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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, 1ift 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
needed. 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



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, 1lift
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

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 circuit 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-1 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 plane, a straight section
was modeled since it represents a length of the whole bridge, small
relative to the 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



the Froude number equality for the model and a prototype is given

by the following relationship:

_1/2
AV = AL

The mass scale Am implied by the geometrical scale is

Elastic properties of the model (represented by supporting springs)
were calculated on the basis of a reduced velocity equivalence

() = Gp)
NB’model NB’prototype

where U = mean velecity, 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.



2.4 Some Model Details

The section model was made of a dense étyrofoam 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) respectively.

The suspension system shown in Figure 7 consisted of supporting
beams, pre-tensioned coii 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.



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, 1lift and pitching moment measurements the suspension
system was modified and the model was rigidly supported. Data taken
were averaged and drag, 1ift 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.



4. INSTRUMENTAT ION

4.1 Model Arrangement fo? 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. ﬁy 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 veloc;ty, 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 stiff 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. Lift 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 wiring given in Figure 17.
As well as for the 1ift 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.



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

A

n
§ = 4&n (%)
n Ao

where An = amplitude of motion after n cycles, Ao = initial

amplitude of motion, and the ratio of actual to critical damping

(damping ratio)

1

/1 . (Egﬂ)z
n

were calculated. Mean values of Gn, ¢ (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):

ﬂ + 2ch mhﬁ + wﬁh Hlﬁ + HZ& + Hsa

.. - . 2 _ . .
a + an wo +woa = Alh + Aza + Aza-
. When the motion is uncoupled, stability ( or instability) can be established

by determination of the aerodynamic derivatives H., A, and A,.

1° 72 3



These three coefficients are related to physical properties of the

system as follows:

A2 =2 (a + Cu . wa) 5

A, = wz - wz - a2 and
3 o

H. =

1 2(a + Ch . wh)

In these expressions

a= -z (i = a,h)

w =0y /1—_:2‘ (i =o,h)

w; = circular frequency for undamped oscillations,

( )a = quantity referring to angular motion in still air, and
( )h = quantity referring to vertical motion in still air.

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

i A2 « I
A2 = 5
p* B w
A s ! d
= an
3 o « B4 . w2
H* ) H1 - m
1 P B2 w

where B = deck width, I = deck moment of inertia about c.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 A;, Ag,

H1S) were evaluated for the different bridge decks shown in Figure 8

HI (denoted as A2S, A3S,

and the different configurations illustrated in Figure 10. Final
results for the modified, original and smooth bridge decks are collected
respectively in Appendices A.1, 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:

F.

C. = ——12— (i = L,D) and
L 1/20U0%s
1/20U“SB

where FD(FL) drag (1lift) force,

M = pitching moment,

CD(CL)[CM] steady drag (1ift) [moment] coefficient,

8 = 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, 1lift 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 (titaniumvchloride) was introduced at several critical location§
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 0 to 6.

2 The original bridge deck was unstable (flutter) at very high
reduced velocity (V/NB * 9.5).

3 Variation of the aerodynamic coefficient A; 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, 1ift force, and pitching moment (for modified
bridge deck) are highly unsteady. The steady nondimensional values for
1lift 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. 2. Plan View of Ruck-A-Chucky Bridge Deck

LT



18

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 Model and Supporting Frame
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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. 24. Flow Visualization; Still Model--Trailing Edge
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Fig. 25. Flow Visualization; Still Model--Trailing Edge
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Fig. 26. Flow Visualization; Still Model--Lower Surface
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Fig. 27. Flow Visualization; Still Model--Leading Edge



Fig. 28.
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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= 0°)

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



Fig. 31. Flow Visualization; Model Oscillating in Vertical Mode--Wake behind Model
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10. TABLES
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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 3

(correspond. to total 1:23 2 10 . 25561 S1EEY 1415 5008

32.17 .5 Bt
dead load)
Frequency of vertical 1st mode 0.2940 cps 1.859 cps
motion
Frequency of torsional 6th mode 0.9840 cps 6.223 cps

motion




Table 2. Parameters for Actual Models

Original Deck

Modified Deck

Smooth Deck

Deck width (B)

.3375 ft (16.05")

.4508 ft (17.45")

.4508 ft (17.45")

Mass per unit span

.1491 slugs/ft

.1560 slugs/ft

.1507 slugs/ft

2 2 2

Mass moment of. 0942 slugs ft 1028 slugs ft 0969 slugs ft
inertia per unit span ft ft ft
Frequency for
vert mot. (still air) .788 cps .748 cps .778 cps
Frequency for tors.
mot. (still air) .310 cps .130 cps .250 cps
Model length .6667 ft .6667 ft .6667 ft
Average air density 0019 slugs 0019 slu§s 0018 slugs

ft ft ft
Model scale 140 140 140

6V
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Table 3. Motion-Picture Scene Guide

Scene Configuration Model Angle of Attack
1 MI B still a=0°
2 MII B still o = +3°
3 MIII B still a = -3°
4 MII BV vertical oscillations a = +3°
5 MIII BV vertical oscillations a = -3°
6 MI BV ' vertical oscillations a=0°

Wind velocity 10 fps
Movie length 470 ft

Running time (24 ft/sec) 13 min.
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11. APPENDICES
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A. AERODYNAMIC CHARACTERISTICS
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APPENDIX A.1

Aerodynamic Derivatives for Modified Bridge Deck



Modified Deck

( Dimensions for Model )
( Model Scale 1:40)
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