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ABSTRACT

The paper deals with the identification of the parameters of Scanlan’s nonlinear model for the
vortex-induced vibrations (VIV) of bridge decks. Although genetic algorithm (GA) has a good
search ability, it has difficulties in optimizing the multi-parameter problem to obtain acceptable
results. Levenberg-Marquardt algorithm (LMA), a widely used optimization algorithm, is strongly
influenced by the initial condition. A novel identification method (GALMA) based on GA and
LMA has been proposed. GA is adopted to achieve an initial condition, which is successively used
by LMA to optimize the identification. In order to verify the validity of the identified parameters,
the reconstructed data is compared with the measured data with respect to the time history of
vortex-induced vertical force (VIVF), the frequency components of VIVF, and the time history of
displacement response. The result shows that GALMA is effective. Furthermore, compared with
other identified methods, GALMA is more precise in identification parameters, especially many
parameters of equation.

Keywords: Nonlinear least squares; vortex-induced vertical force; genetic algorithm;
levenberg-marquardt algorithm.

INTRODUCTION

Vortex-induced Vibration (VIV) is one of the current hotspots that highlights the wind
engineering. Among the bridge structures, long-span bridges, low damping, and large flexible, are
the most susceptible to the wind (Ehsan, 1988; Gupta ef al., 1996; Scanlan, 1998; Marra et al.,
2011; Zhang et al., 2014). Vortex-induced vibration generally occurs in certain wind speed when
vortex -shedding frequency is close to the bridge natural frequency, and has the characteristics of
self-limiting and self-excited.

Although VIV response does not directly result in the bridge catastrophic events, it causes the
fatigue damage of the bridge and the reduction of service performance, such as travel safety and
driving comfort. Whereas, many researchers (Birkhoff, 1953; Bishop & Hassan, 1964; Skop &
Griffin, 1973; Sarpkaya, 1978; Scanlan, 1981; Dowell, 1981; Goswami et al., 1993; D’Asdia et
al., 2003) have paid attention to the complex physical phenomenon in order to model a bridge deck
against the vortex-induced vibration. But the physical mechanism of VIV is so intricate that it is not
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possible to build the theoretical model. At present, it is a very effective way to establish the semi-
empirical mathematical model based on careful observation on wind tests or actual phenomena.
Although the semi-empirical mathematical model cannot fully exposit the mechanism of vortex-
induced vibrations, it formulates the characteristics of the vortex-induced vibration phenomena,
for instance, self-excited and self-limiting.

The semi-empirical mathematical models aim to predicting the body oscillation amplitude with
the identified parameters at different values of wind speed, mass, and damping, but it is difficult
to identify the parameters from experimental data according to complexity of the VIV system.
Among those models, the empirical model of Signal-Degree-of-Freedom (SDoF) proposed by
Scanlan (1981) is successfully applied to wind tunnel tests (Ehsan, 1988), and the model can
describe the overall lock-in phenomenon. In the present work, the Scanlan’s model, as a realistic
case, is deeply studied.

For the Scanlan’s nonlinear model, the parameter identification methods are divided into
two categories. One class depends on the measured data of steady-state vibration, the Grow to
Resonance (GTR) or the Decay to Resonance (DTR) (Ehsan & Scanlan, 1990) is perhaps the most
general and easily applicable technique because the steady amplitude of the VIV displacement
response can be directly measured in the test. The GTR does not work in the following cases: the
steady-state amplitude is very small and cannot be observed with sufficient accuracy. In addition,
ubiquitous noise also affects the accuracy of steady-state amplitudes. The other class, which is
independent of the value of steady-state vibration, is based on least squares theory. Since there is
no closed-form solution to a non-linear least squares problem, numerical algorithms are used to
find the value of the parameters. Gupta et al. (1996) proposed an alternative identification based
on the theory of invariant imbedding. Weng et al. (2014) proposed a method to identify the aero-
elastic parameters from the time history of measured displacement, and they made use of the GA
to get nonlinear fitting. Zhu et al. (2013) proposed a method to identify the aero-elastic parameters
from the measured vortex-induced vertical force (VIVF) time histories and to employ Levenberg—
Marquardt algorithm (LMA) to get the optimal solution. However, those algorithms are not perfect
in solving the nonlinear problems. GA is liable to obtain local minimum in spite of its excellent
search ability (Perry et al., 2006; Togan & Daloglu, 2008). LMA can cope with the nonlinear
problem, while it is sensitive to initial conditions (Gavin, 2011; Transtrum & Sethna,2012). On
account of the limitation of knowledge about the mechanism of vortex-induced vibration, it is
difficult to obtain the appropriate initial conditions corresponding to the global optimum.

In addition, new models based on Scanlan’s nonlinear model have been proposed. Marra et al.
(2015) found that the relation between the Scruton number and the linear, damping coefficient of
Scanlan’s model is linear and the relation between the Scruton number and the nonlinear damping
coefficient is quadratic. So the parameters are identified by three decay -to- resonance tests for
three different Scruton numbers. Wu & Kareem (2013) presented a model based on Volterra
series, the simplified Scanlan’s model plays an important role in the identification of parameters.
Mashnad & Jones. (2014) put forward a model similar to Scanlan’s nonlinear model, they extracted
aero-elastic damping coefficient and stiffness coefficient from wind tunnel tests at several wind
speeds. In these models, the envelope of a decaying or growing displacement is used to identify
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the parameters, thus, the accuracy of measured displacement directly affects the reliability of
identification results. The displacement on the sectional model is very small, it is therefore difficult
to measure displacement with high accuracy in the conventional sectional model test. What’s more,
the reliability of these models and its parameter identification methods need to be further verified.
So the Scanlan’s nonlinear model is used to analyses vortex-induced resonance (VIR) system in
this paper, a GALMA method based on optimization theory is proposed to identify parameters
from wind tunnel test, it can search for an appropriate initial condition, and achieve the optimal
solution of the parameters.

The rest of the paper is organized as follows. In Section 2, a brief introduction of the Scanlan’s
model is given, then the nonlinear optimization based on least squares theory is mainly discussed.
In Section 3, the detailed information of the GALMA method is presented. In Section 4, the
parameters are identified from the wind tunnel test, then the validity of the parameters is verified
through the time history of VIVF, frequency components, and displacement of bluff body. Then
The results of different identification methods are analyzed. Section 5 summarizes the paper.

RELATED WORKS OF IDENTIFICATION PARAMETERS

In this section, the nonlinear empirical model of the SDoF and the traditional identification
method are described in brief. Then nonlinear optimization based on least squares theory is
presented in detail.

Nonlinear empirical model of SDoF

In terms of velocity and displacement, the VIVF, which acts on the bluff model under lock-
in condition, mainly contains a harmonic component and nonlinear component. These two
components are caused by vortex shedding and aero-elastic interaction acting on bluff body and
air flow, respectively. According to the nonlinear empirical model proposed by Ehsan and Scanlan
(1990), the equation of motion in the cross-flow degree-of-freedom » can be written as follows.

mly +2ayy +wyy]= 1, (v, p,U,0) (1)

Where m is the mass of the bridge deck per unit length; @, is the natural frequency of the bridge
at zero wind speed; & is the mechanical damping ratio; U is the velocity of the oncoming flow; /&
is the acrodynamic force per unit length due to the vortex shedding, which is a function of wind
velocity U, displacement y, velocity y, and time ¢ of the sectional model vibration.

. 1 2 1 :
S, U, ZEpUZD{YlOwe%)’EJrYzlJrECL sm(a),,stﬂ//)}

D 2

Where P is the air density; D is the depth of the bridge deck; ®s is the circular oscillation
frequency in the case of vortex-induced resonance; V and J are the oscillating displacement and
velocity of the bluff bridge deck, respectively; ¥ is the phase angle; ¥, is the linear aero-elastic
damping; Y- is the linear aero-elastic stiffness; € is the nonlinear aero-elastic damping; C, is the
sinusoidal approximation of the fluctuating lift coefficient; @ is the mechanical circular frequency
during VIV.

In the paper, the vertical vortex-induced force (VIVF) is analyzed. So the dimensionless motion
equation of VIVF can be expressed as follows.
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1'(s)+2EK7/(s) + K2n(s) = £, 3)

Ja=m, [Yl (1=en(s))'(s) + Y, (s) + % C,sin(K, s+ l//)} 4)

Where m, = pD’ /m ; K,=w,D/U; K, =, DU is the circular oscillation frequency in
the case of vortex-induced resonance; s =tU/D is the dimensionless time; #(s) = y(¢)/D is the
dimensionless displacement; 77'(s) = ¥(z) / U is the dimensionless velocity; ./, is the dimensionless
VIVFE.

Nonlinear optimization based on least squares theory

The model parameters are identified by the nonlinear least squares from the time history of
measured VIVF. The objective function is defined as follows:

ROGY,6CKt) =3 X (5= o5 )

Where £, (s,) and / 11 (s;) are the values of the dimensionless VIVF at the dimensionless time
s, measured in the test and reconstructed by Eq. , respectively; N is the total number of the data
points of the f;,; samples.

Letx = (¥,Y,,£,C,, K ,y)" be viewed as a vector. If x, is a global minimizer of function R(x)
, The least squares method for the problem can be expressed as follows.
x, =argmin{R} ©)
xeR®
The Eq. is in itself an unconstrained optimization problem, which is hard to solve generally. It
is relatively easy for the local optimal x" to be obtained.

R(x)=R(x) for Hx —x*” <€ @)

Where &€ is a small positive number, the local optimal x" must satisfy the conditions
VR(x)=0 and A"V’R(x")h>0. is a nonzero vector.

Genetic algorithms

Genetic algorithms are commonly used to generate high-quality solutions to optimization and
search problems by relying on bio-inspired operators such as mutation, crossover, and selection.

GA has a well-known disadvantage that the solutions may converge to local optima, and may
find difficulty to escapeing to find the global optimum solution. Perry et. al. (2006) modified
classical GA strategy to identify unknown parameters such as mass, stiffness, and damping
properties of a structure system. The strategy includes multiple populations and, a search space
reduction procedure and so on. Crossover and mutation are the key to affect the behavior and
performance of GA.

The iterative process starts from a population of randomly generated individuals in a given
range. In each iterative, the fitness of every individual in the population is evaluated. the fitness
is the value of the objective function . According to a predetermined rule, some individuals may
be selected, mutated, or altered to form a new population. The new population is then used in the
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next iteration of the algorithm. The algorithm terminates when a maximum number of iterative has
been produced. Finally, the output is an individual with the smallest fitness value is selected from
the latest population.

Levenberg-marquardt algorithm (LMA)

LMA relies on the basic concepts of optimization theory (Gavin, 2011; Dkhichi et al., 2014;
Transtrum & Sethna, 2012). It merges the steepest descent method with the concept of minimizing
the Taylor approximation of the function . As for Eq. , it is satisfied VR(x") = 0, so this is a nonlinear
system of equations, and it forms the Taylor expansion.

VR(x +h) = VR(x) + V*R(x)h + higher order terms of h

8
; VR(x)+V?R(x)h for ||| sufficiently small ®)

The gradient matrix and the hessian matrix of the objective function R(x) can be expressed as
follows, respectively.

VR(x) = J(x) R(x) = ER (XIVR,(x)

H() = VR = 3 VROV (0 + 3 REOVE ()

=J(x)"J(x)+S(x)

Where J(x)=VR(x) is the Jacobian matrix, S(x) = \ R (X)V2R(x). If V2R (x) or R (x) is
small, the Hessian matrix in this case simply becomes

H(x)=V*R(x)=J(x)" J(x)
So the update rule of LMA is given as:
X, =X +d, )

d =—(H +AI)'VR(x) (10)

The essence of the LMA is a linear approximation to R(x) in the neighborhood of x. Forall A = 0
the coefficient matrix is positive definite, and this ensures that , is a descent direction. if A is
small, which is a good step in the final stages of the iteration, when x is close to x ", the direction
d,is identical to that of the Gauss-Newton method. While 4 is large, d, tends to the steepest descent
direction, with magnitude tending to zero. Therefore, it is to guarantee the convergence of function
R(x) that the term A can adaptively controls both the direction and the size of the step.

The LMA has repeatedly updated Eq. and Eq. until the acceptable solution is found. The
stopping criteria of the iteration are written as follows.

1) The solution can be achieved when VR(x") = 0, the algorithm terminates.

[VR(x)|,, <&, where ¢, is an any small, positive specified number.

2) If the current iteration number 4 is greater than the maximum number of iterations %, ., the

max>

algorithm terminates.
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THE GALMA METHOD FOR IDENTIFICATION PARAMETERS

The GALMA method proposed in this paper is based on the least squares theory. It can adopt
GA to generate the appropriate initial condition, which is successively used by LMA to optimize
the identification. The method, therefore, mainly contains GA and LMA.

The GA module generates the initial vector ini_ x with respect to Eq. . The genetic algorithm
randomly selects 500 individuals fromthe predeterminedrange[6,10; —12,-18;0,-3;0,1;0.4,0.8;0,6]
to form a population . The GA starts an iterative process with the population.
In each iteration, the fitness of every individual in the population is evaluated, the individuals
are selected from the current population according to the selection probability ps = 95%, and
some individual’s genome is modified to form a new population P, = (x|, x,,..., X5, ). The new
population of candidate solutions are then used in the next iteration of the algorithm. the algorithm
terminates when a satisfactory fitness level or the maximum number of iterations has been reached.

The Genetic Algorithm

Input: A fitness function /* , & =1e-10 is the limit error, initial range
range =[6,10;-12,-18;0,-3;0,1;0.4,0.8;0, 6], the number of population 2 is 500, and the

maximum number of iterations k4__ =1000

max

Output: ini _x is a solution

Stepl : k=0

Step 2 : ps =0.95 9% Selection probability

Step 3 : pc=0.8; pm =0.08 9 crossover and mutation probabilities

Step 4 : (k) % randomly generate the population within the initial range

Step 5 : Objv= f(p(k) %the value of each individual in »(%) is calculated by Eq.
Step 6 : white k<,

Step7 1k=Fk+1;

Step 8 : Fitnv = rank(Objv) Ythe fitness value of each individual is evaluated

Step 9 : temp = select(p(k —1), Fitnv, ps) Ypselection

Step 10: temp = crossover(temp, Fitnv, pc) Ypcrossover and mutation

Step 11: p(k) = mutation(temp, Fitnv, pm) % mutation

Step 12: Objv = 1 (p(k))

Step 13: end

Step 14:ini _x = find(p, min(Objv)) %select an individual with the smallest fitness
Step 15: output  ini_x

In the LMA module, an initial parameter vector ini _x and a measured VIVF are provided, the
LMA searches for an optimal solution in the neighborhood of % _X, The detailed description of
the algorithm is as follows.
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The Levenberg- Marquart Algorithm

Input: A function /(x), a measured VIVF vector Joneasure an initial parameterini_x , &£=le—6

s

is the limit error, step factor 1=0.005 and the maximum number of iterations 4, =100.

Output : x is the optimal

Step 1l :k=0; x=ini_x;updateJ =1;g =1

Step 2 :while |g|>&  and  k<k,,

Step3 1 k=k+1;

Step4 & wupdated —

Step5 12 =Vr):  H=J)"J(x) YPcompute the Jacobin and gradient
Step 6 :if k==

Step 7 : sumq = sum((f(X) = f,onwe)” ) ocompute sum of squares

Step 8 : endif’

Step 9 : endif

Step 10: @ = —(H + Adiag(H))™' g %compute LMA step

Step 11: x,,,, = x +d %update x with reconstructed step

Step 12: sumgq,,,,, = sum((f (X)) = frneasre)”) %oupdated sum of squares

Step 13: i sumq,,,, < sumq % if the sum squared error has been reduced
Step 14: x = x,,,,, % update x

Step 15: sumgq = sumgq,,,,, % update sum of squares after convergence test

Step 16: A=A/10s  wpdateJ =1 9 reduce A,0nly the previous step is good
Step 17: else

Step 18: A=1*10 %increase LMA parameter

Step 19: updareJ = O Gunsuccessful step, no need to re-compute the Jacobian

Step 20: endif’

Step 21: end

Where sumgq is named the sum of squares between the reconstructed VIVF and the measured
VIVF about x. If sumg,,, < sumg, the parameter vector x is replaced by a new estimated x + & where
the direction 4 is calculated using Eq. sumgq,,,,, >= sumgq, and the parameter is 4 reduced. If , the
parameter A is increased.

NUMERICAL SIMULATION

Any new method needs to be tested numerically in order to evaluate its performance in an
experimental situation. A series of tests have been carried out in TJ-3 boundary layer wind tunnel
of the state Key Laboratory for Disaster Reduction in Civil Engineering at Tongji university. While
the Simulation environment includes software and hardware as follows:



Xiaoxia Tian, Jingwen Yan, and Qi Zhou 52

Software: windows 10 is the operating system; MATLAB 2010b is the development software.
Hardware: Intel(R) core(TM) i5-3470 CPU@ 3.2GHZ; RAM 4.0GB.
The simulation result of GALMA method

In the GA module, the number of population is finely set to 500; the selection, crossover, and
mutation probabilities is 0.95, 0.8, and 0.08, respectively; the maximum number of iterations is
1000. The solution is [7.8339 -17.0669 -2.3235 0.7000 0.6800 2.8000]. The sum of squares for
error (SSE) and coefficient of determination (R-square) of GA is 0.0022 and 0.5697, respectively.

In the LMA module, the threshold of first-order optimality is set to 1e-6, the initial Lambda
4=0.001 and the maximum number of iterations &, =100 are specified. With the initial condition
from GA, LMA goes through 17 iterations to obtain the optimal solution. Table 1 shows the results
of each iteration, including iteration, residual, first order optimality, and lambda. The algorithm
stops because the first-order optimality, 5.54e-006, is less than 1e-6. The optimal is [8.240-2.1911
-14.484 0.6327 0.6797 4.083]. Its SSE and R-square is 0.0019 and 0.6291, respectively.

Table 1. The output of each iteration.

Iteration Residual First-Order optimality Lambda
0 0.0022321 14 0.001
1 0.00206895 0.0379 0.0001
2 0.00198958 0.0665 1e-005
3 0.00193898 0.0313 1e-006
4 0.00192726 0.0165 1e-007
5 0.00192476 0.00756 1e-008
6 0.0019241 0.00379 1e-009
7 0.00192396 0.0018 1e-010
8 0.00192393 0.00088 le-011
9 0.00192393 0.000426 le-012
10 0.00192393 0.000208 le-013
11 0.00192393 0.000101 le-014
12 0.00192393 491e-005 le-015
13 0.00192393 2.39e-005 2.22045e-016
14 0.00192393 1.16e-005 2.22045e-016
15 0.00192393 5.54e-006 2.22045e-016
16 0.00192393 7.2e-007 0.000222045

The reliability and accuracy of the identified parameters have been checked with respect to
different aspects. Firstly, the VIVF response, which is reconstructed by Eq. with the identified
parameters, is well consistent with to the measured one, as shown in Figure 2 (d). Secondly,
Figure 3 (d) shows that the reconstructed VIVF and the measured VIVF have the same frequency
components, which are 2.814Hz, 5.627hz, and 8.441hz, respectively. Thirdly, the reconstructed
displacement time history has been compared with the measured one, as shown in Figure 1. It can
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be found that the reconstructed displacement response and the measured displacement response
agree well with each other, this indicates that the GALMA method in this study is effective.
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Figure. 1. The measured displacement and the reconstructed one with identified parameters
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at £=0.5% and U = 9.1m / 5. The parameters of Newmark-3 method are set to «=0.6 and 5=0.25.

(a) Overall view; (b) partial view.

Analysis of the simulation results of different methods

These methods, which consists of GTR, LMA (Zhu et al., 2013), GA, and GALMA, have been
adopted to identify the parameters of the Scanlan’s model in the paper. The estimated parameters
Y,,Y,,e,C,,w,p shown in Table 2 were extracted from the experimental data with a nominal
damping ratio & of 0.5% and a wind speed (U) of 9.1m/s. The results of GTR and LMA comes
from the literature (Zhu et al.,2013).

Table 2. Identification parameters from different methods.

method 4 Y, £ & @, v
GTR 16.397 -0.641 81.199
LMA 8.406 -2.179 -18.671 0.792 0.680 -1.997
GA 7.8339 -2.3235 -17.0669 0.701 0.680 2.800
GALMA 8.240 -2.1911 -14.484 0.6327 0.6797 4.083

The fitting evaluation parameters of the four methods, including SSE, mean square error
(MSE), root mean squared error (RMSE), and R-square, are shown in the Table 3. The R-square is
the key for the result of fitting. The closer to 1 R-square is, the more ideal is the fitting. The SSE is
the secondary judgment. The smaller the SSE is, the smaller the error between the measured VIVF
and the reconstructed results is. The same is true for MSE and RMSE.

Table 3. Error parameter comparison of different identified methods.

Method SSE MSE RMSE R-square
GTR 0.0014 4.6934e-008 2.1664e-004 0.1762
LMA 0.0042 1.3633e-007 3.6922e-004 0.1931

GA 0.0022 7.2704¢-008 2.6964¢-004 0.5697
GALMA 0.0019 6.2667¢-008 2.5033e-004 0.6291
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There are several figures that can clarify the performance of the above four methods. Figure 3
shows the time history of the measured VIVF is compared with that of the VIVF reconstructed by
different methods. And it can be seen that there are significant differences between the measured
time history of VIVF and the reconstructed one in both the curve pattern and the magnitudes. From
Figure 2 (a), The reconstructed VIVF curve has three positive peaks within one period, while the
measured VIVF curve has only two positive peaks. The reconstructed VIVF curve in Figure 2 (b)
has two positive peaks in a period. One is high, while the other is low. The reconstructed VIVF
curve in Figure 3 also has two positive peaks in a period. The left peak is apparent higher than
the right peak. As far as Figure 2 (d) is concerned, the reconstructed VIVF has two almost same
peaks in a period. What’s more, Figure 3 shows the frequency components of the different signals.
There are three main peaks in the amplitude spectra of the measured VIVF, in other words, it has
three main frequency components, which are 2.814Hz, 5.627Hz, and 8.441Hz, respectively. The
VIVF reconstructed by GTR has only two frequency components: 2.814Hz and 8.441Hz, shown
in Figure 3 (a), while the VIVFs reconstructed by the other methods have the same frequency
components as the measured one has.

x 10" it
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Figure. 2. The dimensionless reconstructed VIVF with different methods compareds with the
measured one at U =9.1and £=0.5%. (a) GTR; (b) LMA; (c) GA; (d) GALMA.
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Figure. 3. The contrast diagram of the amplitude spectra of the measured VIVF and the
reconstructed VIVF at U =9.1and £=0.5%. (a) GTR; (b) LMA; (c) GA; (d) GALMA.

From the Table 3, SSE and R-square of the GTR method are 0.0014 and 0.1762, respectively.
Its SSE is the smallest because of a closed-loop process from the parameters identification to the
parameters verification. The parameters of an uncertain vibration model have been extracted from
the displacement responses in the wind tunnel, then those identified parameters have been used to
reconstruct the displacement responses with the same model, the validity of the identical parameters
is verified by comparing the measured displacement with the reconstructed displacement. Moreover,
the distortion caused by the vibration model can be automatically eliminated in the whole process.
In terms of the R-square, the GTR is the worst. The reason of this phenomenon is that the main
component frequency of the measured VIVF are not the same as that of the reconstructed VIVF. The
Figure 2 (a) shows significant differences between the measured and the reconstructed time histories
of VIVF in both curve pattern and magnitude. There are three positive peaks in one cycle of the
GTR, but only two positive peaks in a period of the measured VIVF. From Figure 3 (a), three main
frequencies in the time history of the measured VIVF are 2.81Hz, 5.62Hz, and 8.4Hz, but the time
history of the VIVF reconstructed by GTR has two main, frequencies 2.81Hz and 8.4Hz.

Those methods, including GA, and LMA, have three frequency spectra and two positive
peaks within a period of time history of the reconstructed VIVFE. However, there are significant
differences in the magnitudes of VIVF spectra shown in Figures 3 (b) and 3 (c). In Table 3, SSE
and R-square of LMA method are 0.0042 and 0.1931, respectively. While SSE and R-square of GA
are 0.0022 and 0.5697, respectively. In total, GA demonstrates its outstanding search capabilities
perfectly, and LMA does not do well because of an inappropriate initial.
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For GALMA, its SSE and R-square are 0.0019 and 0.6291, respectively. GALMA with the
advantage of GA and LMA is superior to LMA due to the following aspects. One is that the
appropriate vector corresponding to the optimal is regarded as the initial, another is the parameter
A that is not a constant in order to obtain the optimal fast. Among the four methods, the GALMA
has the minimum error and the maximum R-square, and the parameters identified by GALMA is
the most accurate description about the response of the prototype.

CONCLUSION

The nonlinear least squares theory is applied in GALMA. the parameters identified by GALMA
have been verified to be accurate, and explain the phenomenon of vortex shedding for flat closed
box deck. Its advantages are summarized as follows:

® GALMA achieves the optimal solution quickly and accurately. GA is employed to
search for a solution, which is regarded as the initial parameters of LMA. LMA can use the
finite difference to get the Jacobin matrix and adaptively adjust the parameter A in order to
obtain the optimal solution rapidly.

® The validity of parameters has been verified successfully. Firstly, the time history
of VIVF reconstructed by Eq. with identified parameters agrees well with that of the
measured VIVF, because they have similar frequency spectra. Secondly, the reconstructed
displacement response of the sectional model at the different damping ratio also agrees well
with the measured one.

® Four methods of identification parameters (GTR, LMA, GA, and GALMA) are
compared in terms of fitting evaluation parameters, the time history of VIVF, the frequency
spectra of VIVF, and the displacement responses of sectional model at the damping ratios
& 0f 0.5% and 0.7%, respectively. The reconstructed VIVF has only two frequency spectra,
which results in a great difference to the measured VIVF. So it can be found from Table 3
that the R-square of the GTR method is merely 0.1762. Although LMA and GA improve the
value of R-square describing the equality of a fit, and contain three frequency spectra, their
R-square is 0.1931 and 0.5697, respectively,. While the R-square of GALMA is 0.6291,
considering the effect of fitting, GALMA is superior to other methods.

However, there are several problems in the processing of identified parameters. Firstly, as for
the measured data, it can be seen from Figure 3 that the amplitude in the around 0 frequency is not
equal to 0, which means that the vortex-induced force mathematical model must include a constant
term, but Scanlan’s empirical nonlinear model does have not a constant term. Secondly, the
parameter k reaches 0.68, 2 times of the major reduced frequency of the vortex-induced vibration,
which is abnormal. Thirdly, the coefficient ¥, usually is very small in air, but it is positive since
the flow around the oscillating body tends to increase the oscillating mass and then to reduce the
oscillation frequency. Conversely, the value provided by GALMA is negative. In addition, the
parameter € regulates the oscillation amplitude at zero structural damping, and its value should be
positive instead of the negative value obtained.

The proposed method aims to at identifying the parameters of Scanlan’s nonlinear model from
the measured data. While we found that the identified parameters could not explain the physical
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mechanism of VIR very well. From the previous analysis, it can be found that the measured data
contains harmonic and high frequency components, while the Scanlan’s nonlinear model does
not include those components. Therefore, a new model of VIR, including harmonic and high-
frequency components, is the direction of our next research.
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