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Abstract

Wind tunnel aeroelastic tests of full bridge reduced models are nowadays a
mandatory step in the design of long-span bridges. The tests require complex, time-
demanding and expensive experimental campaigns which consequently increase
the costs of the projects. These campaigns consist of a long list of tasks, which
includes wind characterization, model design and construction, instrumentation
calibration, data acquisition and post-processing of the acquired data, among
others. Thus, advances in any of these activities will always represent a technical
advance in terms of test performance and economical efficiency. This paper
focuses on the model design, and a brief description of the whole process is
presented. Besides, the design process was implemented in an integrated software
and it is presented with an application example of a generic cable-stayed bridge
deck. The software allows the design of the whole reduced model in a user friendly
way and in a very short working time.

Keywords: aeroelasticity, structural dynamics, reduced-scale models, wind tunnel,
optimization.

1 Introduction

Full bridge aeroelastic wind tunnel tests [1, 2] are nowadays a mandatory step
in the design of long-span bridges [3]. As the length of the spans of suspension
and cable-stayed bridges is steadily increasing over the years, the effects of wind
over these structures is more relevant, and consequently designs are increasingly
constrained by aeroelastic effects [4, 5]. In these tests, accurate representations
of the surrounding terrain [6], wind characteristics [7, 8], and bridge geometry

WIT Transactions on Engineering Sciences, Vol 105, © 2016 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)
doi:10.2495/AFM160011



2 Advances in Fluid Mechanics XI

and mechanical properties are required to obtain meaningful results [9]. These
requirements lead to a complex setting up of tests aiming at faithfully representing
the real phenomena. Some examples of full-bridge aeroelastic tests can be also
found, for instance, in [10, 11]. This turns these tests into an expensive and
burdensome task that requires a considerable human work, which makes the
aeroelastic tests nowadays a challenge. Consequently, advances in any of the
several steps or tasks comprised by the tests are welcome.

One of the most challenging task is the accurate model design, which is
described, for instance, in [12, 13]. In this task, the actual geometry of every
element of the real bridge has to be reproduced, as well as its mechanical
properties. This leads to the design of a scaled structure with different material
and dimensions that has to aeroelastically behave in the same way as the prototype.
This work presents the development of an integrated software to design full bridge
reduced models in an easy and fast way, taking into account all the requirements
needed to obtain an accurate model of the prototype. Besides, the software is tested
with an application example of a cable-stayed bridge deck cross-section.

2 General full bridge model design rules and basis of the
software

Full bridge modeling for aeroelastic wind tunnel tests consists of designing
and producing scaled models to reproduce the prototype aeroelastic responses.
Test characteristics and model construction limitations govern the reduced model
design rules [14]. First, the dimensions of the test chamber establish the
adequate model geometric scale, which conditions all the design in terms of
mechanical properties, testing and results interpretation. Second, this geometric
scale reduction set limitations in the construction of the mock-up, forcing the
model designer to assume simplifications such as represent variable stiffness
properties along lengths of the prototype elements by means of uniform cross-
sections, or concentrate mass properties in particular points.

In the following section these rules are commented and their implementation in
the software presented in this work, named the Model Design Tool (MODESTO),
are also presented.

2.1 Similitude requirements

When aiming to reproduce the full scale response of a prototype by means of a
reduced model, it is mandatory to take into account the similarity requirements
or model laws to achieve a good agreement between the responses of the reduced
model and the prototype. Geometric similarity is achieved by scaling the geometry
of the prototype employing the length scale factor Ar. This scale factor is
established by the relation between the prototype and test chamber dimensions.
Besides, other non-dimensional quantities have to be considered in order to keep
in the same ratio the forces acting on a mass of air as it happens in full scale [15].
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These forces are the inertia forces, the gravitational forces and the viscous forces.
The combinations of the effects of these forces gives place to the following ratios:
* The ratio of the gravitational to the inertia forces is defined by the Froude
number (Fr = gL/V?) and establishes the relation between the flow
velocity V/, a representative dimension of the model L and the acceleration

due to gravity g.

* The ratio of the elastic forces of the bridge to inertia forces of the flow is
given by the Cauchy number (C'a = EIpV?), and is employed to define the
scale factors for the material and section properties.

* The Reynolds number similarity (Re = V' L/v) establishes the relationship
between the flow velocity V', a representative dimension of the model L and
the viscosity of the flow v. However, keeping this similarity is not practical
and tests are usually carried out without enforcing it, given that bridge decks
are commonly sharp-edged bodies, which makes them relatively insensitive
to Reynolds number effects.

* The mass of the model with respect to the air in the wind tunnel is fixed by
the density ratio (Pmodel/ Pair)-

* The damping scale factor (Cmodel/Cprototype) 1S important to be preserved
because of its influence on resonant motions. However, the model is
commonly designed to have as low damping value as possible.

Thus, following this relations, all the scale factor required for carrying out the
model design can be defined as

AL=Lm/Ly  Ao=pum/os A =Va/Vy  Am=A,/A2
A=A A N=An/A2 A =Au/AE Ar=Ap/Av

Aa = Av/Ar A¢ = Cm/Cp Aer = AVAL Ama = AVAL
A=A AL Ap =M\ /A3 ABM = A3 /A3 Aowe =AY /A

ey

where Ay is the length scale factor, L represent a characteristic dimension, the
subindeces m and p indicates model or prototype, respectively, A, is the scale
factor of the density p, V indicates velocity, M is the mass while m is the mass
per unit of length, I and ¢ represent the mass moment of inertia and its value per
unit of length, 7" is the time, a represent acceleration, ¢ is the damping, the elastic
stiffness is represented as EI for the bending and EA for the axial stiffness, F'
and f represent the force and its value per unit of length, BM is the bending and
torsional moment and CWE the warping stiffness.

2.2 Basis of the software operation

The design of full bridge reduced models is based on defining an equivalent
structure which accomplishes all or most of the similitude requirements outlined
before. With regards to the structural behavior, this means defining and equivalent
reduced-scale structure for the prototype. As this kind of structures generally
behave as a set of beam elements, the process of designing the model can be
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split into an independent design process for each 1D element that composes the

Figure 1: Some examples of 1D elements that can be found in a generic full
DB: Job-1.0db Abaqus/Standard 6.13-2 TueJanﬂZZBﬁﬁggZ(p&}ototype
ep: Step-1
crement  17: Step Time = 1.000

2formed Var: U Deformation Scale Factor: +1.000e+00

processing the MODESTO software is based on designing sequentially one by one
these generic 1D elements.

The 1D elements in the reduced models are composed of a structural spine
which emulates the stiffness of the prototype, and a set of cladding modules
that represent the outside geometry and adjust the mass of the model, as it is
depicted in figure 2. Consequently, the process can be divided into a first step

Cladding modules

<

_—
Reduced model design
111 : i
Spine
Prototype Reduced scale model
Figure 2: Conceptual scheme of the design of a 1D element of a full bridge

deck model.

which consists on designing the stiffness properties of the spine and obtaining the
dimensions of its cross-sections, and a second step on which the mass properties of
the cladding modules are defined to emulate the mass properties of the prototype,
after subtracting the mass properties of the spine. These steps are described below.
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2.3 Stiffness properties design

The main challenge of the design of the spine is to represent the stiffness properties
of the prototype, which are variable along the length of the 1D element, by means
of an element with uniform dimensions along the length of its segments. This is
a design constraint due to constructive limitations. Thus, the stiffness properties
design process is divided into two steps; a first step for defining the location of the
segment with uniform properties along the spine, and a second step for obtaining
the dimensions of each segments that reproduce the stiffness of the prototype. The
first step is carried out heuristically depending on the location of the changes
in the loads and stiffness properties of the prototype. The second steps aims to
define the dimensions of the cross-sections of the segments defined in the first
step. This is done from the properties of the prototype in the corresponding length
of the segment. The rules for calculating the segment properties are based on the
fundamental bending theory of beams, which establish the bending rotation 0, as

d’z M, (x)

Y7 4?2 T EI, (2)

(@)

where M, is the bending moment, E is the Young’s modulus and I, is the inertia
of the cross-section.

Besides, assuming that the loading M (x) is uniform along the segment and
that the Young’s modulus is also uniform, eq. (2) can be written in terms of the
corresponding length of the segment in the prototype L, as

be My p (x) de — My, be 1
o Eplyp(z) Ey Jo Iyp ()

where the subindex p indicates prototype and m stands for reduced model. It must
be borne in mind that I, ;, () can be non uniform along the segment and that it is
the property to discretize. This property follows a continuous distribution along the
equivalent segment length in the prototype, but is very common in the industry to
define this continuous distribution by discrete values along the beams (for instance,
in a finite element model). When this happens, eq. (3) can be expressed as a sum
of discrete values instead of integrating the properties along the segment, as

M, e
Oy p = —22 / ——dr =
P E, Jo Iyp ()

Ly 1 Ly 1
—+ ...+ /
/0 Iypa (%) Loy Lypm ()

where, n are the number of discrete values that define I, , (=) along the equivalent
length of the model’s segment, L, and L; are the lengths of the intervals were the
properties are defined in the prototype. The model values can be obtained from the

Oyp = dx, 3)

n

M, p
E

p

My p Ly
- )
By, =1 Iyp.

“)
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prototype ones applying the scale factors defined in eq. (1), as
Lm = Lp>\L, M‘%m = My,p)\BMv and Iyym = IyypAEI. (5)
Therefore, eq. (4) can be written in terms of the reduced model properties (leﬁp) as

My pdem s~ LiAp
Ep

m
Gy,p -

(6)

— Iy piAer
On the other hand, the deflection along a segment of the reduced model spine is

given by
Myw [P 1 _ MymLy

Oym = dr = ,
¥ Ewn Jo Iy,m(x) ! Enlym

)

where L,, is the length of the segment, and it has been considered that the
segments of the spine have uniform stiffness properties along their length, as

Iym () =I,m and By (v) = En. (8)

Hence, from eq. (6) and eq. (7) it is possible to establish the relation between
the properties in the prototype and the reduced model as

Lo 1 o~ L E Lm
Oy =07 — == T e v = P
v P Enlym Ep =1 Ly piAer . B 27:1 Lk

) Iy m, i AEI
)

where the sum of the lengths of the intervals L; is the total length of the segment

Ly = 27:1 L;, and in the same way the torsional constant can be obtained from

R
El’ﬂ Z;l:l -] Ll)\L

z,m,l AEI

Jz,m 10)

where the term g—“ takes into account the material change from the prototype to

the reduced model.

2.3.1 Calculus of the dimensions of the spine cross-sections

With the relations established in eqs. (9) and (10), it is possible to obtain the
stiffness properties of the spine. Thus, the last task is to define the cross-section
geometry of the spine providing those stiffness properties. The channel section is
a suitable section that allows to reproduce any combination of the bending inertias
and torsional constants (Jx, Iy and Iz) by means of defining four dimensions (b,
d, bf and df), as shown in figure 3. The main drawback of this step in the process is
to obtain the dimensions of every cross-section of all the spines of the full bridge
model, and is here where the advantages of using the software tool presented in
this work stand out. The definition of the four dimensions of each cross-section
are obtained numerically by employing a gradient-based optimization algorithm
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Figure 3: Simplification of the process of defining the reduced equivalent
channel section.

[16, 17], formulating the objective function f as
J=Xix0ux + A 01, + A1,01,, (11)

where Jx is the torsional stiffness, Iy and I are the vertical and lateral bending
stiffnesses, respectively, and d; is the relative error between the prototype and the
reduced model properties of each stiffness, which are obtained from

_ |Im _Ip|'

o1 I

12)

In eq. (12) both stiffnesses are expressed in the same scale and the material change
is considered. Besides, the relative errors are weighted by the weighting factor A;.

In this way, the dimensions of every cross-section is obtained sequentially with
computer times in the order of seconds for the whole set of the 1D element, thanks
to the sequential application of the optimization algorithm for each cross-section
of the spine.

2.4 Mass properties design

After the design of the spine cross-sections in the reduced model, the next step is
to determinate the mass properties of the cladding modules, which are the mass M
and the mass moment of inertia I. This is carried out by discretizing the length of
the 1D element and distributing the mass properties of the prototype in the cladding
modules after subtracting the mass provided by the spine. It must me noticed that
structurally the mass properties of the cladding modules are transmitted to the
spine by the clamping device that affix them to the spine, which means that the
values of the mass properties of the cladding modules represent lumped masses and
lumped mass moments of inertia added to the spine. Consequently, the cladding
modules should be as short as constructively possible in order to improve the
dynamic response of the reduced model thanks to a fine discretization of the mass
along the mock-up.
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2.5 Process automation

This process can be automatized and the only decisions required by the user are the
spine discretization, which is the definition of the segment lengths, and the mass
discretization, which means establish the lengths of the cladding modules. These
two tasks are carried out heuristically by the designer, and the rest of the process
can be automatized. This is the basis of the software presented in this work, which
in a user friendly way it is able to design the whole reduced models in a very short
time.

3 Software description and application example

The automation of the process described above gives place to the MODESTO
software presented in this paper, which was implemented in MATLAB code [18].
The main menu of the software is shown in figure 4, and is designed to work
separately on the different 1D elements that compose a full bridge model, as
described earlier (see figure 1). In this work, the deck of a generic cable-stayed

'3 Mode Deign Toal (v 10) == .
Settings  Spine design  Cladding modules design  Help. ~ 3 Scale factors =l ==
Model Design Tool Scale factors definition
Legth scale 1| 28 Ar = AL/ Av
Velocity scale  1: | 1628 N = N 100E-00
Az = Li/Lp 3774603 A = Gn/G 1.00E+00
o = P/ po *00E+00 Agr =A% /X
Curre =V IV EFEm _22/)\2
T E:MDT\Spine_designiwork_dir_4\Example_deck.prj /\V =1 i 1P e /\EA B /\V ' /\L
EMOTSpine_designwork_dir_4 Ay = Ao/ A2 Ap =X/
e — 8 — 2 /32
xcel EXMDT\Spine_designiviork_dir_AMDTV1_example.xisx Aar =2,/ A =205/ 0%
nput detals: Stifivess:B6:8242C5:C242D6:0242:E6£242 N = A/ N2 Apar = AN
- Mass input data Ar = Ap/A2 Aowr = A2 /AS
‘ Exceltle: ENONSine.designiork i ANDTVI_sxampleatsx ‘
oput detat: 1as5186:8305:: CEC308060309
[ toea ] [ see | [ oo |
Figure 4: Main menu of MODESTO. Figure 5: Scale factors form.

bridge with two towers and two piers is going to be used as an application example.
The following sections describe the implementation of the process introduced
before and the software interface to carry out the whole design.

3.1 Settings definition

Once the prototype is heuristically divided into 1D elements, the user can start
working with one of them, as for instance, the deck of the bridge. The first task is
to provide the length scale factor Ay, so the software calculates all the scale factors
involved in the design, following the expressions shown in eq. (1), as shown in
figure 5. Besides, in order to establish the material change relations, such as 5—;,
the material properties form has to be filled in, as it can be seen in figure 6.
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WY Material properties ol @ =

Materials definition

W Optimization settings ol @ ==

— Prototype material i

E 210 GPa P 7300 Kg/m3 Optimization settings

G a1 GPa 12 03 Objective function definition for spine: design
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— Model spine material i
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Checkwaming it f= 001
| Load ‘ ‘ Save | | Close ‘ ‘ Lead | ‘ Save ‘ ‘ Close ‘
Figure 6: Material properties form. Figure 7: Optimization settings form.

The last required data is the definition of the objective function (eq. (11)) to
obtain the corresponding dimensions of the spine, which is carried out in the form
shown in figure 7. The weighting factors of the stiffness properties \; are also
required, as well as a convergence warning value. This warning value is a threshold
that indicates when the convergence of the optimization algorithm is not achieved
for a particular cross-section set of stiffness properties, which can help the user to
detect errors in the data provided to the program.

3.2 Spine design

The next step consists on providing the prototype’s stiffness properties for every
cross-section of the 1D elements. Once this is done, all the information required
for the spine design is already provided, and the only remaining task is to define the
length and location of the segments along the 1D element. This is done in the form
shown in figure 8, which, employing this information, calculates the dimensions
of each cross-section of the spine by applying the optimization algorithm as many
times as segments are defined. The result for this example is presented in figure 9,
where the dimensions of the spine along the length of the deck are shown. It can
be seen that, as the stiffness properties values modeling the deck are increased in
the vicinity of the towers and piers, as shown in figure 8, the dimensions of the
cross-section of the spine are also increased in those particular locations, as shown
in figure 9. On the other hand, the cross-section dimensions along the main span
are mostly uniform.

3.3 Cladding modules design

Once the spine dimensions are obtained and consequently the mass properties
of the spine can be determined, the identification of the mass properties of the
cladding modules can be conducted. This is carried out by filling up the form
shown in figure 10. After the mass properties of the prototype are provided to
the software, the user can define the lengths of the cladding modules that will
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Figure 8:  Spine design form.
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Figure 9: Spine dimensions of the reduce model 1D element along its length.

compose the reduced model. The software calculates the mass that belongs to each
cladding module by associating the corresponding mass properties of each length
in the prototype and subtracting the mass properties of the snipe. It can be seen
in figure 10 the mass properties of the spine in black, the mass properties of the
prototype in blue, the discretized mass properties of the prototype in red and the
mass properties of the cladding modules after subtracting the values of the spine
in pink. It must be borne in mind that the cladding modules have to be as short
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Figure 10: Cladding modules design form.

as constructively feasible in order to avoid excessive values in the lumped masses
that the cladding modules represent in the spine, aiming to increase the number of
lumped masses and decrease the influence of each one.

Thus, in the presented fashion, the spine dimensions and the cladding modules
mass properties are defined in an accurate way, reducing possible human errors,
and in a very short working time, which is expected to be in the order of minutes.

The feasibility of the described approach is verified by comparing the
differences in the natural frequencies of the prototype and the one of the reduced
model after applying the corresponding scale factors. In the same way, the modal
shapes and the generalized masses are also contrasted, as well as any other
dynamic response of interest. It has been found that the errors present in all the
dynamic properties of the reduced model employed as application example in this
work are very small and consequently the resulting design is acceptable.

4 Conclusions

This papers presents a short description of the process of designing a full
bridge reduced model for wind tunnel aeroelastic tests. First, the main rules of
model design and similitude requirements are described and the scale factors
that these laws give place to are presented. Second, the process for obtaining
the stiffness properties of the reduced model are outlined, and an automatic
way for obtaining the dimensions of the cross-section of the spine employing
optimization algorithms is presented. Third, the cladding modules design process
is also commented.

Furthermore, an implementation of all these process is presented and tested with
an application example of a generic cable-stayed bridge deck. It allows the user to
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obtain an accurate design avoiding human errors in the process in a very reduced
working time, simplifying the whole wind tunnel test modeling work.
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