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ABSTRACT 

A section model of the proposed Ruck-A-Chucky Bridge and a 

topographic model of its site were used in the wind tunnel study. 

Freely oscillating section models of the original and modified bridge 

decks were applied to investigate aerodynamic derivatives. Steady 

drag, lift and pitching moment were measured for the rigidly supported 

model. 

Wind parameters (velocity profiles and turbulence characteristics) 

for the bridge site were measured on the topographic model. 

Flow visualization for both the section and topographic model was 

used to determine nature of the flow field and detect regions of 

separation and vortex formation. 

The aerodynamic derivatives indicate stable behavior of the 

proposed bridge decks, although the smooth bridge deck (without fences 

and railings) shows slight coupling between flexural and torsional 

modes. 

Further analysis for the entire bridge, using the wind tunnel 

derived aerodynamic coefficients, is necessary to predict its overall 

aerodynamic stability. 
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1. INTRODUCTION 

Wind loading is a very important factor in an analysis of long-span 

suspension bridges. Wind characteristics depend on a site and are 

affected by geographical latitude, topography and location relative to 

large bodies of water. A bridge response is governed by its structural 

properties and geometry. Interaction between wind loading and 

structure response presents an aeroelastic problem. Its analysis cannot 

be conducted in a purely analytical way and some experimental work is 

need8d. Physical modeling in wind tunnels fulfills a gap between 

existing theoretical models and techniques necessary to solve complex 

practical problems. Aerodynamic analysis of suspension bridges 

represents one of them. 

A wind-engineering study, reported herein, has been performed for 

the proposed Ruck-A-Chucky Bridge, California. The main purpose of 

this work was to find--by means of modeling in a wind tunnel--

aerodynamic derivatives (of self-excited motions) for the proposed 

bridge decks. 

A freely oscillating, mechanically sprung, section model ( a short 

length of the bridge deck between end plates) was used. An approach 

developed by Scanlan (1-5) was adopted to obtain dynamic characteristics 

of the bridge. 

Scales of turbulence usually realized in wind tunnels imply that 

the model scales should be very small for bridges in order for the 

ratio of the turbulence integral scale to deck width to be equal to 

prototype values. Since a large geometrical scale (1:40) was selected 
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for the Ruck-A-Chucky Bridge section model, laminar flow with constant 

wind velocity was used in accordance with common procedure. Although 

recent work by Lin (6) indicates influence of the free-stream 

turbulence upon the aerodynamic derivatives, section-model testing 

under laminar flow may generally be considered to give conservative 

results, Scanlan (4). 

The aerodynamic derivatives, defined by Scanlan (3), were obtained 

for the original and slightly modified bridge decks. Steady drag, lift 

and pitching moment were measured for the rigidly supported model. 

Wind parameters (velocity profiles and turbulence characteristics) 

for the bridge site were measured on the topographic (1:1920 geometrical 

scale) model. 

Flow visualization for both the section and topographic model as 

well as direct observation of the section-model dynamic behavior 

completed the presented wind tunnel study. 

The main part of this report is devoted to the section-model 

investigations. Experimental configurations, testing procedures, 

instrumentation and data acquisition are presented below. In Appendix 

A, detailed results referring to aerodynamic characteristics of bridge 

decks for different configurations is collected. A brief description 

of testing procedures and results for the topographic model tests is 

given in Appendix B. 



2. EXPERIMENTAL CONFIGURATIONS 

2.1 Wind Tunnel Facility 

3 

The experiments reported herein were conducted in the Industrial 

Aerodynamics Wind Tunnel located in the Fluid Dynamics and Diffusion 

Laboratory at Colorado State University. 

The Industrial Aerodynamics Wind Tunnel shown in Figure 1 is a 

closed circui t facility driven by a variable-pitch propeller. The test 

section is nominally 6 ft square and approximately 62 ft long with flow 

entering through a contraction having a 4-to-l contraction ratio. The 

mean velocity is adjustable continuously from 1 to 65 fps. 

2.2 General Assumptions 

The section model is geometrically and dynamically similar to a 

short section of the prototype bridge deck. Although the Ruck-A-Chucky 

Bridge as shown by Figure 2 is curved in a p lane, a straight section 

was modeled since it represents a length of the whole bridge, small 

relative to t he radius of curvature. Wind perpendicular to the model 

centerline was assumed to be the most critical for stability. The 

model was constructed in such a way that an angle of attack could be 

changed from - 6 to +6 degrees. Since laminar flow was assumed, the 

model together with a supporting frame, were placed at the test section 

entrance of the wind tunnel as shown in Figure 1 where the turbulence 

intensity is very low and scales are small compared to the bridge 

section width . 

2.3 Model Scaling 

A section of the bridge shown in Figure 3 was modeled at a 

geometrical scale AL of 1:40. The velocity scale Av' according to 
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the Froude number equality for the model and a prototype is given 

by the following relationship: 

>. = >.1/2 
V L 

The mass scale >. implied by the geometrical scale is m 

Elastic properties of the model (represented by supporting springs) 

were calculated on the basis of a reduced velocity equivalence 

u u 
(NB)model = (NB)prototype 

where U ~ mean ·velocity, N = frequency in Hertz, and B = deck width. 

In the previous dynamic calculations for the prototype bridge, the 

first mode shown in Figure 4 was used for vertical motion and the 

sixth mode shown in Figure 5 for torsional (angular) motion--T. Y. Lin 

(7). Values of particular parameters for the prototype and the "exact" 

model are given in Table 1. These "exact" values are compared with 

those actually achieved for the model (the original, modified and 

"smooth" bridge decks). The comparative values are given in Table 2 

and show a large discrepancy between the "exact" and realized 

frequency for angular motion. However, as shown by Scanlan (5) 

such a difference is permissible and does not affect conclusions on 

stability. No attempt was undertaken to duplicate a particular 

value of prototype damping. However, the model was constructed to 

have a damping ratio lower than is estimated for full-scale suspension 

bridges. 
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2.4 Some Model Details 

The section model was made of a dense styrofoam core bonded to a 

thin aluminum skin. Almost all structural elements were constructed 

of aluminum. The end plates were composed of two materials: magnesium 

(the smaller plates), and balsa wood (the larger, external plates), 

as shown in Figures 6(a) and 6(b) respectiveJv. 

The suspension system shown in Figure 7 consisted of supporting 

beams, pre- tensioned coil springs, strain gauge transducers and 

turnbuckles attached to the rigid frame. This frame was dynamically 

isolated from wind-tunnel vibrations. The strain-gauge transducers 

for measurement of vertical and torsional motion are described in 

section 4.1. The section model was constructed in such a way that it 

was possible to modify the bridge deck geometry by replacing bridge 

deck fairings, fences and railings. Details of the deck configurations 

studied are given by Figures 8 and 9. 



6 

3. TESTING PROCEDURES 

3.1 Aerodynamic Derivatives 

The basic parameters involved in aerodynamic derivative calculations 

are damping and frequency of the freely oscillating model. These two 

parameters may be calculated from time-history records of the model 

vibrating respectively in a vertical and angular mode without 

coupling. In the case of coupling between these two modes a phase 

shift between them is an additional parameter that can be also calculated 

from the records of motion decay. 

Since no coupling (except slight coupling for the "smooth" model) 

was observed during experiments with the Ruck-A-Chucky Bridge section 

model, aerodynamic coefficients were calculated only for uncoupled 

motions. For a vertical (angular) motion the model was released 

from its initial vertical (angular) displacement and its free damped 

oscillations were recorded. Experiments were repeated at different 

wind velocities for the bridge decks shown in Figure 8 and model 

configurations shown in Figure 10. 

3.2 Drag, Lift and Pitching Moment 

During drag, lift and pitching moment measurements the suspension 

system was modified and the model was rigidly supported. Data taken 

were averaged and drag, lift and moment coefficients were computed. 

Experiments were performed for the modified bridge deck (c.f. Figure 8) 

in a range of an angle of attack from -3 to +3 degrees. Measurements 

were repeated for three different wind velocities to determine if these 

coefficients were Reynolds number dependent. 
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4. INSTRUMENTATION 

4.1 Model Arrangement for Measurement of Aerodynamic Response 
'· 

The two strain-gauge systems shown in Figure 11 were used to 

detect a vertical and an angular motion. The signals from both sides 

of the model were averaged. By this means the influence of rolling 

motion of the model (rotation about a model axis of symmetry parallel 

to the air stream), observed in some range of wind velocity, was 

reduced. Amplified signals from the strain-gauge bridges were 

recorded by strip recorders. The strain gauges were mounted on channels 

as indicated by Figure 12 to eliminate an influence of spring torsion 

upon strain readings. The calibration of both the strain-gauge 

systems indicated a linear relationship between input and output. A 

typical example of the calibration--for vertical motion--is shown in 

Figure 13. 

4.2 Model Arrangement for Measurement of Drag, Lift and 
Pitching Moment 

The same strain-gauge systems used for aerodynamic response 

measurements were employed for lift force and pitching moment measure-

ments. For these measurements the model was rigidly supported by 

attaching stif f rods to the suspension springs as indicated in Figure 14. 

As an example, a calibration curve for the lift force is shown in 

Figure 15. Li ft force and pitching moment were measured at the same 

time. The special support for drag-force measurements is shown in 

Figure 16 with the associated strain-gauge wi ring given in Figure 17. 

As well as for the lift and moment, only averaged steady values of 

the drag force were obtained, from which nondimensional coefficients 

were calculated. The calibration for the drag force is presented 

in Figure 18. 
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5. DATA ACQUISitION AND RESULTS 

5.1 Aerodynamic Derivatives 

Time-history records of motion (typical records for different 

velocities are shown in Figure 19) were used to calculate aerodynamic 

derivatives. Each record was divided into three sections. For each 

section logarithmic decrement of damping for n cycles 

where A = amplitude of motion after n cycles, A = initial n o 
amplitude of motion, and the ratio of actual to critical damping 

(damping ratio) 

z:; = 1 

were calculated. Mean values of on, z:; (taken over mentioned above 

three record sections) were employed. The aerodynamic derivatives are 

given by the following formulas for the vertical deflection h and the 

torsional rotation a as formulated by Scanlan (3): 

a+ n a 
. • 2 w a + w a = a a 

. When the motion is uncoupled, stability ( or instability) can be established 

by determination of the aerodynamic derivatives H1, A2 and A3 . . 
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These three coefficients are related to physical properties of the 

system as follows: 

In these expressions 

a=-?; w. 
1 

2 2 w - a 2.ncl 

(i = a,h) 

( i =a,h) 

w. = 
1 

circular frequency for undamped oscillations, 

( )a = quantity referring to angular motion in still 

( )h = quantity referring to vertical motion in still 

air, 

air. 

and 

Their nondimensional counterparts are defined by Scanlan (3) as follows: 

P • B4 • w 2 
and 

where B = deck width, I= deck moment of inertia about e.g. per unit 

span, m = deck mass per unit span, p = density of air, and 

w = circular frequency. 
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The nondimensional derivatives A2, A3, Hi (denoted as A2S, A3S, 

HlS) were evaluated for the different bridge decks shown in Figure 8 

and the different configurations illustrated in Figure 10. Final 

results for the modified, original and smooth bridge decks are collected 

respectively in Appendices A.l, A.2 and A.3. They were slightly 

smoothed to reduce scattering caused by imperfect damping evaluation. 

In Appendix A.4, a typical aerodynamic derivative before and after 

smoothing is shown as an example. 

5.2 Drag, Lift and Moment Coefficients 

The drag force, lift force and moment were nondimensionalized on 

the basis of a projected crosswind area of the bridge model as follows: 

c. = 
1 

F. 
1 

drag (lift) force, 

M = pitching moment, 

(i = L,D) and 

c0 (CL)(CM] = steady drag (lift) [moment] coefficient, 

S = Lh = projected crosswind area (based on smooth deck depth as 
defined by Fig. 20), 

B = deck width, and 

p = mass density of air. 

Measurements were performed for the modified bridge_ deck (see 

Fig. 8) for angles of attack in a range from -3 to +3 degrees. They 

were repeated for three different wind velocities. The Reynolds number 

based on the bridge deck width varied from 1.9 to 3.4 x 105. For each 
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configuration a series of 10 single measurements was taken. The mean 

values of these measurements were the basis for calculations of drag, 

lift and moment coefficients. Their final values (c.f. Figs. 21-23) 

are averages of the values for different Reynolds numbers. Previous 

investigations--Scanlan (4)--have shown that the drag coefficient 

becomes independent of Reynolds number at the values for this 

investigation. 

It was observed during experiments that drag force, lift force 

and moment forces were highly unsteady. It is obvious that averaging 

process over 10 values series is only a rough estimation of an expecta-

tion. Therefore drag, lift and moment coefficients (shown in Figs. 

21-23) should be considered as an approximation of their true steady 

values. 
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6. FLOW VISUALIZATION 

In an effort to determine the nature of flow over the bridge deck 

smoke (titanium chloride) was introduced at several critical locations 

near and on the model. A permanent record of the flow for study of the 

relationships between flow characteristics and model response was 

obtained by both still and motion-picture photography. 

Flow visualization was performed for the most part on the modified 

bridge deck shown in Figure 8 although some visualizations were repeated 

for the smooth deck (configuration B, 0° angle of attack). The repre-

sentative configuration B (c.f. Fig. 10) was chosen for different angles 

of attack (-3°, 0°, +3°) with the model rigidly supported and with the 

model freely oscillating. For the oscillating bridge deck the smoke 

source was attached to the model. 

Both still and movie pictures taken during the flow visualization 

are a supplemental part of this report. Figures 24-29 show features of 

flow patterns around the still bridge (modified) deck. Vortex formation 

at the leading and trailing edge as well as flow separation along upper 

and lower surface of the deck can be observed. The Figures 30-31 

were taken for the model oscillating in a vortical mode. These photo-

graphs show clearly, vortex formation at the trailing edge (Fig. 30) 

and a wake behind the model (Fig. 31). More information regarding flow 

characteristics of the oscillating as well as the fixed model is given 

by the movie pictures. A 470 ft, 13 minutes film is included as a part 

of this report. A listing of contents of the film is given in Table 3. 

The motion pictures reveal more clearly the unsteady character of air-

flow around the bridge deck both in the case of the still and oscilla-

ting model. Again, almost steady vortex shedding can be observed. 
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7. CONCLUSIONS 

1. No instability for the oscillating section model (all the 

bridge decks) was observed in a range of reduced velocity from Oto 6. 

2. The original bridge deck was unstable (flutter) at very high 

reduced velocity (V/NB ~ 9.5). 

3. Variation of the aerodynamic coefficient A2 with reduced 

velocity for all cases confirms Conclusion 1. However, further analy-

tical analysis is necessary for predicting the full-bridge aerodynamic 

response. 

4. No coupling between the vertical and angular modes was 

observed in case of the modified and original bridge deck. Slight 

coupling was observed for the smooth bridge deck. 

5. Analysis of aerodynamic derivatives indicates a possibility 

of vortex-shedding induced vibrations at low wind speed. 

6. Drag force, lift force, and pitching moment (for modified 

bridge deck) are highly unsteady. The steady nondimensional values for 

lift and pitching moment show higher dependence on an angle of attack 

than for drag which can be roughly assumed constant for angles of 

attack in the range -3 to 3 degrees. 
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Fig . 3. Section Model of Bridge 
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(a) 

(b) 

Fig. 6. End Plates 
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Fig. 7. General View of Mode l and Supporting Frame 
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Fig. 9. Details of Fences 
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Fig. 12. Strain Transducer 
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Fig. 14. Spring Stabilizer 
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Fig. 16. Drag-Force Transducer 
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Fig. 18. Drag-Force Calibration 
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Fig. 20. Smooth Deck Model 
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Fig. 21. Drag Coefficient (versus Angle of Attack) 
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Configuration A 1.5 CL 
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Fig. 22. Lift Coefficient (versus Angle of Attack) 
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Fig. 23. Moment Coefficient (versus Angle of Attack) 
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(a"'+3°) 

(a=0°) 

(a=-3 °) 

Fig. 24. Flow Visualization; Still Model--Trailing Edge 
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(a=+3°) 

(a=0°) 

(a=-3°) 

Fig. 25. Flow Visualization; Still Model--Trailing Edge 



41 

(a.=+30) 

(a.=-30) 

Fig. 26. Flow Visualization; Still Model--Lower Surface 
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(a=+3°) 

(a=0°) 

Fig. 27. Flow Visualization; Still Model--Leading Edge 
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(a.=-30) 

Fig. 28. Flow Visualization; Still model--Upper Surface 
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(a=+3°) 

(a=-3°) 

Fig. 29. Flow Visualization; Still Model--Wake behind Model 
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(a.= 00) 

Fig. 30. Flow Visualization; Model Oscillating in Vertical Mode--
Trailing Edge 



(cx=0°) 

Fig. 31. Flow Visualization; Model Oscillating in Vertical Mode--Wake behind Model 

~ 
C]\ 
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Table 1. Parameters for Prototype and "Exact" Model 

Prototype "Exact" model 
(original deck) (original deck) 

Width (B) 48 ft - 10 in. 14.65 in. 
--~--- --·-

Depth (h) 8 ft - 0 in. 2.40 in. 

!Mass per unit span 7.29 X 103 slugs 0.1416 s~~gs (correspond. to total = 226.61 
dead load) 32.17 ft 

···--·--·--· ····-·- ··---------

Frequency of vertical 1st mode 0.2940 cps 1.859 cps 
motion 

Frequency of torsional 6th mode 0.9840 cps 6.223 cps 
motion 



Deck width (B) 

Mass per unit span 

Mass moment of 
inertia per unit span 

Frequency for 
vert mot. (still air) 

Frequency for tors. 
lmot. (still air) 

Model length 

Average air density 

Model scale 

Table 2. Parameters for Actual Models 

Original Deck Modified Deck 

1. 3375 ft (16. OS") 11.4508 ft (17.45") 

0.1491 slugs/ft 0.1560 slugs/ft 
2 2 

0.0942 sluf~ ft 0 1028 slugs ft 
. ft 

1. 788 cps 1. 748 cps 

4.310 cps 4.130 cps 

5.6667 ft 5.6667 ft 

0.0019 slugs 
ft 3 

0.0019 slugs 
ft 3 

1:40 1:40 .. 

Smooth Deck 

1. 4508 ft (17. 45") 

0.1507 slugs/ft 

0.0969 sluf~ ft 
2 

1. 778 cps 

4.250 cps 

5.6667 ft 

0.0018 slugs 
ft 3 

1:40 

+:> 
ID 



Scene 

1 

2 

3 

4 

5 

6 

so 

Table 3. Motion-Picture Scene Guide 

Configuration Model 

MI B still 

MII B still 

MIII B still 

MII BV vertical 

MIII BV vertical 

MI BV vertical 

Wind velocity 10 fps 

Movie length 470 ft 

oscillations 

oscillations 

oscillations 

Running time (24 ft/sec) 13 min. 

Angle of Attack 

CL = 00 

CL = +30 

CL = _30 

CL = +30 

Cl = _30 

CL = 00 
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11. APPENDICES 
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A. AERODYNAMIC CHARACTERISTICS 



53 

APPENDIX A.I 

Aerodynamic Derivatives for Modified Bridge Deck 
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311 25.287 -a. 7793 

0\ 
-...! 



l.OOOOO E-02 ==============~====================================================================================== 
If • , " • • • If 

5.55112E-17 •---- ----11 
If , , , 
If • 
• * • 

-l.OOOOOF-02 •---- ----11 " . If II . ~ . . ~ .... . 
-2.0000~E-02 •---- ----• 

" * " II ** * II 
" ~ ~ * " ., * * .... " 

-J.OOOOOF.-02 •---- * * ----11 ,. * • 
~ . 

A2S " * " II II 
-4.00000E-02 11---- * ----• • • , . , . " . -5.00000E-02 11---- ----• " . 

If * " • • 
" * " -~.OOOOOE-02 11---- * ----• 
" * • " . • • " * , -7.00000F-02 11---- ----11 • • . . , 
, * .. * , " . -@.OOOOOE-02 11---- * ----If , . 
• l ** * * • 
, l l " 
" l l l 1 • 

-9.00000E-02 ==================================================;=========*======================================== 
o. 3.6000 

8.1000 
9.0000 s.~ooou 7.2000 1.6000 

6.3000 .~0000 t.tooo 4.5000 
V/N~ 

C 0 N F I G U R A T I 0 N Mil A-T 



c 0 N- F- I - G u ·R A T I 0 N 1-41 IA-T 

INDEX V/NH A~S INllt)( V/NH A2S INDEX V/NB A2S ---------- ---------- ---------- ---------- ---------- ----------
1 ) o. 1.4~4':/0E.-04 13) 3 .Cc'~bJ -Cc'.8~!!03E-Oi:c' 2!:1) 4ob440 -o.l9256E-02 
2l .':14793 -1.5':1 042E-02 14) 3. 41 It! -2.8'1C21E-02 26) 4. 7397 -6.79501E-02 
3l 1.3400 - J.t>':IJ~bt-02 l~l 3.546!! -2.b46~tlE-02 27l 4.8336 -7.54727E-02 
4) l.b419 -2.9':1035E-02 1 bl 3 .b71J -2.17b56E-02 28) 4.9258 -8.33302£-02 
Sl 1.8959 -l.hUS5':>E.-02 1fl 3.7911 -1.724lt!E-0 2 291 5.0162 -8.32758E-02 
6) 2.1616 -tc< .!! 1311E-03 1 tl) 3.':10!!4 -1.7!!571E-02 301 5.1049 -7.69449[-02 
7) 2.3220 -1.tli263E-02 1 ':1) 4.0211:1 -2.37691E-02 31l 5.1921 -7.31214£-02 
fj) 2.5080 -?.6t:l615t-0 2 ~0) 4.1320 -2.76935E-02 321 5.2780 -7.62367£-02 
9) 2.1'>812 -2.94124E-U2 Cl) 4.2393 -2.!!3145E-02 331 5.3625 -8.41275E-02 

10 I 2.8438 -2.4~179E-Oc 22) 4.3233 -J.l7728E.-02 341 5.4291 -8.98354E-02 
11 ) 2.9976 -2.43~531:-02 c3l 4.4260 -4.02224E-02 351 6.2017 -B.04515E-02 
12) 3.1152 -2.b':I':I39E-Uc 24) 4.~462 -s.Ju2~1E-02 361 6.9012 -6.03594E-02 

37l 7.5241 -5.74230E-02 0\ 38) 8.0883 -8.34555£-02 tO 



q.oooouE-04 ===================================================================================================== • • • • • • , . 
~---- * * * ~ * 0 0 ~ •• ** ** ••• ••••• •••••••••• • • • • ----· • • • • • • • • ·---- ----· • • 7.20000F-04 
# II • • • • 6.30000F-04 ·---- ----11 • • " . • • • • 5.40000F.-04 ·---- ----· • • • • A3S • • • • 4.SOOOOF-04 ·---- ----· • • • • • • • • 3.60000F.-04 ·---- ----· • • • • • • • • 4!.70000E-04 ·---- ----· • • • • • • • • 1.80000E-04 ·---- ----· • • • • II 11 • • 9.00000F-05 ·---- ----· • • II 1 1 11 
II 1 1 11 
• 1 1 1 1 . 1 1 1 1 • ·==================================================================================================== o. 

o. 1.8000 
4.!:1000 

3.6000 ~.4000 7.2000 
8.1000 

9.0000 
6.3000 .'10000 2.rooo 

V/NH 
C 0 N F 1 G U R A T I 0 N MIIA-T 



c 0 N F I G u R A l I 0 N MIIA-T 

[N[)f.X \1/NP. AJS I NO£ X V/NB A3S INDEX V/NB A3S ---------- ---------- ---------- ---------- ---------- ----------
}) 0. 0. 13) 3.<:'~63 H.Oi::'116E-04 25) 4o6440 8.02116£-04 
21 .94793 bo0i::'116f-04 14) 3.417H 8.0l.'11bE-04 26) 4.7397 8.02116£-04 
3) 1.3406 tl.Oi::'116E-04 1 ~) 3.~468 tl.OL'116E-04 271 4.8336 8.02116£-04 
4) 1.6419 B.Oi::'lloE-04 16) 3.1:> 713 M.02116E-04 281 4.9258 8.02116£-04 
5J 1.8959 a.oc11bE-04 171 3.7~17 8.0i::'l1bE-04 29) 5.0162 8.021lt>E-04 
6) 2.1616 >j.Oc11bE-04 1 H l J.~Otl4 l:l.OL'11bE-04 30) 5.1049 A.02116E-04 
71 2. 3220 H.Ot:'11bE-04 1Yl 4.02ll:l 8.0211bE-04 31> 5.1921 A.02116E-04 
AI 2.5080 A.Ot:'116E-04 col 4. 1 J2 0 l:l.Oc11bE-04 32) 5.2780 a.02116E-04 
91 2.6R12 11.0t:'116E-04 c 1) 4.c393 s.oc1loE-04 33) 5.3625 8.02116£-04 

10) 2.843H I:!.Ot:'l16E-04 eel 4.3233 tl.02116E-04 34) 5.4291 8.02116£-04 
111 2.9976 l:l.Ut:'l16E-04 i::'J) 4.4260 s.oc11t>E-04 35) 6.2017 8.02116E-04 
12) 3.1152 ~.Ot'116E-04 <.'4) 4.546c I:I.02116E-04 36) 6.9012 8.02116£-04 

371 7.5241 8.02116£-04 -...) 38) 8.0883 8.02116[-04 ....... 



AZS 

6.00000E-O~ ===================================================================================================== 
If 
If 

" , 
3.00000F-02 11----, 

If 
If 
" it 0 0 

-2.22045F-lb o---- o 
If 
If 

" If -3.00000[-02 , ___ _ 
II 

" If 
If 

-6.00000F.-02 ·----
11 , 
If 
II -9.00000f-02 , ___ _ 
• " , 
" -.12000 ·----
11 
If 
II 
If -.15000 , ___ _ 
II 
II 
II , 

-.18000 , ___ _ 

" • " " -.21000 , ___ _ , 
II 
II 
II 

<>o .. 
" 0 

... iHtO 
oo .. 

.. 
0 .. .. 

.. .. 
.. .. 

.. 

" II 
II • ----· II , 
II 
II ____ , 
II , 
II 
If ----11 
II 
II 

" II ____ , 
" II 
II 
II ----· • II 
II • ----11 • " II 
II ----· II 
II 
II , ____ , 
II • , , ----· , , , 
• -.24000 ===================================================================================================== 

o. 4.0000 d.OOOO 12.000 16.000 zo.ooo 
2.0000 b.ooou 10.000 14.000 18.000 

V/NB 

C 0 N F I G U R A T 1 0 N Mllt;-T 



c 0 N F I G u R A T r 0 N M"Df!-T 

INDO V/NH AcS INDEX V/NH A25 INDEX V/NB A25 ---------- ---------- ---------- ---------- ---------- ----------
1 ) o. 2.20477£-04 1 ~) 3.S46tl -4.71434£-03 29) 5.0159 -3.21061£-02 
21 .94791 H.!lc165E-03 16) 3.6713 -6.64496f-03 30) 5.1047 -3.09583[-02 
3) 1.3406 4.l:!b2jb£-03 1 I l 3.7917 -1:1.660J9E-03 31) 5.1920 -3.06578£-02 
4) 1.641t! 2.~U01j~[-03 !til 3.9313 -1.0t:l4t!3E-02 32) 5.2778 -3.07264£-02 
5l l.H958 4.):,7J!lE-U3 !lj) 4.oc1r -1.26000£-02 33) 5.3623 -3.11179£-02 
b) 2.1196 7.16909£-03 col 4.131\j -1.5~c9oE-oz 34) 5.4454 -3.263'HE-02 
1) 2.3219 I.Ol661E-02 c1 1 4.~392 -1.9741~£-02 35) 6.2161 -6.63902E-02 
8) 2.5079 1.00I:IJ1E-02 eel 4.343~ -2. ~41C9E-02 36) 6.9140 -5.22208£-02 
9) 2.bt:!11 H.hl~70E-03 cJl 4.446c -3.14134£-02 37) 7.5240 -6.40621£-02 

10) 2.8437 7.t:I47S7E-03 c4l 4.5461 -3.54931£-oc 31:1) 8.0992 -7.42001£-02 
11 ) 2.9976 h.996S4E-03 c:,l 4.b4j9 -3.7~1Uct:-O~ 39) 8.6467 -.10549 
1?) 3.1439 4.i?b797E-Ol 26) 4.739b -3.79105£-02 40) 9.1417 -.10562 
13) 3.2837 1.1JA!l9E-03 en 4.!!33::> -3.6~5691::-02 41) 9.6207 -.12949 -...! 14 l 3.4178 -2.l9t:!47E-03 ct!l 4.9256 -3.41651:1£-02 42) 10.08b -.18310 

43) 10.513 -.13844 (.,.1 



6.00000E-04 ===================================================================================================== 
II 1 1 1 If 
.. 1 1 1 , 
" 1 1 1 II u ~ *~* ~*0~~0~000~000000 0 0 0 0 0 0 0 0 * • ·---- ----· .. . • • • • .. . 

lf.&OOOOf-04 ·---- ----· 
" If . , " . 
" If •• 200001':-04 ·---- ----· • • • • .. . 
• If 

3.60000F-04 ·---- ----· " . • • AJS If • • • J.OOOOOF.-04 ·---- ----· " " • • • • " . ·---- ----· • • " " " . " " l.BOOOOf-04 ·---- ----· " . " . " , 
" " 1.20000E-04 11---- ____ , 
" . " . " . " . 6.00000E-05 ,____ ----· 
II If 
, 1 • 
• 1 " 

o. ,. 1 i 1 1 1 1 1 • ·===================================================?================================================ 
o. 4.0000 a.oooo 12.000 16.000 20.000 2.0000 t~.oooo 10.000 14.000 18.000 

1//NR 

C 0 N f G U R A T I 0 N M 11 H- T 



c 0 N F I (j u R A T I 0 ~ M1lli-T 

IIIIDEX V/1111:! aj-, lNl>t.A V/NH A3S INDEX V/NB A3S ---------- ---------- ---------- ---------- ---------- ----------
l ) o. n. 1~) ~.~46H ~.~67~6[-04 29) 5.0159 5.56756E-04 
2) .'14791 5.So7~6E-04 16) 3.6 713 !l.567!l6E-04 30) 5.1047 5.56756E-04 
3) 1.3406 S.5t>7~oE-04 lfl 3.7917 s.5o7SoE-04 31) 5.1920 5.56756£-04 
4) 1.1>418 5.567~6E-U4 1 tl) 3.'1313 5.567~oE-04 32l 5.2778 5.56756[-04 
5) 1.b9!lR 5. 56f56E-04 1 Yl 4.0217 ~.~675oE-04 33l 5.3623 5.56750f-04 
1\l 2.1196 ~.5o75oE-04 ~Ol 4.131Y 5.~o7SoE-04 34) 5.4454 5.56756E-04 
7) 2.3219 r,.'io7~6E-o4 <'ll 4.<'39<' s.567~oE-04 35) 6.2161 5.56756[-04 
8) ?.5079 ~.56756E-04 en 4.343Y 5.5675oE-04 36) 6.9140 5.56756E-04 
9) 2.6811 5.'16756t.-U4 c3l 4.44oc 5.567~t>E-04 37) 7.5240 5.56756E-04 

10) 2.8437 5.56756E-04 <.'4) 4.5461 ~.!l67~6E-04 38) 8.0992 5.56756£-04 
11 ) 2.9976 ~.567~oE-U4 c~l 4.n43., ~.~675oE-04 39) 8.6467 5.56756£-04 
12) 3.1439 ~.567~t>E-04 ct>l 4.7J9o 5.~675oE-04 40) 9.1417 5.56756£-04 13) 3.2837 5.56756E-04 ~ () 4.b33~ 5.~o75oE-04 41) 9.6207 5.56756E-04 
14) 3.4178 5.5o7~bf-04 ~Hl 4.'1c.'O:,b 5.!l67!l6E-04 42) 10.086 5.56756[-04 ....... 

43) 10.513 5.56756[-04 V1 



.c;oooo 

o. 

-.50000 

-1.0000 

-1.5000 

H1S 
-2.0000 

-2.5000 

-J.OOOO 

-3.5000 

-4.0000 

-4.5000 
o. 

:=====================================================================l=========i=========i=========: 
# 1 1 1 II 
II 1 1 1 II 
" <> II o---- ----11 , . 
, 0 , • • . , ·---- .. ----· . .. . • • If .. • 
If .. • ·---- ----· . .. . , .. , . .. . 
If • ·---- .. ----· , . , .... .. , 
II II . , 
·---- .. .. ----11 , 
• , 
If ·----, 
II 
If 
If ·----, 
II 
If 
If ·----• , 
" If ·----, 
• " If 

1 
1 
1 

.. 
00 .. 

.. • .. 
.. 

• , 
• • ----11 • • • • 0 " ,. 

----11 
" • .. .. , , 
If .... ____ , 

0 , 
• 0 II 
II 

----11 , 
1 • 1 , 
1 II ===================================================================================================== 

2.0000 
4.0000 

6.0000 
t~.oooo 16.000 

18.000 
20.000 12.000 

10.000 14.000 
V/NB 

C 0 N F I G U R A T I 0 N MllA-V 

""-1 
0\ 



c 0 N F I G u R A T I 0 N M·nA-V 

It.OEX V/Nf; HIS INL>E.A V/Nb HIS INDEX V/NB H1S ---------- ---------- ---------- ---------- ---------- ----------
1 ) o. 4.1~33SE-OS Ul 7.4911:! -1.99Jrl 23) 10.455 -2.6943 
?l 2.2377 7.3'+110E-UC:' 131 7.7~36 -1.6778 241 1 0. 742 -3.1057 
31 3.1646 -.1~197 14) 8.070:::. -1.69(:'0 25) 11.014 -2.6016 
4) 4.C030 -.4~ 11 ~7 1:::.) B.374<J -1.61:13':1 26) 11.197 -2.7051 
<;) 4.4756 -.f.OUT 2 1 0) 8.o70J -2.0558 271 11.418 -2.8199 
6) 4.9021:! -.7~'142 171 8.9540 -1.9724 2!ll 11.638 -3.1698 
71 5.4817 -.91<Jb7 1 e 1 9.28:::.4 -2.3404 291 11.855 -3.6468 
81 5.9211 -1.0A1b 1 ':1) 9.498~ -2.3075 30) 12.108 -3.7528 
9) f-.3301 -1.~102 tO I 9.707i!. -<'.3017 31) 12.269 -3.5230 

1 (l) t>.6J92 -1.i!.964 i!.l) 10.014 -2.~!l78 32) 12.473 -3.4548 
11 ) 7.0066 -1.41l44 li;') 10.30':1 -2.'::1563 33) 12.670 -3.2237 

34) 12.828 -3.2243 

"-l 
"-l 



.1!0000 

-1.4210~£-14 

-.~0000 

-1.6000 

-2.4000 

H1S 
-3.2000 

-4.0000 

-4.AOOO 

-5.6000 

-6.4000 

-7.2000 

o. 

========================================================================z============================ 
" , • 
" .. ____ .. .. , , , 
" .. ·---- .. , 
" , • 11----• , 
" , , ____ , 
• • II ·----• II • , , ____ 
, 
• " " ·----, 
• , 
• ·----
" " " " , ____ 
, , 

.. 
.. .. .. .. .. .. .... .. .. 

.. 
.. .. 

.. 

.. 
.. • 

.. 
.. 

.. • " " ----· , 
" Ill • ----· Ill • " " ----· 
" • • • ----· • • " • ----· • " • • ----· • 
" , • ----· 
" , 
" " ----· " • • " ----· 

" II 

1 
•1 

1 
" • Ill , 

' ===================================================================================================== 
J.oooo 30.000 6.0000 

'1.0000 
12.000 

15.000 
18.000 

21.000 
24.000 

27.000 
V/NB 

C 0 N F 6 U R A T 1 0 N Mll8-V 



c 0 N F I 6 u R A T I 0 N MI IB-V 

I t•OF X \1/N<l H1S lNUEX \1/NH HIS INDEX V/NA HIS ---------- ---------- ---------- ---------- ---------- ----------
l ) o. 7.BoflUt>E-04 1ll 7.0777 -l.4Hcl 211 12.669 -2.9804 
;>) ?.2377 7.l!:>ctHE-02 lel 7. 355' -1.5750 221 14.517 -3.3032 
3l 3.1645 -1.01':>/0E-02 lJ) 7.7':>3tl -1.7C33 231 16.155 -3.5745 
4) 3.B75A -. ?. '>1543 14) B.o ·ro6 -I.B7c4 241 17.651 -4.4626 
~) 4.4756 -.':J/249 1 ':>) B.3l60 -2.0411 25) 19.036 -5.3077 
h) 5.0039 -. 7b9UB 161 1:1.72'10 -2.207tl 26) 20.319 -5.5677 
7) C,.4dl7 -.•,uic7 171 8.9':J':;O -2.2634 271 21.525 -5.8191 
81 5.835!:! -1.0500 1 t:!) 10.01c -2.3031 28) 22.687 -6.55llt 
9) 6.3302 -1.a91 19) l0.9h9 -c.46l:l':> 29) 23.777 -6.8315 

10) 6.714'+ -1.3640 col 11.84H -2.b4JO 30) 24.825 -7.0921 

--...) 
1.0 



o. 

-lt.OOOOOF-02 

-a •. oOOOOF-02 

-.12000 

-.1t.OOO 

A2S 
-.20000 

-.24000 

-.2AOOU 

-.32000 

-.36000 

-.40000 
0. 

0::==~=·~·=·0======================================================================================== 
11 I 9oo I I I 1 1 l 1 1 If 
II I 9 <> 1 I 1 1 1 1 1 1 If 
II I <><> 1 1 1 1 1 l 1 1 • 
II "" , ·---- .... ----· 
II c>9 II , .. ~ , 
• 00 " 
, 00 " 11----
" " , 
II , ____ 
II 
If .. .. 
II ·----
" " 0 

" , 11----
" .. 
" , 
" , ____ .. 
" " • • , ____ 
• 
" , , , ____ 
,. 
• " If ·----II 
If 
II 
If 

.. 
.. 

.. 

.. 

----· • " , 
II ----11 
" II , , ----· " " • • ----· il , , 
• ----· , 
" " • ----· " , 
" " ----· .. 
" , 
" ----· , , 
" " ===================================================================================================== 

2.0000 
4.0000 16.000 

18.000 
20.000 d.OOOO 1£.000 

6.0000 10.000 14.000 
V/Nb 

C 0 N F I u · U R A T I 0 N MIIIA-T 

00 
0 



c 0 N F I G u R A T I 0 N Mll!A-T 

t NDF X V/Nf< A~S INDE.X V/NB A2S INDEX V/NB A2S ---------- ---------- ---------- ---------- ---------- ----------
ll o. -l.4~01llE-o3 1 ~I 3. ~2l.J -2.3bbOJE-02 291 5.0160 -6.15585E-02 
21 .':14(91 -J.tl~4.J7E-0 3 1 b) 3.6'157 -2.7bl69E-02 301 5.1047 -b.43407E-02 
31 1.3406 - 3 .7t.> c ll 2 E-U 3 111 3.7~17 -~. 9!Hl23E-O<:' 31 I 5.1920 -6.7181SE-02 
4) 1.6418 -Z. IH>.JaE-0 3 l H) 3 .8H::d -3.212Y7E-02 321 5.2948 -1. 06370E-02 
51 l.AQ58 - 2 . 1 1/jt!JE-0 .1 14 1 3.999J -3. 41:19\II:IE -0 2 331 5.3623 -7.295'J4E-02 
6) ? • 1196 -c. 2 fSo1E-0 3 <:'Ul 4 0 1101 -3.7~983[-0<:' 341 5.4455 -7.58712E-02 
7) 2. 3219 -3.41206[-0 3 211 4.£:1HU -4.02331E-02 351 6.2161 -.10536 
81 2.4718 -4.k721!4E:-U3 a> 4.Jo46 -4.Jil4obE-02 361 6.9012 -.13720 
Q) 2.6H11 -7.o7578E-03 ~3) 4.44b1 -4.5883t!E-02 371 7.5243 -.1H36 

10) 2.8752 -I.O!!tlS7E-U2 241 4 .~651:1 -4.1!<,~3Jt!E-02 38) 8.0997 -.21031 
11) 2.9976 -1.312051:-02 2Sl 4.6431:1 -5.0976:>E-02 391 8.6368 -.24370 
I? I 3.1439 -1.:>'1133E-02 col 4.758S -5.40792[-02 40 I 9.1425 -.27653 
13 I 3.2837 -1.1:1o72!!E-02 211 4 .1!33~ -5. t>l 75!!E -02 411 9.6216 -.31174 CXl 141 3.4178 -c.14.J10E-02 <:'Ill 4.9256 -5.1:1H375E-02 421 10.078 -.35126 ...... 431 10.515 -.39332 



II • .. • II II 
II • 11---- ----· 
" II 

" II 

" • 
" " 3.20000F-04 11---- ----· 
" II 

" " If , 
" • i.AOOOOf-04 ·---- ----· II II 

" II , , 
II II 

2.40000E-0'+ 11---- ----· 
" " " " A3S " " " " i.OOOOOE-O<t ·---- ____ , 
.. • II , 00 

" , N 
If , 

1.60000£-0'+ ·---- ____ , 
" " if , 
II , 
" , 

l.L'OOOOf-0'+ 
, ____ ____ , 
II " " " " , , " 8.00000E-O':> 
, ____ ____ , 
" " • " , " If , 

4.00000E-05 ·---- ----· II , 
" 1 1 , 
" 1 1 " II 1 1 " o. ~==================================================================================================== 

o. 4.0000 ll.OOOO 
14.000 

1c.OOO 16.000 
11!.000 

zo.ooo 
10.000 2.0000 6.0000 

V/NB 
C 0 N F I G U R A T I 0 N MIIIA-T 



c 0 N F I G u R A T- l 0 N ~IIIA-T 

INDEX V/NB IdS I NUt,_ V/Ntl A3S INDEX V/NB A35 ---------- ---------- ---------- ---------- ---------- ----------
1) o. 0. l~l 3.~213 J.9!l~17E-04 29) 5.0160 3.98917[-04 
?l .'14791 3.9!lY17E-04 16) 3. 6Y5 7 3.YHY17E-04 301 5.1047 3.91:1917[-04 3) 1.3406 3.4!l417E-04 Ill 3. Hl 7 3.9H~l7E-04 31) 5.1920 3.98917E-04 4) 1. 6 411:1 3 . 91lY I7f_-04 IHl 3 .tHI~J 3.9tl'I17E-0'+ 3<:>> 5.2948 3.98917£-04 
5> l. b95tl 3 . 9HY 1 7£-04 1'1) 3 .'1493 3.YHY17E-04 33) 5.3623 3. 9891 7[-04 
I>) 2.1196 3.'<tl917E-U4 co1 4.1101 3.9!!91 H.-04 34) 5. 4455 3.98917£-04 
7) 2.3219 3.4H417F.-04 ell 4.2180 3.911917£-04 3~) 6.2161 3.98917£-04 
A) 2.4711:1 3oY!l917E-04 eel 4.3640 3.9tl917E-04 36) 6.9012 3. 9891 7E-04 
9) ?.6811 3. 9~917£-04 2Jl 4.4461 3.9tl917E-04 371 7.5243 3.98917£-04 10 l 2.8752 3.'1tl917E-04 24) 4.5o~o 3.9!l917E-04 38) 8.0997 3.98917£-04 Ill ?.9976 .1.9tl91 H.-04 c~> 4.64Jtl 3.9tl917E-04 39) 8.6368 3.98917E-04 
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APPENDIX A.2 

Aerodynamic Derivatives for Original Bridge Decks · 
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APPENDIX A.3 

Aerodynamic Derivatives for Smooth Bridge Deck 
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APPENDIX A.4 

Typical Results before and after Smoothing 

Results have been slightly smoothed by FORTRAN LIBRARY 

SUBROUTINE ICSSCU*, with control parameter: 

SM = 
0.010 for A2S, HIS 
0.000 for A3S 

*IMSL-International Mathematical and Statistical Library. 
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APPENDIX B 

WIND CHARACTERISTICS OF BRIDGE SITE 
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Appendix B 

WIND CHARACTER,TSTICS OP BR,I0GE SITE 

B.1 Topographic Model 

The Ruck-A-Chucky Bridge location is schematically shown in Fig . 1. 

Topography of the area surrounding the bridge site is rather complex. 

Accordingly, an investigation of wind characteristics in this area by 

means of physical modeling in a wind tunnel was recommended and accom-

plished. Certain similarity criteria must be fulfilled in order to 

obtain similar flow fields for model and prototype. These criteria 

are implied by governing physical conservation laws and have been dis-

cussed in detail by Cermak (1,2). Basically they provide geometric, 

dynamic and kinematic similarity. In addition, similarity of upwind 

flow characteristics and ground boundary conditions must be achieved. 

In the study presented, geometric similarity is satisfied by an 

undistorted model of length ratio 1:1920. This scale was chosen to 

enable significant topography surrounding the site to be included in the 

model and to provide a representative upwind fetch necessary for appro-

priate boundary-layer growth. Topography was modeled by thin styrofoam 

layers cut to match contour lines of a topographic map (enlarged to the 

1:1920 scale) and glued together. Overall view of the model in the 

environmental wind tunnel (EWT) is shown in Fig. 2. 

The model terrain surface was made rough to represent estimated 

roughness of the site which was sufficient to achieve Reynolds number 

independence of flow over the model surface. 

Sections of modeled topography were constructed for regions upwind 

and downwind of the topography mounted on the 12-ft (3.66 m) diameter 

turntable. 
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The EWf, in which the whole, described herein, wind study was 

conducted is schematically presented in Fig. 3. 

B.2 Vertical Profiles of Mean Velocity and Turbulence 

Velocity profiles and turbulence intensities were measured at the 

bridge deck center for several different wind directions. The most 

extreme conditions were expected for wind blowing along and across the 

canyon centerline at the bridge site. These directions, respectively 

a~ 300° and a ~ 30°, are shown in Fig. 4. Also certain intermediate 

wind directions (a ~ 105°, a ~ 270°) were chosen for measurements. 

Vertical profiles of the longitudinal mean velocity component and 

turbulence intensities were measured for the configurations indicated. 

The velocity profiles are plotted in Figs. 5-8. Corresponding turbulence 

intensity graphs are shown in Figs. 9-12. Similar data were taken for a 

representative point located on top of one of the ridges near the bridge 

site. These results are compared with measurements taken at the bridge 

center in Fig. 5 and Fig. 9. 

The above graphs show that , for wind along the canyon (a~ 300°) 

the mean longitudinal velocity at the center of the bridge deck level 

equals approximately 40 % of its value above the boundary layer, Fig. 6. 

This magnitude reduces as the wind direction approaches a~ 30° and its 

lower limit is approximately 15%, Fig. 5. The extreme magnitude of 

turbulence intensity at the bridge center equals approximately 50% for 

flow across the canyon, i.e., a~ 30°, Fig. 9. 

The effects of wind direction on the overall flow pattern are shown 

by Figs. 13a, 13b and 14. No large-scale organized swirling flow was 

observed at the bridge site by flow visualization. Furthermore, no 

such motion was detected by a rotated, yawed hot-film probe--a technique 
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which is capable of detecting organized vorticity (3). More detail 

of the flow pattern is provided by a motion picture that supplements 

this report. 

B.3 Turbulence Spectra 

Turbulence spectra were calculated for the longitudinal* U and 

vertical W velocity components at two different points of the bridge 

deck, located 1/3 bridge span apart. These points are schematically 

shown in Fig. 1. Again two representative wind directions (a~ 30°, 

a~ 300°) were chosen (see Fig. 4). 

The spectra computed for the foregoing configurations are plotted 

in Figs. 15-22. They are normalized in such a way that mean-square-value 

(the area under a spectrum graph) is equal to one. 

Basically the spectra for point No. 1 and No. 2 are almost identical. 

Comparison of the spectrum of the vertical velocity component for 

flows along (a~ 300°) and across the canyon (a~ 30°) shows that the 

later flow has relatively more turbulent energy in the low-frequency 

range. 

B.4 Space Correlations 

Two-point velocity correlations for the longitudinal* and vertical 

velocity components were measured for the two locations and wind direc-

tions described in the Section B.3. The results of the measurements 

are shown in Table I. The vertical component is practically uncorrelated 

for both wind directions. However, the correlation coefficient for the 

longitudinal component is substantial and is higher for a~ 300° than 

for a ~ 30°. This is a reasonable result since for a~ 300° the wind 

blows parallel to the canyon axis while if a~ 30° the flow is perpen-

dicular to the canyon. 

*Parallel to canyon axis 
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F. 1 Schematic of Br i dge Location 1g . . 
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Fig. 2. Topographic Model in Wind Tunnel 
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(a) 

~) 

Fig. 13. Wind Visualization (a) along canyon, (b) across canyon 
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Fig. 14. Unsteady Vortex Formation Associated with North Wind (a=0°) 
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Table I. Two-Point Space Correlations 

(l Velocity comEonent Correlation Coefficient 

30° U (Parallel to canyon axis) 0.297 

30° w (Vertical) 0.001 

300° u (Parallel to canyon axis) 0.390 

300° w (Vertical -0.017 
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