(n). These distribution functions vary according to the mode shapes presented in
Figure 4.2 with a maximum value of 1.0.

To reflect the multitude of combinations with which the fluctuating loads can occur, the load
combination factors vix Yax Yiz» Y2z Vies Y26 Should be used in any combination of the modal terms whose
values are taken as follows: y=£1.0 if only one modal term is included; +0.8 for two terms; £0.7 for three
terms and +0.6 for four or more terms. This applies to all modal terms whether they are in X, Z and 9,
singly or together.
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TABLE 4.1 SUMMARY OF PROTOTYPE PROPERTIES

Deck Height: A deck height of 50 ft was used in
the analysis.

Deck Width: 110.6 ft

Mass: 45619 Ib/ft

Mass Moment of Inertia: 3.42E+07 lb-ft/ft

Structural Damping: 0.5% of critical (0.031 log. dec.)

Frequency (Hz)
Symmetric Anti-symmetric
Configuration drag lift torque drag lift torque
Completed 0.54 0.73 0.87 1.0 0.49 N/A
Bridge
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TABLE 4.2 SUMMARY OF MODEL PROPERTIES

Test data file: PWU2AOQ01.aer
Frequency: 3.75 Hz (Lift)
4.74 Hz (Torque)
Mass: 7.11 Lb/ft
Mass moment of Inertia: 0.819 Ib-ft/ft
Structural Damping: 0.5% of critical (=0.031 log. dec.)
Length: 7 ft
dC, / da 7.57
Cyat0° 0.075
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TABLE 4.3 SUMMARY OF WIND CHARACTERISTICS

Wind Characteristics

based on ESDU 82026, ESDU 83045, ESDU 85020

Aerodynamic roughness length: Z, 0.025 ft
Height of deck: H 50 ft
Reference hourly mean wind speed at deck height: Viee |91 mph
Latitude: 44.5°
Longitudinal turbulence intensity: Iy 0.14
Vertical turbulence intensity: Iy 0.05
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Lift Mode 1 (f=0.49 H2)

0.5

Lift Mode 2 (f=0.73 Hz)

0.2 0.4 0.6 0.8

—— Lift Mode

Torsion Mode 1 (f=0.87 Hz)

0.5

—— Torsion Mode

Drag Mode 1 (f=0.54 Hz)

Drag Mode 2 (f=1.0 Hz)

FIGURE 4.2 MODE SHAPES USED IN THE ANALYSIS
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5 SECTION MODEL STUDY — ARCH SECTION

5.1 General

This section examines the behavior of the Indian River Inlet Bridge arch rib under the action of wind
using the section model approach.

The 7 ft long section model corresponds to a uniform 280 ft long section of the full scale arch at a
prototype scale of 1 to 40. A typical section model test setup is shown in Figure 5.1. A close up view of
the model is shown in Figure 5.2 and the model drawings are shown in Figure 5.3.

The arch rib was studied using the section model technique at the inlet to the High Speed Section of
the Boundary Layer Wind Tunnel Il. Testing of the deck section model was conducted under the action of
both grid-generated turbulence and uniform flow conditions for comparative purposes. The spectrum of
the grid generated turbulence was given in Section 3 of the deck section model study and is repeated
here as Figure 5.4. The small scales of turbulence (higher frequencies) generated by the grid simulate
those in the atmosphere which, in the case of bluff sections, can alter the aerodynamic force coefficients
and thus the comparison of the two flow conditions.

The static testing of the arch rib gives force coefficients as a function of angle of attack of the wind
which can be used to examine the overall stability of the section and also as an input to a detailed
analysis of the response of the overall arch. The latter is discussed in Section 6 of this report

5.2 Static Testing — Arch Rib

The model was mounted on the BLWTL Bridge 3-component balance, which is capable of measuring
the total forces on the section (X and Y body forces as well as the torque). Tests were performed
adjusting the model inclination relative to the mean wind flow. Lift and Drag were calculated from the
measured X and Y body force components. The sign convention for the definition of the force coefficients
is given in Figure 5.5.

The force coefficients are similar in definition to those for a bridge deck, but in this case the across-
wind dimension, D is used because the cross-section is considerably more bluff and the separated flow
region dominates the aerodynamic behavior. The definitions are:

for and the torque coefficient is defined:

__Fk
qBD

Mz

Tests were carried out in the same flow fields (smooth and turbulent) as the bridge deck. A similar
range of Reynolds numbers was investigated. However, unlike the bridge deck results, a strong Reynolds
number dependency in the results was observed. In short, this means that the values of the static force
coefficients change with wind speed, making interpretation of the results (i.e. extrapolation to full scale)
difficult, if not impossible. The difficulty arises from the degree to which the coefficients change with
Reynolds number and is added to by the fact that in general, wind tunnels are unable to achieve full scale
Reynolds numbers.

A second series of tests were conducted to investigate the extent of the Reynolds number
dependency. While testing to full scale Reynolds number is not practical, the different regimes of behavior
(subcritical, critical and supercritical) are all present in the range examined in the model tests and thus
give an indication of the coefficient values at full scale. The values for use in design are based on the
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tests on the arch model, combined with experience with flow around the circular cylinder, a shape that is
reported on extensively in the literature. Due to the attempt to achieve the maximum Reynolds numbers
in the testing program, a large model scale was used resulting in significant blockage of the wind tunnel
cross section. The effect of blockage or wall confinement effects is to increase the magnitude of the
negative pressure in the wake of the arch model. This leads to higher mean forces than would be
measured on the same model without the confining effect of the wind tunnel walls. Various methods of
correcting the force coefficients for blockage effects have been studied. The method was developed by
used here was developed by Modi and El Sherbiny (Reference 8) for circular cylinders. The blockage
correction is given by:

Cr, =Cr (1-1.404-Cq, -S)

where the subscript ¢ denotes corrected value, Cg, is the measured drag coefficient and S denotes
the solid blockage ratio. In this case, S=10%.

The static aerodynamic coefficients from the second series are summarized in Table 5.1 for both
turbulent and smooth flows, along with the slopes of the coefficients. The full set of results from the
second series is shown in Figure 1.6. The values from Table 5.1 correspond to the asymptotes indicated.
The data from the first series of tests is given in Appendix F.

The slopes of the vertical force coefficient curve provide an indication of dynamic stability for cross-

oC
wind motion or “galloping”. Using Den Hartog’s criteria, if (C, +a—y) <0, there will be an aerodynamic
o

force in the vertical direction which will be proportional to the velocity of the motion or in other words a
negative aerodynamic damping term and hence a cross-wind instability would be the result. This is not
the case for the arch due to the large drag force and the near-zero slope in the vertical force coefficient.

It has been shown that the quasi-steady approximation to torsional aerodynamic damping is equal to:

(e

In spite of a negative slope in the Moment Coefficient (-0.21), the large mass moment of inertia (lo)
and small characteristic dimension (B) and high natural frequency (f ) make this a very small term when
compared to the structural damping of the arch rib.
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TABLE 5.1 SUMMARY OF RESULTS FROM STATIC TESTS ON INDIAN RIVER
INLET BRIDGE ARCH

Recommended Value Slope
for Design
CFX 0.95
(_‘,MZ 0.07 -0.21
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FIGURE 5.1 SECTION MODEL TEST SET-UP — ARCH SECTION

FIGURE 5.2 CLOSE-UP VIEW OF THE ARCH SECTION MODEL
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6 STRUCTURAL LOADS ON ARCH RIB

6.1 Approach for Loads Analysis

The structural loads analysis follows the well established procedure for calculating the response of
line-like structures to wind action. The details of this procedure are presented in Appendix G.

The coefficients from the static testing were used in conjunction with the arch structural properties
provided by Figg Bridge Engineers to calculate the maximum bending moments due to drag. The arch
properties included influence functions for bending moment at the base of the arch and the mode shapes
for all arch dominated modes with periods longer than 1.0 second. The influence functions are shown in
Figures 6.2 and 6.3, while the coordinate system used in defining the influence functions is given in
Figure 6.1. These data were combined with the design wind speeds and profiles previously reported. The
results are summarized in Table 6.1. The structural damping assumed in the calculations was 2.75%.

6.2 Equivalent Static Loads

Equivalent static loads were derived based on the overall bending moment at the base of the arch.
The loads are presented here as statically acting pressures in four components: (1) mean, (2) quasi-
steady (slowly varying and hence similar in distribution to the mean), (3) symmetric and (4) anti-
symmetric. The maximum magnitudes of the various components are given in Table 6.2. The distributions
with height of the components are given in Figure 6.4. The mean, quasi-steady and symmetric load
components all vary with the square of the mean wind speed. The anti-symmetric load is simplified and
does not have this added complication of wind speed varying with height. The curve in Figure 6.4 is given

by:
ol | )

P(Zcrown ) |n(zdeck + Zcrowy )
Zo

where P(zcmwn) is given in Table 6.2, zyock iS the deck height and z, is the roughness length.
z, = 0.024ft for the 100-year wind storm off the Atlantic Ocean. The anti-symmetric load component is
constant with height.

The distributions with distance along the deck from the arch — deck intersection are given in
Figure 6.5. The mean and quasi-steady components are constant along the span, the symmetric
component is a half period sine wave and the anti-symmetric component is a full period sine wave. The
latter two follow very closely with the first and second ‘arch’ modes of the bridge.

The loads are applied in sequence and the load effects combined as usual with the load combination
factor, y, when more than one load effect is combined. y equals 1.0 when the load effect due to any one
of Pg, Psym Or Pantisym is added to the mean load effect, 0.8 when any two are added and 0.7 when all

three are added simultaneously.

The change in the equivalent static loads for various return periods is given in Figure 6.6. To account
for the change in the roughness for increasing wind speed, revised z, values are given in Table 6.3.
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TABLE 6.1 RESULTS FROM DETAILED ANALYSIS OF WIND-INDUCED
RESPONSE OF THE ARCH RIB

Intersection of Arch Rib and Joint 1
Deck
Peak Moment
Mx = 131 x 10° kip-ft 111 x 103 kip-ft
Mz = 140 x 10 kip-ft 118 x 10° kip-ft
Equivalent Gust 2.48 2.51

Factor

TABLE 6.2 MAGNITUDE OF PRESSURES FOR THE VARIOUS COMPONENTS
OF THE EQUIVALENT STATIC LOAD DISTRIBUTIONS
CORRESPONDING TO A 100-YEAR RETURN PERIOD MEAN
HOURLY WIND SPEED AT ARCH CROWN =110 MPH

Component Magnitude
Mean, Ppean* 30 psf
Quasi-Steady, Pq 15 psf
Symmetric, Pgym 40 psf
Anti-Symmetric, Pantisym 8.5 psf
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TABLE 6.3 VARIATION OF MEAN WIND SPEED AT ARCH HEIGHT
ROUGHNESS LENGTH, Zo WITH RETURN PERIOD

Return Period (Years)

Mean Windspeed at Arch

Roughness Length, z, (ft)

Height (mph)
10 58 .0057
50 96 .018
100 110 .024
500 135 .038
1000 143 .043
10000 165 .058
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7/ FULL AEROELASTIC MODEL STUDY

7.1 General

A full bridge aeroelastic model of the Indian River Inlet Bridge was designed and constructed at a
geometric scale of 1 to 150 relative to the prototype, in order to place the entire bridge on the turntable at
the Low Speed Test Section of BLWTII. This scale was also selected to provide appropriate simulation of
full scale turbulence characteristics important for the development of the aerodynamics of the bridge. The
total length of the modeled bridge deck along the bridge span is about 1300ft in full scale. The approach
taken for the full aeroelastic model study has been discussed in [1], and has been used in a variety of
long and short span bridge studies.

Tests were performed for the completed bridge and three under-construction stages. The under-
construction stages include the cantilevered tie-beam, cantilevered arch and the bridge prior to final deck
completion. For some of the tests in the under-construction stages, mass scaled construction cranes were
modeled and installed either on the deck or arch. In addition, two “temporary” construction towers were
designed and constructed on both sides of the bridge to support the arch through a simplified system of
cables with equivalent stiffness to the scaled prototype.

The behavior of the full bridge aeroelastic model was tested under two wind profiles; firstly, a
hurricane profile obtained from GPS dropsonde field measurement [9], corresponding to a roughness
length of Z,=0.025ft as discussed in the wind climate study in Section 2 of this report; secondly, a typical
open country exposure corresponding to a roughness length of Z,=0.1ft. Measurements of bridge
responses were taken at five different wind angles of 0°, 30°, 60°, 90° and 270° for both wind profiles. A
wind angle of 0° is defined as wind along the longitudinal axis of the bridge, and 90° and 270° as wind
perpendicular to the bridge deck. The 90° wind is for the test set-up with the pedestrian walkway on the
windward side. The wind characteristics generated in the wind tunnel are considered to be good
representation of the wind conditions at the bridge site. In addition, tests were also conducted at 90° wind
with the two exposures and with / without the existing bridge upwind to assess its effect on the proposed
Indian River Bridge.

In order to identify any potential vortex shedding induced vibration and flutter instability, an additional
“smooth flow” test was carried out with the bridge model elevated above the boundary layer of the tunnel
floor. These tests were only conducted for wind perpendicular to the bridge at 90°. In the test, the bridge
model was elevated about 1.5ft off the tunnel floor, resulting in a uniform smooth flow condition with low
turbulence intensities of about 1.7% from the deck level to the arch crown height. In addition, for the
completed bridge configuration, a test with a bare wind tunnel floor (resulting in very low turbulence), was
performed for comparison.

Photographs of the bridge model at 90° wind in smooth flow, in the low turbulence condition, and in
the two modeled exposures (hurricane profile and open country exposure) are given in Figure 7.1. The
existing bridge modeled in the test can be seen upwind of the Indian River Bridge in (C) and (D) of
Figure 7.1. Close-up views of the bridge model for the completed bridge configuration including some of
the instrumentation set-up are given in Figure 7.2. Close-up views of the three under-construction stages
are given in Figures 7.3 to 7.5. Examples of the model in other wind directions tested are shown in Figure
7.6 for the hurricane profile and in Figure 7.7 for the open country exposure. The definition of the wind
directions used in the tests is sketched in Figure 7.8.

7.2 Dynamic Similarity
A description of the design methodology for full aeroelastic models follows below. The aeroelastic
modelling of structures generally requires equality of the following non-dimensional quantities in addition
to an overall geometric similarity:
e Froude Number (ratio of the gravitational to the inertia forces);

e Cauchy Number (ratio of the elastic to inertia forces);
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o Density Ratio (ratio of the inertia force of the structure to that of the flow);
e Damping Ratio;
e Reynolds Number (based on the dimensions of the structure).

In design of the full bridge aeroelastic model for the Indian River Inlet Bridge, it was decided that
Froude Number scaling (Fr = gL/V ?) is preserved. This fact requires tests to be conducted at low wind

speeds since the velocity scaling is coupled to the length scale. With the selected length scale of 1:150
for the aeroelastic model, the resulting Froude scaled velocity ratio of 12.25:1 between prototype and
model is well suited to the scaling of the turbulent boundary layer in the Low Speed Test Section of
BLWTIIL.

Cauchy Number is a non-dimensional parameter which represents the ratio of the elastic forces of the
bridge to the inertia forces of the flow (Ca = E / pV 2). This parameter is preserved in the design of the
model.

The density ratio ( pmoqel / Pair ) fixes the mass of the model with respect to the air in the wind tunnel.

Since