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S1. Supplementary derivations for the semi-analytical models
S1.1. Impulse function formulation for the LU model
Utilizing the impulse function formulation, the self-excited forces are formulated as follows [1]:

            (S1)





where , , and  are the drag, lift, and moment impulse functions, respectively, due to the corresponding impulse motion . It is clear that with the formulation in the preceding equation, the self-excited vector is only a function of time; that is, . Since an impulse motion is difficult to simulate experimentally, impulse functions are obtained from the flutter derivatives using rational approximation. Going back to the frequency domain and equating the Fourier transform of Eqs. (S1) and (7) yields the following relations:

    (S2)


where denotes the Fourier transform and  is the imaginary unit. The approximation in bridge aerodynamics commonly takes the following form:

                        (S3)


[bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK49]where Aj for  and dl ≥ 0 for  are frequency-independent coefficients. The first three terms in Eq. (S3) correspond to the aerodynamic stiffness, damping, and mass, respectively, while the additional rational terms are included to model the fluid memory. There are a number of ways to determine these coefficients; however, bi-level optimization is used here, which formulates an objective function by equating Eqs. (S2) and (S3) [2]. In the upper nonlinear optimization task, the nonlinear terms dl are solved using the constrained Nelder-Mead simplex algorithm with inequality constraints, while in the lower linear optimization task, the linear coefficients Aj are obtained using the linear least-squares method. Once these coefficients are determined, the self-excited impulse function can be transformed back into the time domain using the inverse Laplace transform. Taking s = iω, the frequency-independent impulse function yields the following:

        (S4)

where  denotes the Laplace transform and δ(t) is the Dirac delta function. Changing back Eq. (S4) in Eq. (S1) and integrating by parts yields the frequency-independent formulation of the self-excited forces; for example, the lift force due to vertical motion is given by the following:

            (S5)
The rest of the components of the self-exited forces can be obtained in a similar fashion and are omitted here for brevity. The linear convolution integral can be solved numerically, or reduced schemes can be applied (see e.g., Ref. [3]). Using the same principles, the impulse function formulation of the buffeting forces is obtained as follows:

           (S6)

where IDj = IDj(t), ILj = ILj(t), and IMj = IMj(t) are the drag, lift, and moment impulse functions, respectively, due to the corresponding impulse wind fluctuation . It is noted that the impulse functions usually include the static wind coefficients and their slopes at αs; however, this is an arbitrary factor that only changes the numerical value of the frequency-independent coefficients. The buffeting impulse functions can be obtained from the aerodynamic admittance functions in the same manner as was used for the self-excited forces. Equating the Fourier transform of Eqs. (S6) and (8) provides the following identities:

                        (S7)
where F and G are the real and imaginary parts of the corresponding aerodynamic admittance function χ, respectively. The buffeting impulse function in the frequency domain takes the following approximate form:

                                (S8)


where the frequency-independent coefficients Aj for  and dl ≥ 0 for  are obtained in the same manner as was used for the self-excited forces. Taking the inverse Laplace transform for s = iω, the time domain impulse buffeting force is obtained as follows:

                 (S9)
Substituting the preceding equation back into Eq. (S6) yields the frequency-independent formulation of the buffeting forces. For example, the lift force due to vertical fluctuations is given by the following:

     (S10)
Similar expressions can be obtained for the rest of the terms in the buffeting force vector.



S1.2. Frequency-independent coefficients for the MQS model 
The MQS model can be easily related to the LU model by neglecting the aerodynamic mass and unsteady terms in Eq. (S3), which yields the following:

                                     (S11)

where  is the impulse function for the MQS model. Taking the inverse Laplace transform, the preceding equation is transferred back to the time domain as follows:

                           (S12)





[bookmark: OLE_LINK52][bookmark: OLE_LINK53]It is clear that the convolution integrals are avoided in this case. The damping-related coefficient A1 and the stiffness-related coefficient A2 (Eq. (S12)) correspond to the frequency-independent coefficients , , and  (Eq. (12)) for  and , respectively.

S1.3. Aerodynamic stiffness and damping matrices 
For a constant deck width along the span, the terms in the modal aerodynamic stiffness matrix can be obtained as follows [4]:

  (S13)
and the terms in the modal aerodynamic damping matrix are obtained as follows:

  (S14)







where  is computed from the modal coordinates ,  for  and , where Nm is the number of modes considered and the flutter derivatives  are for .

S1.4. Derivation of the CMBM model
In order to develop the CMBM model, Eq. (13) is rearranged in a state-space representation as follows:

                                 (S15)
where x is the state vector, A is the state matrix, and R is the input matrix. These are obtained as follows:

                    (S16)
The complex eigenvalue problem of Eq. (S15) is formulated as follows:

                            (S17)
[bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK71]where the vector γj is the complex eigenvector, ϕj is the complex mode, and λj is the complex eigenvalue expressed as follows:

                            (S18)



where ωj and ξj are the frequency and damping ratio of the complex mode, respectively. Since the size of the state matrix A is 2Nm × 2Nm, there are two Nm roots of the characteristic polynomial; therefore, the complex modes ϕj and the complex eigenvalues λj are obtained along with their complex conjugates  and  for , where the asterisk denotes the conjugate complex operation. Since the state matrix A is frequency-dependent, an iterative complex eigenvalue analysis is required for each natural frequency, until the assumed frequency for obtaining Ks and Cs converges with the imaginary part of λj. Regarding flutter analysis, the critical velocity Ucr is determined for a zero damping ratio of any complex mode. In the frequency-domain buffeting analysis, the transfer function between the buffeting forces and the modal responses is computed for each frequency increment. Thus, a complex eigenvalue analysis is generally not required. However, the procedure in the frequency domain requires multiple matrix-inversion operations and can be computationally costly. In the CMBM model, it is assumed that the peaks at the complex eigenvalues in the transfer function have the most influence on the response, so the state matrix A can be approximated by the equivalent state matrix Aeq, which is based on the complex eigenvalues as follows:

                                (S19)
which satisfies the following condition:

[bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK40]                                     (S20)




where Γ is a 2Nm × 2Nm matrix containing the complex eigenvectors γj and their complex conjugates  for , and satisfying the orthogonality condition . The eigenvalue matrix Λ is a diagonal matrix containing the eigenvalues λk corresponding to each natural frequency and their complex conjugates . In this way, the state vector x = x(t) can be expressed in complex modal coordinates as follows:

                                        (S21)
where the vector y = y(t) contains the complex modal coordinates. Eq. (S15) can be then decoupled, resulting in the final form of the system matrix of the CMBM model, given in Eq. (14).

S2. Natural frequencies of the reference object
Table S1 
Natural frequencies and mode types of the 15 vibration modes included in the analyses.
	Mode No.
	Mode type
	f (Hz)

	1
	Tower/lateral
	0.302

	2
	Lateral
	0.401

	3
	Vertical
	0.444

	4
	Vertical
	0.731

	5
	Vertical
	0.810

	6
	Torsional
	0.913

	7
	Torsional
	0.934

	8
	Vertical
	1.505

	9
	Vertical
	1.598

	10
	Tower/torsional
	1.945

	11
	Tower/torsional
	2.194

	12
	Torsional
	2.832

	13
	Lateral
	2.833

	14
	Vertical
	2.914

	15
	Torsional
	2.960
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