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ABSTRACT

Today, the assessment of the safety of long-span bridges relies on wind tunnel testing, although CFD
methods are steadily penetrating in research and industrial practice. The evaluation of force coeffi-
cients and flutter derivatives presents multiple uncertainties, related with inflow boundary conditions,
mechanical and mathematical models or parameter choices. In this work, we focus on one single uncer-
tainty parameter that is the wind angle of incidence, which has been studied for instance in building
aerodynamics. The assumed input probability density function adopted for the angle of incidence has
been uniform in the range of angles considered. Uncertainty quantification tools, such as the stochastic
collocation method, are used to propagate the uncertainty in the wind angle of attack for the force coef-
ficients and flutter derivatives of a twin-box bridge deck. To this end, 5 2D URANS static simulations
have been completed to quantify the uncertainty in the force coefficients, and 70 2D URANS forced
oscillation simulations have been required to obtain the stochastic mean and standard deviation of the
flutter derivatives, applying nested Clenshaw—Curtis quadrature points at level 3. It has been found
that for the force coefficients, the stochastic standard deviation has been up to 0.032 for the lift coef-
ficient. Furthermore, for the aeroelastic response, the flutter derivatives H * A * H,* and A,* show
important stochastic standard deviations relative to the stochastic mean value for reduced velocities
above 10.

Keywords: aerodynamic derivatives, flutter, force coefficients, stochastic collocation, twin-box deck,
uncertainty quantification.

1 INTRODUCTION
The assessment of wind actions is paramount in long-span bridge design. Wind load models
require force coefficients and aerodynamic derivatives, among other parameters, to evaluate
static deflections due to wind, critical flutter speed or buffeting response.

In bridge engineering practice, the standard procedure for identifying force coefficients
and aerodynamic derivatives is to conduct wind tunnel tests of scaled sectional models of the
bridge deck. However, experimental measurements are prone to uncertainties in a number of
parameters: for instance, experimental measurement errors, insufficient characterization of
turbulent flow properties, inaccuracies in the geometry of the sectional model [1] or disper-
sion in the dynamic properties of the sectional model such as frequencies and/or damping
ratios [2]. Several authors have remarked the importance of uncertainties associated with
inflow boundary conditions such as angle of attack (AoA), turbulence intensity or length
scale [3—-6]. In this study, the focus has been put on the sensitivity of force coefficients and
aerodynamic derivatives to the uncertainty in the wind angle of attack, which has not been
systematically studied in bridge engineering applications to date.
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The deterministic realizations of the quantities of interest that are used for the stochastic
collocation (SC) have been obtained by means of 2D URANS simulations. In this work, the
effect introduced by specific model choices such as the turbulence modelling approach or
numerical schemes has not been addressed. The aim of this piece of research is to gain some
understanding about the impact that uncertainty in the inflow angle of attack causes in quan-
tities of interest in bridge engineering practice such as force coefficients and aerodynamic
derivatives that play a key role in the structure’s flutter and buffeting performance.

The remainder of this article is organized as follows: first, the fundamental formulation for
wind actions is summarized, while the stochastic collocation method is formally introduced
and formulated. Afterwards, the computational approach adopted for numerically obtaining
the deterministic realizations of the quantities of interest is described. Then, the application
case, which is a short-gap twin-box bridge deck previously studied by the authors, is intro-
duced, and the results of the uncertainty propagation study are reported. Stochastic mean and
standard deviations of the force coefficients and aerodynamic derivatives are reported for lev-
els 2 and 3 quadrature points, discussing the convergence of the method and its dependency
with individual aerodynamic derivatives and reduced velocities. The paper ends summarizing
the main conclusions of the study.

2 FORMULATION
2.1 Aerodynamic and aeroelastic loads

The mean action of wind on a bridge deck may be evaluated by means of the force coeffi-
cients that are the non-dimensional expressions of the time-averaged forces and moment on
the deck per unit of span length. The corresponding expressions are:
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where D is the mean drag force, positive in the along-wind direction; L is the mean lift force,
positive upwards; and M is the mean twist moment, positive in the clockwise direction; all of
them expressed per unit of span length. Besides, p is the air density, U is the reference wind
speed and B is the total width of the deck.

Flutter is a self-excited phenomenon where aerodynamic forces acting on the bridge cou-
ple with its motion [7, 8]. Considering two degrees of freedom, heave h and pitch a, the
self-excited forces L, and M, per unit of span length may be written adopting the semi-em-
pirical approach proposed in [9]:
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where K = (Bw)/ U is the reduced frequency, being w the circular frequency of oscillation,
the * symbol represents the time-derivative operation and Hl.* and Ai* (i=1,...,4) are the
aerodynamic derivatives, which are empirical parameters identified by means of wind tunnel
tests or numerical simulations. Positive self-excited loads and displacements are considered
in the upward and the counterclockwise directions.

2.2 Interpolation curves and stochastic mean and variance
The interpolation points are the Clenshaw—Curtis points in the range [—1.1], which can be
transformed afterwards to match the variable of interest range [a,b]. For the different levels

of quadrature approximation, the number of points (M) is for level 1 M, = 1; meanwhile, for
any other level, it is M, = 2!+ 1. The coordinates for the points are given by eqn. (4):

ql’” :—cos—n(m_l),m=l,...,M,.

M, —1 4)

Therefore, the set of points for a given level is,
1 1 M,
0 ={q.....q"} (5)

where (1) stands for one dimensional. In case of having a number p of dependent variables,
the sparse grid of points is calculated as:
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Thus, for p =2 and [ = 3, the coordinates will be:
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The interpolation polynomials are the Lagrange polynomials, whose formulation is pre-
sented in eqns (8) and (9),
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where ™ are the values of the parameters of interest at the interpolation points. By construc-
tion, the Lagrange polynomials satisfy:
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Then, the multidimensional interpolation surface is

(P),, — A(l) A(l)
T Z'E,H( ) @-oa)). (11)

where ® stands for tensor product, and
M) M) _ 7 (1) M, _ 3
A ”:(jl - 171)”“70 u=0,7, ”:Zjl” L,(q). (12)

The calculation of the stochastic mean and variance for the one-dimensional case is defined
in eqns (13) and (14):
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Finally, the mean and variance for the multidimensional case are calculated as shown in
eqns (15) — (18):
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Further information can be found in [10, 4].

3 COMPUTATIONAL APPROACH

The deterministic samples of the quantities of interest, that are latter used in the stochastic
collocation, are identified by means of CFD simulations. To this end, 2D URANS simula-
tions are conducted for the short-gap twin-box deck named as g22 case in [11], which has
been adopted as case of study (see Section 4 for details). The turbulence model of choice has
been k-w SST. All the simulations have been conducted at Re. = 1.14 - 103, adopting a turbu-
lence intensity of 1.55% and a turbulent length scale of 0.1C, being C the width of a single
box. The length of the slot between boxes is 0.224C and the depth is 0.134C.

The layout of the flow domain is the one reported in the authors’ previous work [11].
Similarly, the mesh adopted in this study is the medium grid in the spatial verification study
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Figure 1: Detail of the geometry and mesh for the g22 twin-box cross-section.

reported in the same reference for the g22 case, using the same type of boundary conditions.
In this piece of research, the maximum Courant number imposed has been 1. In Fig. 1, an
image of the studied twin-box deck geometry and the mesh surrounding it is provided.

In the numerical simulations, the interpolation from cell centres to face centres has been car-
ried out adopting a central differencing scheme, while gradient terms have been discretized using
a second-order cell limited scheme. For the Laplacian terms, the Gauss discretization is com-
bined with linear and limited interpolations for the surface normal scheme. For the divergence
terms, Gaussian discretization has been used combined with linear, linear upwind and upwind
interpolation schemes depending on the considered variables. For the surface normal gradient
terms, a limited non-orthogonal correction scheme has been adopted. For the time schemes, the
Euler scheme has been selected based on the imposed maximum Courant number of one.

It has been checked that integral parameters obtained for the case of study are very similar
to the numerical ones in [11] despite the minor differences in the value of the turbulence
intensity and numerical settings. Furthermore, the results obtained herein are aligned with the
experimental results reported in the same reference.

The evaluation of the flutter derivatives is based on one degree of freedom forced oscillation
simulations in heave and pitch. The reference flow velocity at the inlet is the same in all the sim-
ulations, modifying the frequency of oscillation in order to cover the desired range of reduced
velocities (0, 20). The amplitudes of oscillation adopted in this work have been 3° and 0.02 m.

4 APPLICATION CASE

4.1 Description

In this application case, a single uncertainty parameter, the wind angle of attack, is consid-
ered. This parameter aims at representing the uncertainty in the inflow boundary conditions
in wind tunnel experiments. To this end, a uniform distribution between —1° and +1° in the
random variable is considered. This uncertainty is propagated to the quantities of interest that
are the integral parameters and the aerodynamic derivatives for the short-gap twin-box deck
named as g22, previously introduced. Other uncertainties present in experiments or numeri-
cal simulations are not considered.

In the following, the stochastic collocation (SC) method is applied for a single random
variable. Once a number of deterministic samples are obtained by means of CFD simula-
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Table 1: Level 3 Clenshaw—Curtis deterministic samples for the integral parameters of the
222 cross-section.

A0AC) G, c, c, Sd(Cp)  Std(C,)  Std(C,)
1.00 0.038 —0.084  0.035 0.0053 01572 0.0106
0.707 0.039 —0.104  0.029 0.0055 01581  0.0109
0.00 0.039 —0.152  0.014 0.0060  0.1588  0.0113
—0.707  0.024 —0.179  -0.0008  0.0000  0.0008  0.0002
~1.00 0.023 —0201  —0.007 00000 00005  0.0002

tions at quadrature points, Lagrange polynomials are interpolated. Clenshaw—Curtis points
are adopted as nested quadrature points, following the method in [4]. Aiming at keeping
a reasonable computational burden, level 2 and level 3 Clenshaw—Curtis points have been
considered, which has demanded 5 2D URANS simulation for uncertainty propagation of
the integral parameters, and 70 forced oscillation 2D URANS simulation to ascertain the
uncertainty propagation in the flutter derivatives. The convergence of the method is assessed
comparing stochastic results and cumulative distribution functions (CDFs) for the same out-
puts at different Clenshaw—Curtis levels.

4.2 Stochastic values for the integral parameters

The numerical results for the deterministic samples of the level 3 quadrature points for the
force coefficients for the g22 twin-box cross-section are reported in Table 1. Positive slopes
for the lift and moment coefficients depending on the angle of attack are identified, which is in
agreement with the expected aeroelastic behaviour of this type of efficient deck cross-section.

Similarly, stochastic mean and standard deviation values of the integral parameters for
level 2 and level 3 are reported in Table 2. The examination of the values in this table sig-
nals a reasonable convergence for the level 3 stochastic values when compared with the
stochastic statistics belonging to level 2. Only the standard deviation of the lift coefficient
shows appreciable differences for both the stochastic mean and standard deviations, which

Table 2: Stochastic mean and standard deviation of the integral parameters of the g22
cross-section at levels 1, 2 and 3.

Sst;‘;h;t‘isfsc Level €, c, c, st(c,)  Std(C,)  Std(C,)
mean 1 0039  -0.152 0014 0006 0.5 0011
2 003  -0.149 0014 0005 0132  0.009
30034  -0146 0014 0004 0111  0.008
standard I 0000 0000 0000 0000 0000  0.000
deviation 2 0006 0034 0012 0002 0059  0.004
30007 0032 0012 0003 0072  0.005
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Figure 2: Comparison between level 2 and level 3 stochastic collocation for the cumulative
distribution functions. (a) Lift coefficient; (b) moment coefficient.

are related with the almost null values identified at negative angles of attack and the difficulty
to accurately approximate the behaviour of this quantity with a small number of quadrature
points. In order to better ascertain the level of convergence attained with level 2 and level 3
quadrature points, the cumulative distribution functions for a selection of integral parameters
are reported in Fig.2.

The importance of the uncertainty in the wind angle of attack in the force coefficients
may be further assessed by comparing the stochastic mean + stochastic standard deviation
obtained using 2D URANS simulations with the wind tunnel values in [11]. The results are
reported in Fig. 3 for levels 2 and 3 quadrature points, and it should be noticed how the wind
tunnel values are within the interval defined by the stochastic mean and standard deviation
of the drag and lift coefficients, while for the moment coefficient, the experimental value is
remarkably close to the aforementioned interval.

4.3 Stochastic values for the aerodynamic derivatives

In Fig. 4, the experimental values of the aerodynamic derivatives obtained for the g22
cross-section[11] obtained by free-vibration tests are reported along with the stochastic mean
+ the stochastic standard deviation for levels 2 and 3 quadrature points for the Hl.* and Al.*
(i=1, ..., 4) aerodynamic derivatives obtained computationally by means of forced oscil-
lation simulations. The general agreement between experimental and numerical values is
good for aerodynamic derivatives; however, some discrepancies are evident for Hz* and AZ*.
It should be noticed that the comparison is being made among experimental results obtained
by means of free oscillation wind tunnel tests and forced oscillation numerical simulations.
These are the two approaches generally adopted to extract aerodynamic derivatives, and they
have shown frequently discrepancies among them, even when the two techniques have been
applied in wind tunnel experiments. In [12], it is apparent the change in sign obtained at high
reduced velocities for the H," aerodynamic derivative for the slotted box girder depending on
the experimental method adopted to extract flutter derivatives. Furthermore, the aerodynamic
derivatives related with the deck’s velocity of rotation, H2* and Az*, have traditionally posed
a challenge for 2D URANS simulations [13-16].

Focusing on the propagation of the uncertainty in the flow angle of attack, Fig. 4 shows
that the sensitivity of the aerodynamic derivatives is in general low with respect to this input.
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Figure 3: Stochastic mean + stochastic standard deviation for the force coefficients including
experimental values as dotted red lines. (a) Level 2 quadrature points; (b) level 3
quadrature points.

In fact, the stochastic standard deviation of the aerodynamic derivatives is important only for
relatively high reduced velocities. It should be noted that there are many more sources of
uncertainty in the experimental extraction of the aerodynamic derivatives such as the damping
of the sectional model, which cannot be considered by means of forced oscillation simulations.
Another issue that requires a careful discussion is the convergence obtained using level 3 quad-
rature points. In Table 3, the relative differences in the stochastic mean of the aerodynamic
derivatives between level 2 and level 3 points are reported. In general, the stochastic means
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Figure 4: Stochastic mean + stochastic standard deviation for the aerodynamic derivatives
including experimental values taken from [11].
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Table 3: Relative difference (%) in the stochastic mean of the aerodynamic derivatives be-
tween level 2 and level 3 quadrature points. Relative differences between 1% and
5% are marked in yellow, between 5% and 10% are marked in orange, and differ-
ences above 10% are marked in red.

UR HI* HZ* H3* AI>1< AZ>k Aj’*
2.5 0.07 0.15 0.13 0.40 0.21 0.02
5 0.15 0.29 0.03 0.00 0.76 0.70
7.5 0.67 0.47 0.25 0.10 0.84 0.44
10 0.11 1.88 0.43 0.95 115 0.48
12.5 0.57 6.53 0.32 0.27 0.65 0.58

15 0.71 0.10 0.32 1.28 0.36

20 1.15 0.36 1.46 3.96 1.03
of the aerodynamic derivatives have reached convergence, although relative differences above
1% are identified at U, = 20, and the H," aerodynamic derivative presents relative differences
higher than 10% for U, > 15, precisely at the change in sign in the aerodynamic derivative,
that is not present in the experimental tests used for validation. Furthermore, these results
show that the level of the quadrature adopted in the stochastic collocation depends on the
reduced velocity to be reached and the particular aerodynamic derivative to be studied. In this
application case, this means that if an increase in the quadrature points is required for a more
accurate evaluation of the stochastic mean of the H," and A," derivatives, only additional CFD
simulations related with the pitch degree of freedom would be required, saving in this manner
valuable computer resources.

The analysis of the convergence in the stochastic standard deviation requires also a com-
parison between level 2 and level 3 results relative to the stochastic mean value of each
aerodynamic derivative in order to relate the scattering in the aerodynamic derivative with
the value of the derivative itself at the corresponding reduced velocity. In Table 4, the relative

Table 4: Difference in the stochastic standard deviation between levels 2 and 3 quadrature
points relative to the level 3 stochastic mean of the flutter derivatives in %. Relative
differences between 1% and 5% are marked in yellow, and differences above 10%
are marked in red.

U, H,* H,* H,* A A A¥
2.5 0.14 0.06 0.02 0.54 0.23 0.13
5 0.08 0.32 0.45 0.15 0.01 1.19
7.5 0.92 0.52 0.06 0.20 0.28 0.67
10 0.39 2.03 0.05 0.33 0.18 0.66
12.5 0.09 4.57 0.01 0.38 0.17 0.62

15 015 [N 007 0.41 0.41 0.80

20 3.44 3.31 0.44 0.20 0.34 0.22
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differences are reported, showing again that is the H2* aerodynamic derivative the only one
presenting a limited convergence at high reduced velocities.

5 CONCLUSIONS

In this work, the results obtained in the wind angle of attack uncertainty propagation study
conducted for quantities of interest such as force coefficients and aerodynamic derivatives
of a twin-box bridge deck are reported. Moreover, the general procedure based on the appli-
cation of the stochastic collocation method and the use of CFD simulations to obtain the
deterministic samples has been described. It has been found that the level 3 approximation
has provided converged stochastic statistics for the force coefficients. For the aerodynamic
derivatives, the sensitivity of these quantities to uncertainties in the angle of attack has been
found to be quite limited within the considered range for the random variable. Interestingly,
the stochastic convergence has been found to be dependent on the reduced velocity magni-
tude and the particular aerodynamic derivative under consideration.

This study may be further developed by including additional sources of uncertainty such
as inflow turbulent intensity or the precise geometric definition of the model under study.
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