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Abstract

A vehicle-bridge tuned mass damper (TMD) coupled dynamic analysis and vibration-control
model was established to optimize TMD damping effects on a steel-box girder bridge bear-
ing vehicle loads. It was also used to investigate optimization efficiency of different algo-
rithms in TMD design parameters. This model simulated bridges and vehicles with the use
of a 7 degrees of freedom curved-beam element model and a 7 degrees of freedom vehicle
model, respectively. The TMD system was simulated with the use of multiple rigid-body sys-
tems linked with springs and dampers. Road surface condition, as a vibration source, was
simulated with the use of a frequency equivalent method based on a power spectrum. A var-
iably-accelerated pattern search algorithm was proposed in line with the initial TMD parame-
ters calculated by Den Hartog formula. Visual software was compiled by Fortran and used
for an optimization study of vibration reduction. A three-span, curved, continuous steel-

box girder bridge was used as the numerical example. Optimized effects and computational
efficiency of vibration reduction under different methods were compared. The comparison
included a single variable optimization based on Den Hartog formula, an ergodic search
method, an integer programming method, a traditional genetic algorithm, a traditional pat-
tern search algorithm, and a variably-accelerated pattern search algorithm. The results indi-
cate that variably-accelerated pattern search algorithm is more efficient at improving TMD
optimal parameter design. Final TMD parameter optimization values obtained by different
methods are quite close to each other and tends verify the reliability of the optimization
results.

Introduction

Vehicles moving on irregular bridge road surfaces produce coupling vibrations in the vehicle-
bridge system. Large amplitude causes noise and driving discomfort and generates fatigue
damage to the bridge structure. Presently steel-box girder bridges are widely used as urban
overpasses as they can be rapidly constructed and do not need full construction support.
Vibration and noise remain as drawbacks. Vibration control research on steel-box girder
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bridge dynamic responses under vehicle loads is of great theoretical significance and practical
engineering value. Prior studies tended to analyze the coupled dynamic response of vehicle-
bridge system [1-5]. Recent studies [6-8] suggested that studies of coupled-systems vibration
control should be included and that system damping could be achieved through control tech-
niques such as tuned mass damper (TMD). Kwon et al., in their study of TMD damping and
optimization, analyzed TMD vibration control effects on a three-span continuous girder
bridge simulated with six degrees of freedom (DOF) beam element [9]. Guo and Lu [10] con-
cluded that a Den Hartog (DH) optimization formula [11] could be applied to vibration con-
trol using TMD on a simple-supported beam bridge for high-speed trains. Miguel et al.
proposed a novel hybrid stochastic-deterministic algorithm for optimal multiple tuned mass
dampers (MTMD) design under seismic excitation [12]. Tubino and Piccardo proposed a
numerical optimization criterion based on an efficiency factor maximization defined as "the
ratio between the uncontrolled acceleration standard deviation and the controlled one to opti-
mize TMD parameters and mitigate human-induced vibrations of pedestrian bridges" [13].
Fan et al. solved MTMD optimal parameters under arbitrary distribution of damping ratio
and frequency ratio using a genetic algorithm (GA) [14]. Li et al. established a power balance
equation for a structure-TMD system and obtained a power consumption formula for the
main structure when the structural substrate was subjected to harmonic load [15]. They
obtained TMD optimal frequency ratios and damping ratios by establishing an optimal goal of
minimizing main structure energy consumption and comparing it to the four analytical opti-
mization methods proposed by Den Hartog [11], Warburton [16], Tsai and Lin [17], and
Sadek et al. [18].

The present state of bridge damping research is focused on vibration control in railway con-
crete girder bridges and footbridges and optimizing TMD parameters based on a single vari-
able analysis. Research on the unconstrained optimized damping of the TMD system of steel-
box girder bridges under the effects of automobiles remains scarce. Vigorous restrictions have
often been imposed to simplify calculations such as equal quality and even frequency distribu-
tions. A relatively simple linear search technology to obtain optimal TMD parameters is an
example [13-15, 19, 20]. The results obtained in these studies are not necessarily close to an
actual optimal answer, especially for systems having certain levels of randomness and com-
plexity such as controlling vehicle-bridge coupling vibrations, which may produce a large dif-
ferences from the actual optimal answer. Fan et al. [14] and Li et al. [15] used a GA algorithm
to study TMD damping optimization in simple structures. Computational efficiency and
research goal differences suggest that it may not necessarily apply to a vibration damping opti-
mization analysis to vehicle-bridge coupling systems. This paper proposes a new variably-
accelerated pattern search algorithm (VAPS) based on an improved initial value. This realizes
vehicle-bridge coupling damping optimization for an unrestricted TMD system. A three-span,
curved, continuous steel-box girder bridge was taken as the model for studying damping opti-
mization of the vehicle-bridge coupled dynamic response using self-programmed software
VBTS-1. Optimal TMD system parameters were obtained by comparing the damping optimi-
zation effects and the calculation efficiency of different optimization algorithms. TMD vibra-
tion damping optimization has a limited number of calculations. The VAPS algorithm
addresses the difficulty of current solutions which are unable address calculation efficiencies
and vibration damping effects. The work offers a possibility of dealing with the unconstrained
optimization problems of large-scale MTMD systems. A post-optimization TMD prolongs
bridge life spans and contributes to the sustainable development of urban infrastructure con-
struction. This optimization algorithm provides a reference value in the the vibration reduc-
tion design of bridges and other structures.
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Vehicle-bridge-TMD system dynamics model
2.1. Bridge dynamics model

The 7-DOF, spatial, curved-beam element, which takes constrained torsion into account, was
used for the bridge in Fig 1.
Element displacement parameters are:

T

9, x o oz by le 0, ¢
(9= - S )
2 ) 11 Xy V2 % Un Up Un ¢

Subscript "1" and "2" are the left and right nodes respectively. x, y, z, and 0 are linear and
angular displacements in the X, Y, and Z directions. ¢ is the rate of change of X-axis direction
torsional angle.

Rayleigh damping is adopted for the bridge model. The element characteristic matrix is
formed according to the total potential energy invariance of the elastic system dynamics prin-
ciple. The "check mark" rule is used to form the matrix [21]. Overall mass, damping, and stift-
ness matrix are obtained via coordinate transformation and assembly to establish a bridge
dynamic equation:

MSVS —"_ CSVS + KSVS = PS (2)

In this formula (2), M,C,,K are structure mass, damping, and stiffness matrix in the global

coordinate system, respectively. V., V_, V_are the displacement, velocity, and acceleration column
vectors of the respective DOFs for the overall coordinates. P is the structure external load vectors.

2.2. Vehicle dynamics model

The vehicle is a 3-dimensional, 2-axis model consisting of 4 wheels and 1 body. A simplified
model is in Fig 2. The model takes into account vertical flotation of the body and wheels
(ZosZwarZwinZwoZwa)> front and rear body nodding (6,,), and vehicle lateral rolling motion (6,.)
for a total of 7 DOFs. This fully simulates vehicle movement characteristics. Assuming that the
vehicle is traveling at a constant speed parallel to the lane centerline, small displacement vibra-
tions in the direction of the respective DOFs are considered. A centrifugal force for each con-
centrated mass acts on the respective mass center [22]. According to the principle of potential
energy invariance and the "check mark" rule, a vehicle dynamics equation is formed (3). For

ke
Cl_y> . /'Z/\X
z
Fig 1. Beam element considering constraint torsion. k is the torsion center. ¢ is mass center. X is bridge center curve
coordinate calculated according to the unit arc length. Y is the radial coordinate. Z is the vertical coordinate.

https://doi.org/10.1371/journal.pone.0215773.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0215773  April 23,2019 3/26


https://doi.org/10.1371/journal.pone.0215773.g001
https://doi.org/10.1371/journal.pone.0215773

@ PLOS|ONE

Vehicle-bridge-TMD optimization algorithm

detail meanings, see S1 Appendix and [21].

where

MV,+CV,+KV, =P,

0 O
M, =
0 M,
C:f Csvo
C, =
Cvso Cv + Cvf
K:f sto
K, =
Kvso Kv + va
— VS VS
vV, = , VV — V, =
v, Vv,
pv +pvscr +pv5kr
P, =
pvvcr + vakr

2.3. Road surface condition

Studies indicate that road surface condition is a major factor affecting vehicle-bridge dynamic
response [1, 23]. This paper constructs a frequency spectrum based on an equivalence method
of the power spectrum frequency [24]. An irregular spectral density function is given in the
Chinese national standard in GB/T 7031-2005 road vibration spectrum measurement data
report. It is sampled discretely to construct a frequency spectrum.
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Fig 2. Simplified vehicle calculation model. (a) This is vehicle model side view. (b) This is vehicle model front view.
https://doi.org/10.1371/journal.pone.0215773.9002
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Fig 3. C-level road irregularity sample.
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https://doi.org/10.1371/journal.pone.0215773.9g003

The time domain sample transformed by Fourier is as (4):

() = S X Wexp (157 ) (n = 0,1, N - ) (@)

k=0

In Eq (4), x(n) is the excitation function that simulates road surface irregularity under the
time domain. X(k) is the spectrum obtained by discretely sampling. i is the imaginary unit.

Numerical simulations for differing road irregularity grades are performed using this
method. C-level irregularities are selected (Fig 3).

2.4. Vehicle-bridge-TMD system dynamic equation

A single, tuned-mass damper (1-TMD) is simply represented as a spring, a mass, and a damp-
ing device. In practice, a larger 1-TMD is often designed as an n-TMD system composed of
multiple small-mass TMDs. Every small TMD has the same frequency, and damping, ratios.
This is called a distributed #-TMD system [14] as shown in Fig 4.

xc 0,
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Fig 4. Vehicle-bridge-TMD coupled system dynamic model.
https://doi.org/10.1371/journal.pone.0215773.g004
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Given that excitation p(f) acts on the structure, the kth TMD dynamic equilibrium equation
according to the d” Alembert principle is:

mrk{)rk + Crk(‘./tk - 1/5) + krk(Vrk - Vg) =0 (k = 17 27 Ty }’l) (5)

The controlled, main structure, power balance equation is:
msi}s + Cs{}s + ksvs - Z Ctk({}tk - Vs) - Zktk(vtk - vs) = p(t) (6)
k=1 pa}

In Eq (6), vs and vy, are, respectively, vertical displacement of the main structure and the
kth TMD relative to reference system. {mgc.k} are the main structure’s mass, damping, and
stiffness coefficients. {m, ¢k} are the the kth TMD’s.

Based on bridge (5) and vehicle (6) dynamic equations, the bridge static equilibrium state is
used as the vehicle-bridge system initial state. The external load vector P, = 0, is substituted
into Eq (2). The matrices of bridges, vehicles, and TMDs are assembled to form a vehicle-
bridge-TMD system spatial dynamic equation as follows:

M,V +C,V +K,V, =P,
M, 0 0
M,=|0 M, 0
0 0 M,
[C, + C;+Cy C., c,
C.= C,. C,+C, 0
L Ctso 0 Ct
[K, + K + K K, K,
where | i, = K, K,+K, 0 7)
L K tso 0 Kt
v, v, v,
V.=V, [.V.=|V. [.V.,=| V.
LV Vt vV,
P, T Pye T Poir
P, = P TP
0
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In Eq (7), the TMD system mass matrix is M, = diag(m,,m,,. . .,m,,). The damping matrix is
C, = diag(c,,¢5,. - .,¢,). The stiffness matrix is K; = diag(ky,ks,. . .,k,,). The displacement column

n n
: T
vectoris Vi = [viva. . .val . €y = Y 6, Ky = "k, €,y = Cly = —[e1, 65,6, Ky, =
k=1 k=1
K., = —lk,,k,,...,k,] and others, provide detail meanings of each equation, see S1 Appendix

and An et al. [21]. When the parameters M, K;, and C; are the same, it is the distributed TMD
system.

Traditional numerical optimization methods of TMD system
parameters

Steel structure low-frequency vibration takes displacement-based fatigue strength failure into
account [25]. A TMD system design parameter optimization goal (mass ratio y, frequency
ratio o, and damping ratio ) is to find a suitable combination of parameters {opeQope-Coptt
and to minimize the bridge displacement response D, under the vehicle load:

min (max DZ) (8)
mal \ p(h)

Presently, numerical optimization methods are used because the parameter optimization
effect of analytic formula method on TMD is always limited, such as DH formula [11]. TMD
numerical optimization methods commonly use a similar ergodic search method for calculations.
In a TMD system, the ergodic search solution space shown in Fig 5 can be formed in the range of
Eq (9). Search grid density is influenced by the value of each parameter in Eq (9). These can be
set according to actual need. Ergodic search method grid accuracy greatly affects optimization.

el = Ap:p}
a€{d=o:Ax:0a} 9)

(e{l=0:AC:C)

Warburton [16] introduced a linear programming idea as a method for reducing the number
of calculations required for an ergodic search [26]. An optimal solution for the linear programming
problem presented in Fig 5 is usually obtained at the boundaries. A three-dimensional solution
space boundary is equivalent to a cube’s six surfaces. If only boundary points are taken, calculation
is greatly reduced. The number of calculations needed is reduced more when an ergodic search
grid is more densely divided. Solving space is actually a domain of definition formed by discrete
points, the method is called the "integer programming method". Warburton [16] and Wan [26]
proved that under an appropriate boundary definition, an integer programming method can be
used to obtain results which are close to the ergodic search method with less calculation.

Fan et al. used a traditional GA algorithm to study TMD parameters optimization on pedes-
trian-induced vibration and attempted to improve vibration reduction effects of a TMD sys-
tem [14]. The specific implementation was: for the initial TMD parameters {¢,00,{o}, @ new
search limit was determined within a certain range in Eq (10). Optimal TMD parameters can
be calculated via a GA search. However, for the parameters optimization of vehicle-bridge-
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o 014

Fig 5. Ergodic search method solution space for TMD.
https://doi.org/10.1371/journal.pone.0215773.9g005

TMD system, the GA algorithm still has the problem of low computational efficiency [27, 28].

1 € 1)
o; € [0y, ] (10)
gj € [Clvér]

Variably accelerated pattern search algorithm based on Den Hartog
formula

This paper proposes a variable, accelerated pattern search method (VAPS) which uses
improved initial values. A Den Hartog (DH) formula is used to determine better initial search
values and accelerate the convergence speed of traditional pattern search algorithm (PS). A tra-
ditional PS algorithm step length, and acceleration and deceleration, principles have been
modified to improve search efficiency. Overall optimization is strengthened by improving ini-
tial values and traditional pattern search algorithm search processes. Partial search capabilities
are improved and realize an optimal parameter solution for a TMD system.

The procedure is as follows:
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1. A Den Hartog formula was preliminarily used to calculate the frequency ratio o and damp-
ing ratio { of the n-TMD system at different mass ratios i, which was used as one of the ini-
tial values of the variably accelerated pattern search algorithm.

2. Using these search initial values, a VAPS algorithm performs vibration damping optimiza-
tion calculations. Optimal n-TMD system parameters are selected according to the optimal
displacement damping ratio.

The specific implementation is as follows.

4.1. Initial optimization preliminary determination using Den Hartog
formula

The initial TMD parameters determinations can be performed using the DH formula with no
main structure damping as the steel-box girder bridge actual damping ratio is very small. Guo
and Lu proved that the DH formula was still applicable to TMD control of vehicle-bridge cou-
pling vibration [10]. TMD systems with different mass ratios can be used to calculate design
parameters using the DH formula. The results were used as one of the initial values (the DH
initial value) in the follow-up procedure.

The value of i is Eq (11). It shows that vector fi is generated at equal intervals Ay within
lower yy, and upper, limits y,. Parameter y values are selected in the vector ji. The expression
method in the following text is equivalent to Eq (11).

we{i=p:Au:p}, Ap=0.005 (11)

4.2. VAPS algorithm accelerates convergence rate

The pattern search algorithm is a special type of direct search algorithm [29], also known as
the step acceleration method. This direct search algorithm uses the objective-function function
value and does not calculate a derivative value. This is suitable for a number of nonlinear opti-
mization problems present. A direct search algorithm usually has a slower convergence rate
than a derivative method. A traditional pattern search (PS) algorithm and a variable step non-
monotonic pattern search algorithm proposed by Yang, et al. [30], in a detection pattern itera-
tion period, are relatively immobile. They are adjusted after a pattern movement has been
obtained and result in a relatively large deviation between pattern movement direction and the
optimal descent direction. It also restricts, to a degree, convergence speed and accuracy. Steps
in each direction could be changed according to the actual situation by considering function
value difference in each direction. Taking up the idea of simulated annealing [31], if a current
search is distant from an optimal point, the acceleration factor can be enlarged. As a search
approaches the optimal point, the acceleration factor may be reduced accordingly. VAPS algo-
rithm steps and flow chart (Fig 6) are as follows.

Step 1:

Set TMD parameter optimization initial values as follows: 1) algorithm initial point x"; 2)
initial step adjustment coefficient 7; 3) search lower bound vector L; and, 4) search upper
bound vector R. The initial step is & = n(L+R); let initial acceleration factor 6>1, step increase
coefficient A>>1, and step decrease coefficient (0, 1). Acceleration factor § adjustment factor
is p. e; is the orthogonal basis used of traditional pattern search method to specify the search
direction [30]. The termination accuracy is €. Let t; = x", p = 1, 7 = 1 and pattern move search
loop step number k = 1.

Step 2:
Calculate the search step a = n(L+R).
Acceleration factor 6 = p-8, fori =1, 2, . . ., n, the following judgment is made:
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Set initial values: xV; search

boundary [L, R], 4>1 and
BE,1), 6>1; orthogonal
basis e;; p=1 and n=1

Let #,=x", i=1 and
k=1

a=n(L+R); 0=p-0
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Fig 6. VAPS algorithm flow chart.

https://doi.org/10.1371/journal.pone.0215773.9006
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If fit+a(i)e) <f(t): if (t—a(i)e;) <f(t+a(i)e;), then make t;,, = t—a(i)e,a(i) = A-a(i);

if f(ti—a(i)e;) > f(t+a(i)e;), then make t;,, = t+a(i)e,o(i) = A-a(i);

or, if f{ti—a(i)e;) <f(t;), then make t;,1 = t;—a(i)e,a(i) = A-a(i);

or, make t;,; = t;.

Step 3:

If f(t,.1) <f(x®), then make p = (x®)/fit,1), ¥ = t,,1, 1 = X V48 FV-x0), n = A
then make k = k+1, and go to Step 2.

Step 4:

If tﬁéx(k), then make p =f(x(k))/f(tn+1), t; =x%, and go to Step 2.

Step 5:

If |a(i)| <&, then stop the calculation; or, make = 817, and go to Step 2.

The step adjustment coefficient 7 is no longer a number, but is an #nx1 dimensional vector.
At the beginning of the algorithm, initial step adjustment coefficients for all directions are
equal. However, as detection movement progresses, the step adjustment coefficients in each
direction varies according to function values in each direction. The 7 value returned either
increase or decrease with structural maximum dynamic response results. After a cycle ends, it
is then synchronically increased, or decreased, according to the overall situation. Similarly, the
acceleration factor ¢ will increase, or decrease, as function value change after each mode move-
ment. Therefore, a step in each direction probed by the VAPS algorithm can increase, or
decrease, according to the function variation in each direction. This results in an algorithm
mode movement direction closer to the optimal descent direction than an traditional PS algo-
rithm. As the search progresses, the acceleration factor can be dynamically adjusted according
to the objective function value change in the optimal descent direction. An optimum point is
approached more quickly. When the search point closes to an optimum point, the acceleration
factors decrease. This narrowing makes the searches for the final value of the algorithm more
precise and facilitates finding the optimal point.

This VAPS algorithm allows an optimal n-TMD system parameter combination to be calcu-
lated according to the optimal displacement damping rate.

Bridge overview and its dynamic analysis result
5.1. Steel-box girder bridge overview

Changsha’s Honggqi viaduct bridge is used as an example. It is a continuous girder bridge with
a uniform cross-section steel-box and a (42+64+42)m span. It has 12 lanes, 6 lanes in each
direction. Its centerline curve radius is 600m. The main girder beam height is 2.5m. The top
plate width is 25m. The cross-section is a 4-chamber box section of a whole single box (Fig 7).

An et al. [21] chose basic vehicle parameters which are shown in Table 1. When vehicle
parameters or driving lanes differ, bridge vibrations caused by vehicles may offset one another.
The TMD should control the most obvious vehicle-bridge vibration. This paper used vehicle
fleet loading and passage along the same lane parameters as Miguel, L. F. F., et al [19]. When
vehicles cross the bridge at equal time intervals longitudinally, power amplification becomes
apparent. A 10-vehicle motorcade travelling longitudinally at 20 meter intervals was chosen.
The vehicles were assumed to drive precisely in the preceding vehicle’s path.

5.2. Natural vibration characteristics analysis

VBTS-1 self-programming software established a curved beam element model (Fig 8). Longi-
tudinal stiffening ribs were included in top and bottom board thickness. Diaphragm plate tor-
sional stiffness was included in top and bottom boards. The bridge model has a total of 148
units. A refined finite element model was formed using ANSYS software Shell 181 shell
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Fig 7. Standard cross section of steel-box girder.

https://doi.org/10.1371/journal.pone.0215773.g007

Table 1. Vehicle parameters.

Parameter

Myya> Myp
ko k1p

Cia> C1b
kaas k2p

C2a> C2b

Unit
kg
kg-m?
kg-m?
kg
N/m
N-s/m
N/m
N-s/m

https://doi.org/10.1371/journal.pone.0215773.t001

elements (Fig 9). The ANSYS model has a total of 357,574 units. Longitudinal and transverse
stiffening ribs, bearing stiffening ribs and piers, diaphragm plates and other parts were simu-
lated. A modal analysis was performed using a Lanczos method [32]. The first five orders of
bridge natural frequencies and mode shapes were chosen in Table 2. The calculation results of
the two models are essentially consistent which tends to verify the reliability of the self-pro-
gramming software.

5.3. Resonant vehicle speed and controlled modes

The dynamic impact factor (IM), which is the measure of vehicle-bridge coupled vibration
effect, is calculated as follows [4]:

IM = (R - Rsta)/Rsta (12)

dyn

where Ryyy, and Ry, = bridge maximum dynamic and static responses, respectively.

The Chinese national standard road with four common road surface conditions: A (very
good); B (good); C (acceptable); and D (poor) were analyzed. The static displacement and the
dynamic IM of the bridge midspan displacement under the vehicle load were calculated
assuming that the single motorcade drove along the outermost lane with equal spacing and
constant speed (Figs 10 and 11). This is an unfavorable condition. The results show that bridge
dynamic responses fluctuates under varying conditions with the vehicle speed. There is a reso-
nance phenomenon, which is when vehicle speed is close to resonance speed, at vehicle speeds
of 50km/h and 90km/h. The bridge dynamic response has a significant amplification effect.

Resonance speed is 50km/h under C-level road condition. Bridge midspan spectrum curve
response is calculated (Fig 12). Structural vibration frequency distribution characteristic

Value Parameter Unit Value
20000 d, m 1.5
55160 dy m 25
13490 by, by m 1.1
710 Moyer Moy kg 800
3.99x10° ki kg N/m 3.99x10°
2.32x10* Cro C1d N-s/m 2.32x10*
3.51x10° koo kaa N/m 3.51x10°
800 Cae> C2d N-s/m 800
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Fig 8. 7-DOF beam element model built by VBTS-1.
https://doi.org/10.1371/journal.pone.0215773.g008

analysis shows that bridge vibration mode is primarily first-order vertical bending. The corre-
sponding natural vibration frequency is 2.665Hz, which was selected as controlled vibration
mode.

Steel-box girder bridge TMD parameter optimization

This section discusses different TMD parameter optimization methods, considering both dis-
placement response damping effect and optimization calculations time costs. It compares and
evaluates various methods to obtain the most suitable TMD damping optimization method for
a three-span curve continuous steel-box girder bridge.

6.1. Single variable optimization based on Den Hartog formula

A single TMD system was placed at the bridge midspan cross-section for the resonant vehicle
speeds and controlled mode. The mass ratio y range was 0.001 to 0.05. The optimum fre-
quency ratio @, and damping ratio {,,, were determined using DH optimization formula.
The maximum displacement dynamic response of the bridge midspan under various mass
ratios were calculated (Fig 13). Displacement dynamic response obtains its minimum value

(b)

Fig 9. ANSYS detailed model of steel-box girder bridge. (a) This is full bridge FEM model. (b) This is box girder end FEM model.

https://doi.org/10.1371/journal.pone.0215773.9009
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Table 2. Bridge natural vibration characteristics comparison.

Mode number

G W=

https://doi.org/10.1371/journal.pone.0215773.t1002

VBTS-1 ANSYS Mode characteristic
frequency (Hz) frequency (Hz)
2.665 2.650 1st order symmetric vertical bending
5.120 5.106 1st order anti-symmetric vertical bending
5.325 5.331 2nd order symmetric vertical bending
5.993 5.977 Ist order torsion
7.822 7.971 2nd order torsion

when mass ratio is 0.03 (mass m = 17950kg). The corresponding 1-TMD initial optimization
parameter is: {y = 0.03,0 = 0.9709,{ = 0.1015}.

The frequency ratio range was 0.2 to 2.2. Mass ratio and damping ratio were unchanged.
Bridge midspan response values were calculated (Fig 14). When the frequency ratio was 1.0237
(stiffness factor of K = 5285kN/m), response maximum value across the middle node was min-
imized. The 1-TMD parameter value was {y = 0.03,& = 1.0237,{ = 0.1015}.

The damping ratio range was 0.0 to 0.8. Mass ratio and frequency ratio remained constant.
Bridge midspan response values were calculated (Fig 15). The curve trend was analyzed.
Damping ratio was 0.0401 with a damping coefficient of C = 24.62kNs/m, when the damping
effect was optimal. A 3-TMD system divided equally in weight was placed in the midspan
cross-section and symmetrically arranged along the cross-bridge at equal intervals, in order to
avoid any adverse effect of a single TMD mass which might be too much heavy for the struc-
ture. Each TMD value is: {y = 0.0100, o = 1.0237, { = 0.0134}. The maximum displacement of
the bridge midspan were calculated as 5.052 mm and 0.677 m-s > respectively, whose vibration
damping rates were 28.5% and 32.6%, respectively.

6.2. Multivariate optimization based on ergodic search method

An ergodic search was performed within the range of Eq (13). The maximum mid-bridge span
dynamic displacement response under partial y values was extracted. Using MATLAB [33],
the surface fitting is plotted (Fig 16). The results were compared with the traditional PS algo-
rithm optimization results using DH initial value. ¢ value was unchanged during the optimiza-
tion process.

— MainBeam
maxDz=1.0799
—— minDz=-3.0175

c 5
= 0
N -2
Q
620
600
y/m

74

53

32
-32
x/m

o -53

Fig 10. Static structural displacement envelope diagram under vehicle load.

https://doi.org/10.1371/journal.pone.0215773.9010
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Fig 11. Midspan displacement IM under varying road surface conditions.

https://doi.org/10.1371/journal.pone.0215773.g011

The analysis shows that: 1) under different TMD parameters combinations, structural max-
imum displacement responses vary greatly. It has no consistent change trend and shows a
strong irregularity. In Fig 16(D), there are two "bottoms" showing there are two optimal solu-
tions under this assumption; 2) The optimal solution under the same y value often appears
near the 3D graph boundary. An integer programming method can be used to calculate the
power response corresponding to the parameter combination located on the ergodic search
space boundary and an acceptable combination of parameters can be obtained more quickly;
and, 3) The traditional PS algorithm, under the initial value of DH results, is consistent with
the ergodic search method, and quickly approached the "bottom" with short calculation times.
The best vibration damping solution is better than the ergodic search. Specific optimum

0.25

) I
| 2.869512 wio TMD |-

0.20 -

0.15 4 —
. ? 5.34Hz i

A /m-s?

0.05 i i

0.00 il

T I
10 15 20 25
Frequency /Hz

Fig 12. Midspan acceleration spectrums without TMD.
https://doi.org/10.1371/journal.pone.0215773.g012
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Fig 13. Midspan dynamic response under different mass ratios.

https://doi.org/10.1371/journal.pone.0215773.9013

parameters and damping effects are in Section 6.6.

€ {ft =0.0025 : 0.0025 : 0.02}

o€ {a=085:0.025:1.15}
{e{{=0.01:0.01:0.15}

(13)

6.3. Multivariable optimization based on integer programming method

Section 6.2 gave the results for an ergodic search solution space formed by Eq (13). The {y, o,
{} parameter combination corresponding to the points on the six boundary faces are selected

6.0 4

594 "a

5.8 1 -
1 ] u

5.7 1

5.6

5.5 1

5.4

5.3

] | a=1.0237
52 '.»/

5.1 T T T T ¥ T g T

Dz /mm

0.0 0.5 1.0 1.5 2.0
a
Fig 14. Midspan dynamic response under different frequency ratios.

https://doi.org/10.1371/journal.pone.0215773.g014
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Fig 15. Midspan dynamic response under different damping ratios.

https://doi.org/10.1371/journal.pone.0215773.g015

to calculate the bridge dynamic response after installing a TMD. The specific optimum param-
eters and damping effects are presented in the following Section 6.4. The calculation number is
selected as the abscissa. The ordinate of the corresponding dynamic response result, is plotted
in Fig 17. This was done in order to further reflect the optimization effects of different meth-
ods. It can be seen that: 1) Using the integer programming method, results close to the ergodic
search method can be obtained in shorter calculation times; 2) The traditional PS algorithm,
under the initial DH value had the fewest calculations and the best optimization effects. It is a
suitable TMD vibration damping optimization algorithm.

6.4. Multivariate optimization based on traditional genetic algorithm

This section compares the GA algorithm and the PS algorithm to confirm the applicability to
solve the TMD vibration optimization problem. A "roulette” selection operator in the GA algo-
rithm results in differing optimization processes [34]. The following compares the GA algo-
rithm optimization process and the PS algorithm (Figs 18 and 19). The GA algorithm has
lengthy calculation times, so a logarithmic axis is used in the abscissa. Specific optimum
parameters and damping effects are given in Section 6.6.

The analysis shows that: 1) the {y, @, {} parameter of the traditional PS algorithm search
range is smaller than the traditional GA algorithm. Its overall search ability is not as good as
the latter but it quickly converges under superior initial optimization values. Optimization
results quite close to the latter are obtained with relatively few calculations and reflect the supe-
riority of the traditional PS algorithm in the TMD damping optimization analysis; 2) Under
the two optimization algorithms, the final values of {y, @, {} are quite similar, which tends to
confirm the reliability of the optimization results.

6.5. Multivariable optimization based on variably accelerated pattern
search algorithm
Traditional PS algorithm with a DH formula already provide effective TMD vibration-damp-

ing optimization methods. In an attempt to further improve TMD optimization calculations
efficiency, this section discusses the optimization effects between the traditional PS algorithm
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Fig 16. Displacement response comparison between ergodic search and traditional PS when u remains constant. (a) 4 remains 0.005. (b) 4 remains 0.010. (c) u
remains 0.015. (d) p remains 0.020. Taking Fig 16(A) as an example, while keeping TMD parameter y = 0.005 unchanged, the results obtained by the ergodic search
method for different o and ( are fitted to the space surface in the graph after Matlab surface fitting. The coordinate values of the three directions of each point on the

curve surface represent the values of & and {, and the corresponding midspan displacement amplitude. Similarly, for the traditional PS algorithm, the

wxn

point on the

purple curve in the figure depicts the change process of & and { in each search and the corresponding midspan displacement amplitude, and the five-pointed star
indicates the pattern search initial point calculated based on DH formula. It can be seen that the pattern search method can quickly converge to the optimal solution
from an ideal initial point after a certain search process, thereby greatly reducing the number of searches for TMD optimization calculation.

https://doi.org/10.1371/journal.pone.0215773.g016

and the VAPS algorithm in DH initial values corresponding to different y values. Results are
compared (Figs 20 and 21). Specific optimum parameters and damping effects provided in

Section 6.6.

The results show that: 1) the two PS algorithm both converge quickly under different initial
values and their convergent results are close. This indicates that the dependence of PS method
on initial value has been improved under the DH formula; 2) The VAPS algorithm achieves
superior optimization results with fewer calculations using ¢ = 0.01 as the initial DH value,
which suggests a significant variably-accelerated improvement in traditional PS algorithm.
TMD-damping optimization calculation convergence rates are accelerated; and, 3) With an
initial DH value when pt = 0.02, a VAPS algorithm has a greater number of calculations
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Fig 17. Optimization process comparison of displacement response among integer programming, ergodic search, and traditional PS (using DH
initial value when g = 0.01). (a) This is a comparison between integer programming and ergodic search. (b) This is a comparison between integer
programming and traditional PS.

https://doi.org/10.1371/journal.pone.0215773.9g017

compared to a traditional PS algorithm. But it achieves superior damping optimization results
with higher optimization guarantees compared to a traditional PS algorithm, whose premature
convergence causes a less effective optimization. 4) Final {, a, (} values, returned by the two
optimization algorithms are quite close, the difference <5%, which tends to confirm optimiza-
tion reliability.

6.6. Different methods optimization effects compared

The displacement damping rate for the TMD system, S, is defined as:
f=1=(D,=Dy)/(Dyy = Dy) (14)

max

D, is the absolute value of the maximum displacement at the corresponding bridge node
installed with the TMD system; D, is the absolute value of the maximum static displacement
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5.8 5.8
5.6 5.6 |
£ 5.4 £ 5.4 | |
E ] E ] ‘
A 52- vy ',i ‘ L y’ | B 52- “ w ’
1 ‘
5'0__ /' ‘ m ‘l‘”l“‘” ,‘h i ”_ 5'0__ o || Lh h |
4.8 - il !!J'I,,hl‘ A "‘||‘ 4.8 - ) il " I“ i
P 2 IR S TP 7N I SR S
1 10 100 1000 1 10 100 1000
i /times i /times

Fig 18. Optimization process comparison of dynamic response between traditional GA and PS (using DH initial value when g = 0.01). (a) This is
first GA algorithm calculation process. (b) This is second GA algorithm calculation process.

https://doi.org/10.1371/journal.pone.0215773.9018
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Fig 20. Optimization process comparison of dynamic response between traditional PS and VAPS using DH initial value. (a) This is a comparison
when g = 0.01. (b) This is a comparison when g = 0.02.
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without TMD system; D,y is the absolute value of the maximum dynamic displacement with-
out TMD system.

The optimal parameter combination of 3-TMD obtained via different optimization meth-
ods and the corresponding optimization calculation times are extracted. The vibration-damp-
ing effect is calculated according to Eq (14) and summarized in Table 3.

The results show:

Table 3. 3-TMD optimized results compared.

Optimization method Hopt Oopt Lopt D_(mm) A(m/s2) Calculation times Displacement damping ratio
DH-based method 0.0100 1.0237 0.0134 5.052 0.677 —_ 28.5%
Ergodic search 0.0100 1.1250 0.0200 4.785 0.701 1560 37.9%

Integer programming 0.0100 1.1000 0.0100 4.792 0.718 838 37.7%
Traditional GA 0.0093 1.1113 0.0227 4.744 0.710 1300 39.4%
Traditional PS 0.0088 1.1013 0.0219 4.752 0.715 219 39.1%

VAPS 0.0094 1.1101 0.0234 4.747 0.710 125 39.2%

https://doi.org/10.1371/journal.pone.0215773.t003
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1.

A /m-s?

The traditional GA algorithm, the traditional PS algorithm, and the VAPS algorithm have
superior optimization results when measured by displacement damping rate. A Den Hartog
formula-based, single-variable optimization method has the worst effect.

The VAPS algorithm has the fewest calculations and the most efficient vibration damping
optimization calculation rate. When compared to traditional PS algorithm, a VAPS algo-
rithm can often reduce time by half. The other methods’ optimization efficiency is deficient
by comparison. Traditional GA algorithm and ergodic search methods could take 10 times
as long.

Results can be achieved through an integer programing method with fewer calculations and
are close to ergodic search methods. The number of calculations can be reduced more
when densely partitioning the ergodic search grid.

The optimized final {y, a, {} values obtained by the traditional GA algorithm, the traditional
PS algorithm and the VAPS algorithm are quite close and tend to confirm optimization
results reliability.
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Fig 23. Midspan acceleration spectrums with and without TMD.
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The VAPS algorithm under an initial DH value requires relatively few calculations. It can
accelerate TMD damping optimization calculation convergence rates in the premise of supe-
rior vibration damping effect. It can also search for parameter combinations of {y, o, {} over a
large range with certain overall search capabilities.

Comparison of dynamic response results with and without TMD

Comparing the operating conditions before, and after installing, the TMD system, the optimal
3-TMD displacement damping effects are calculated and shown in Fig 22. By analyzing time-
displacement curves, it can be seen intuitively that displacement dynamic response after the
TMD installation is weakened. Comparing the different stages of the displacement time history
curves before and after TMD system installation, it can be seen that there are significant differ-
ences: 1) When the motorcade initially enters the bridge, the difference in displacement
response between the presence and absence of the TMD system is very small, due to the TMD
damping activation delay. In the first few vibration cycles, there is almost no vibration damp-
ing effect; 2) As the motorcade is on the bridge, i.e. the 8~16s part of the time history curve,
there is a stable vibration phase, and bridge displacement response maximizes. TMD system
has significant vibration damping effects; 3) After the motorcade exits the bridge, the bridge
freely vibrates. After a TMD system installation, amplitude decreases and decay speeds up.

The frequency response result of the acceleration time-history response dispersed by Fou-
rier transform is shown in Fig 23 showing the control effects of the controlled frequency after
the TMD system installation. The analysis shows that: after the TMD damping device installa-
tion, first-order frequency peak amplitude of the bridge acceleration spectrum is greatly atten-
uated, indicating that it suppresses the contribution of the peak frequency to structural
vibration. The vibration control effect on the controlled mode (f = 2.665Hz) is achieved,
thereby effectively reducing the bridge dynamic responses.

Conclusions

For the optimization problem of vehicle-bridge coupling damping for steel box-girder bridges,
a dynamic analysis model of vehicle-bridge-TMD coupled system was established. A variably
accelerated pattern search algorithm based on a Den Hartog formula was proposed. The
VBTS-1 software with a visual interface, programmed in Fortran language, was used for an
optimization study of vibration damping. A three-span curved continuous steel box girder
bridge situated on Honggqi Road, Changsha was taken the example. A discussion on the param-
eter optimization of TMD system was performed. Their optimized effects under different
methods were compared. The comparison included a single variable optimization method
based on a Den Hartog formula, an ergodic search method, an integer programming method,
a traditional genetic algorithm, a traditional pattern search algorithm, and a variably acceler-
ated pattern search algorithm. Finally, the vibration reduction effects before and after the opti-
mized TMD system installation were compared. The main conclusions are as follows:

1. Comprehensively considering displacement response damping effects and the optimization
calculations time cost, a VAPS algorithm under Den Hartog initial values has relatively
fewer calculation times and the optimization effect seem certain compared to various TMD
parameter optimization methods. A single-variable optimization method based on a Den
Hartog formula has the least calculation number but the least effective damping effect. A
traditional GA algorithm has the best damping effect, but the longest calculation time.

2. Final TMD parameter optimization values obtained by different methods are quite close to
each other and tend to verify the reliability of the optimization results. This paper has
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positive significance for the variably accelerated improvement on a traditional PS algo-
rithms. It can speed up TMD damping optimization calculation convergence rate under a
premise of ensuring the optimization effect.

3. The optimal parameter combination of a 3-TMD system obtained by a VAPS algorithm
based on Den Hartog initial value has a displacement damping ratio of 39.2%, an increases
of 10.7% compared to a single variable optimization based on a Den Hartog formula.

4. Large-scale unconstrained optimization for MTMD systems become feasible via VAPS
algorithm computational efficiency improvements due to optimizing calculation time
which exponentially increases with the number of its TMD components.

Supporting information

S1 Appendix. Detailed descriptions on variables in this paper.
(DOCX)

Acknowledgments

The authors would like to thank Dr. Peng Yuan, School of Civil Engineering, Central South
University, for many helpful discussions regarding content and manuscript preparation.

Author Contributions
Conceptualization: Dejian Li.
Methodology: Jianwei Liu.
Software: Peng Yu.
Validation: Peng Yu.
Visualization: Peng Yu.

Writing - original draft: Jianwei Liu.

References

1.  Kim CW, Kawatani M, Kim KB. Three-dimensional dynamic analysis for bridge-vehicle interaction with
roadway roughness. Computers & structures. 2005; 83(19): 1627-1645. https://doi.org/10.1016/j.
compstruc.2004.12.004

2. YoonK, Park N, Choi Y, Kang YJ. Natural frequencies of thin-walled curved beams. Finite elements in
analysis and design. 2006; 42(13): 1176—1186. https://doi.org/10.1016/}.finel.2006.05.002

3. ChenJY, Sun YR. Dynamic response of a vehicle-road coupled system based on non-linear contact.
Journal of Vibration & Shock. 2013; 32(19): 119-124.

4. Dengl, YuY, ZouQ, CaiCS. State-of-the-art review of dynamic impact factors of highway bridges.
Journal of Bridge Engineering. 2014; 20(5): 4014080. https://doi.org/10.1061/(ASCE)BE.1943-5592.
0000672

5. LiH, Xia H, Soliman M, Dan MF. Bridge stress calculation based on the dynamic response of coupled
train—bridge system. Engineering Structures. 2015; 99: 334—345. https://doi.org/10.1016/j.engstruct.
2015.04.014

6. Lievens K, Lombaert G, Roeck GD, Broeck PVD. Robust design of a TMD for the vibration serviceability
of a footbridge. Engineering Structures. 2016; 123: 408—418. https://doi.org/10.1016/j.engstruct.2016.
05.028

7. Javanmardi A, Ibrahim Z, Ghaedi K, Khan NB, Benisi Ghadim H. Seismic isolation retrofitting solution
for an existing steel cable-stayed bridge. PLoS ONE. 2018; 13(7): €0200482. https://doi.org/10.1371/
journal.pone.0200482 PMID: 30059506

PLOS ONE | https://doi.org/10.1371/journal.pone.0215773  April 23,2019 24/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215773.s001
https://doi.org/10.1016/j.compstruc.2004.12.004
https://doi.org/10.1016/j.compstruc.2004.12.004
https://doi.org/10.1016/j.finel.2006.05.002
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000672
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000672
https://doi.org/10.1016/j.engstruct.2015.04.014
https://doi.org/10.1016/j.engstruct.2015.04.014
https://doi.org/10.1016/j.engstruct.2016.05.028
https://doi.org/10.1016/j.engstruct.2016.05.028
https://doi.org/10.1371/journal.pone.0200482
https://doi.org/10.1371/journal.pone.0200482
http://www.ncbi.nlm.nih.gov/pubmed/30059506
https://doi.org/10.1371/journal.pone.0215773

@ PLOS|ONE

Vehicle-bridge-TMD optimization algorithm

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

Shi W, Wang L, Lu Z, Gao H. Study on adaptive-passive and semi-active eddy current tuned mass
damper with variable damping. Sustainability. 2018; 10(1): 99. https://doi.org/10.3390/su10010099

Kwon H, Kim M, Lee I. Vibration control of bridges under moving loads. Computers & Structures. 1998;
66(4): 473-480. https://doi.org/10.1016/S0045-7949(97)00087-4

Guo W, Lu P. Vibration suppression for simply supported bridges passed by high-speed trains using
tuned mass dampers (TMD). Journal of Vibration and Shock. 2008; 27(11): 42—45.

Abubakar IM, Farid BJM: Generalized Den Hartog tuned mass damper system for control of vibrations
in structures. Southampton: WIT Press; 2009.

Miguel LFF, Lopez RH; Miguel LFF; Torii AJ. A novel approach to the optimum design of MTMDs under
seismic excitations. Structural Control & Health Monitoring. 2016; 23(11): 1290—-1313. https://doi.org/
10.1002/stc.1845

Tubino F, Piccardo G. Tuned Mass Damper optimization for the mitigation of human-induced vibrations
of pedestrian bridges. Meccanica. 2014; 50(3): 1-16. https://doi.org/10.1007/s11012-014-0021-z

Fan JS, Li Q, Nie JG. Crowds-induced vibration control of beam footbridge equipped with multiple tuned
mass dampers. China Civil Engineering Journal. 2010; 43(8): 73-80.

Li XX, Tan P, Liu LK, Zhang Y, Yan WM, Zhou FL. Parametric optimization and aseismic performance
of a TMD system based on power method. Journal of Vibration and Shock. 2014; 33(17): 6-11. https://
doi.org/10.13465/j.cnki.jvs.2014.17.002

Warburton GB. Optimum absorber parameters for various combinations of response and excitation
parameters. Earthquake Engineering & Structural Dynamics. 1982; 10(3): 381—401. https://doi.org/10.
1002/eqe.4290100304

Tsai HC, Lin GC. Optimum tuned-mass dampers for minimizing steady-state response of support-
excited and damped systems. Earthquake Engineering & Structural Dynamics. 1993; 22(11): 957-973.
https://doi.org/10.1002/eqe.4290221104

Sadek F, Mohraz B, Taylor AW, Chung RM. A method of estimating the parameters of tuned mass
dampers for seismic applications. Earthquake Engineering & Structural Dynamics. 1997; 26(6): 617—
635. https://doi.org/10.1002/(SICI)1096-9845(199706)26:6<617::AID-EQE664>3.0.CO;2-Z

Miguel LFF, Lopez RH, Miguel LFF, Torii AJ, Beck A. Robust design optimization of TMDs in vehicle-
bridge coupled vibration problems. Engineering Structures. 2016; 126: 703—711. https://doi.org/10.
1016/j.engstruct.2016.08.033

Mehrabi MH, Suhatril M, Ibrahim Z, Ghodsi SS, Khatibi H. Modeling of a viscoelastic damper and its
application in structural control. PLoS ONE. 2017; 12(6): e0176480. https://doi.org/10.1371/journal.
pone.0176480 PMID: 28570657

AnLP, LiDJ, Yu P, Yuan P. Numerical analysis of dynamic response of vehicle-bridge coupled system
on long-span continuous girder bridge. Theoretical & Applied Mechanics Letters. 2016; 6(4): 186—194.
https://doi.org/10.1016/j.tam|.2016.05.006

Yuan P, Li DJ, Cai CS, Xu G. An efficient decoupling dynamic algorithm for coupled multi-spring-sys-
tems. Computers & Structures. 2018; 209: 44-56. https://doi.org/10.1016/j.compstruc.2018.08.012

Yuan P, Xu G, Chen Q, Cai CS. Framework of practical performance evaluation and concept of inter-
face design for bridge deck-wave interaction. Journal of Bridge Engineering. 2018; 23(7): 04018048.
https://doi.org/10.1061/(ASCE)BE.1943-5592.0001260

Chen G, Zhai WM. Numerical simulation of the stochastic process of railway track irregularities. Journal
of Southwest Jiaotong University. 1999; 34(2): 13-17.

Yuan P, Cai CS, Li DJ, Xu G, Li CX. A novel method for determining the spatial responses of a cable-
stayed bridge with four cable-planes. Engineering & Structures 2019, 180: 223-233. https://doi.org/10.
1016/j.engstruct.2018.11.041

Wan Z. Parameterized integer programming models for multifactors representatives apportionment.
Social Science Journal. 2006; 43(2): 259—-272. https://doi.org/10.1016/j.s0scij.2006.02.005

Zhang W, Jin X, Cao L, Wang J, Xin W. Dynamic response analysis for a highway-railway double-duty
tunnel using parallel computing. Journal of Vibration & Shock. 2012; 31: 169-175.

Arunagiri A, Marimuthu U, Gopalakrishnan P, Slota A, Zajac J, Paulraj MP. Sustainability formation of
machine cells in group technology systems using modified artificial bee colony algorithm. Sustainability.
2017; 10(1): 42. https://doi.org/10.3390/su10010042

Kumar R. Efficient Active Vibration Control of Smart Structures With Modified Positive Position Feed-
back Control Using Pattern Search Methods in the Presence of Instrumentation Phase Lead and Lag.
Journal of Dynamic Systems Measurement & Control. 2013; 135(6): 61001. https://doi.org/10.1177/

1077546312448409

PLOS ONE | https://doi.org/10.1371/journal.pone.0215773  April 23,2019 25/26


https://doi.org/10.3390/su10010099
https://doi.org/10.1016/S0045-7949(97)00087-4
https://doi.org/10.1002/stc.1845
https://doi.org/10.1002/stc.1845
https://doi.org/10.1007/s11012-014-0021-z
https://doi.org/10.13465/j.cnki.jvs.2014.17.002
https://doi.org/10.13465/j.cnki.jvs.2014.17.002
https://doi.org/10.1002/eqe.4290100304
https://doi.org/10.1002/eqe.4290100304
https://doi.org/10.1002/eqe.4290221104
https://doi.org/10.1002/(SICI)1096-9845(199706)26:6<617::AID-EQE664>3.0.CO;2-Z
https://doi.org/10.1016/j.engstruct.2016.08.033
https://doi.org/10.1016/j.engstruct.2016.08.033
https://doi.org/10.1371/journal.pone.0176480
https://doi.org/10.1371/journal.pone.0176480
http://www.ncbi.nlm.nih.gov/pubmed/28570657
https://doi.org/10.1016/j.taml.2016.05.006
https://doi.org/10.1016/j.compstruc.2018.08.012
https://doi.org/10.1061/(ASCE)BE.1943-5592.0001260
https://doi.org/10.1016/j.engstruct.2018.11.041
https://doi.org/10.1016/j.engstruct.2018.11.041
https://doi.org/10.1016/j.soscij.2006.02.005
https://doi.org/10.3390/su10010042
https://doi.org/10.1177/1077546312448409
https://doi.org/10.1177/1077546312448409
https://doi.org/10.1371/journal.pone.0215773

@ PLOS|ONE

Vehicle-bridge-TMD optimization algorithm

30.

31.

32.

33.
34.

Yang C, Ni Q. Varied step-length non-monotone pattern search method. Numerical Mathematics A
Journal of Chinese Universities. 2005; 27(2): 160-168.

Wu H, Wan Z. A multi-objective optimization model and orthogonal design based hybrid heuristic algo-
rithm for regional urban mining management problems. Journal of the Air & Waste Management Associ-
ation 2017; 68(2): 146—169. https://doi.org/10.1080/10962247.2017.1386141 PMID: 29035632

Yuan P, Li DJ, Cai CS, G Xu. Time integration method with high accuracy and efficiency for structural
dynamic analysis. Journal of Engineering Mechanics. 2019; 145(3): 04019008. https://doi.org/10.1061/
(ASCE)EM.1943-7889.0001574

MATLAB 2014a [Computer software]. Natick, MA, MathWorks.

Deng L, Cai CS. Bridge model updating using response surface method and genetic algorithm. Journal
of Bridge Engineering. 2010; 15(5): 553-564. https://doi.org/10.1061/(ASCE)BE.1943-5592.0000092

PLOS ONE | https://doi.org/10.1371/journal.pone.0215773  April 23,2019 26/26


https://doi.org/10.1080/10962247.2017.1386141
http://www.ncbi.nlm.nih.gov/pubmed/29035632
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001574
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001574
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000092
https://doi.org/10.1371/journal.pone.0215773

