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Wind-tunnel tests of a large-scale sectional model with synchronous measurements of force and vibra-
tion responses were carried out to investigate the nonlinear behaviors of vertical vortex-induced forces
(VIFs) on three typical box decks (i.e., fully closed box, centrally slotted box, and semi-closed box). The
mechanisms of the onset, development, and self-limiting phenomenon of the vertical vortex-induced
vibration (VIV) were also explored by analyzing the energy evolution of different vertical VIF components
and their contributions to the vertical VIV responses. The results show that the nonlinear components of
the vertical VIF often differ from deck to deck; the most important components of the vertical VIF,
governing the stable amplitudes of the vertical VIV responses, are the linear and cubic components of
velocity contained in the self-excited aerodynamic damping forces. The former provides a constant
negative damping ratio to the vibration system and is thus the essential power driving the development
of the VIV amplitude, while the latter provides a positive damping ratio proportional to the square of the
vibration velocity and is actually the inherent factor making the VIV amplitude self-limiting. On these
bases, a universal simplified nonlinear mathematical model of the vertical VIF on box decks of bridges
is presented and verified in this paper; it can be used to predict the stable amplitudes of the vertical
VIV of long-span bridges with satisfactory accuracy.

� 2017 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction nonlinearities of VIFs. Although the surface mechanism of the VIF
Steel box decks are very prevalent in the construction of long-
span bridges, and especially of those built in strong-wind-prone
regions, because of their good performance against flutter. How-
ever, they often suffer from various degrees of vortex-induced
vibrations (VIVs) [1–4], which may cause driving comfort and
safety problems or fatigue problem of bridge structural members.
Therefore, accurate predictions of VIV responses are very
important to wind-resistant designs of long-span steel bridges,
and correct or reliable mathematical models of vortex-induced
forces (VIFs) are very necessary to fulfill this end.

It is very easy for VIV to occur at low wind speeds on long-span
bridges, and VIV is always self-limiting in amplitude because of the
nonlinearity may intuitively be attributed to the continuous
change of the transient wind attack angle, and thus to the aerody-
namic shape of the bridge deck relative to the direction of incident
wind during the vibration, the inherent mechanism is actually
rather complicated and has not been ascertained thoroughly.
Scanlan’s empirical nonlinear model for VIF is the most famous
model of its type and is frequently used in research on bridge
VIV [5,6]. This model uses a nonlinear item of aerodynamic
damping force, expressed as a product function of the velocity
and displacement square of the vibration, to attempt to reproduce
the self-limiting behavior of VIV. Larsen [7] revised Scanlan’s
empirical nonlinear model into a generalized empirical nonlinear
model by introducing a shape parameter to adjust the nonlinear
order of aerodynamic damping. However, it was found that
Scanlan’s and Larson’s empirical nonlinear models of VIF are
inadequate to depict the nonlinear vertical VIF acting on a closed
box deck and on a centrally slotted box deck [8,9].
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As mentioned above, an intuitive cause of the VIF nonlinearity is
the continuous change of the transient wind attack angle during
deck vibration. Therefore, for the vertical VIV, the vertical velocity
of the deck motion should be included in the auto variables of the
nonlinear aerodynamic damping coefficient in the mathematical
model of vertical VIF; however, it was unreasonably discarded in
most empirical models of VIF, including Scanlan’s and Larson’s mod-
els. Here, we present new nonlinear models for the vertical VIFs on
different types of box deck, based on a series of wind-tunnel tests of
a large-scale spring-suspended sectional model with simultaneous
measurements of dynamic force and displacement response [8–10].
It was proven that these newmodels can depict the measured non-
linear vertical VIFs on bridge box decks well, and can predict the
vertical VIV responses with sufficient accuracy. However, the pre-
sented new VIF models contain different nonlinear components for
different types of bridge deck. The corresponding identification of
the model parameters requires the synchronous measurement of
the time history signals of VIF on, and the dynamic displacement
of, oscillating sectional models. This measurement is more compli-
cated and difficult than conventional wind-tunnel tests, which
only have convenient measurements of dynamic displacement.

In view of this difficulty, we propose a simplified nonlinear
mathematical model of the vertical VIF for easy practical applica-
tion by reducing the requirements for the techniques and instru-
ments of the wind-tunnel test for parameter identification. This
Fig. 1. Deck cross-sections of three typical bridges (unit: cm). (a) Fully clos
simplified model, which is introduced in this paper, only requires
the convenient measurements of the dynamic displacements of a
sectional model for parameter identification, and seems to be
applicable to different types of bridge decks, including at least
the three types of box decks studied in this paper.

2. Wind-tunnel tests of synchronous measurements of vertical
VIFs and dynamic displacements

2.1. Three tested typical box decks

Xiangshan Harbor Bridge in Ningbo of Zhejiang Province is a
cable-stayed bridge with a main span of 688 m and a fully closed
box deck, as shown in Fig. 1(a). Xihoumen Bridge in Zhoushan of
Zhejiang Province is a suspension bridge with a main span of
1650 m and a centrally slotted box deck, as shown in Fig. 1(b).
Old Haihe Bridge in Tanggu of Tianjin is a single-tower cable-
stayed bridge with a main span of 310 m and a semi-closed box
deck, as shown in Fig. 1(c). These three typical box decks were
taken as the research objects of this study.

2.2. Wind-tunnel and test facilities and sectional models

Spring-suspended large-scale sectional model tests for syn-
chronous measurements of the VIFs on, and dynamic displacements
ed box deck; (b) centrally slotted box deck; (c) semi-closed box deck.



856 L.-D. Zhu et al. / Engineering 3 (2017) 854–862
of, the three typical bridge decks were carried out in a TJ-3 wind
tunnel at Tongji University. This wind tunnel is a boundary layer
wind tunnel with a vertical closed circuit and a closed testing sec-
tion that is 15 m in width, 2 m in height, and 14 m in length. The
range of wind speed is 1.0–17.6 m�s�1. As an example, Fig. 2 shows
the schematic diagraph of the large-scale sectional model test of
the semi-closed box deck. The sectional model was suspended
between two supporting frames in the wind tunnel, with eight
helical springs fixed through two suspending arms at the two ends
of the model. To reduce the disturbance of the frames in the wind
flow, the two supporting frames were wrapped with fairings, con-
stituting an internal supporting and a fairing wall system. The two
supporting and fairing walls were 3.5 m long in the downwind
direction and were separated at a net distance of 3.63 m in the
crosswind direction. The windward ends of the walls had an arc
shape in order to improve the flow quality in the testing area
between the two walls. The measurement results show that in
the case without model, the non-uniformity of the mean wind
speeds is lower than 2%, both the longitudinal and vertical turbu-
lent intensities are lower than 2%, and both the wind inclination
and the yaw angles approach 0�.

Each of the deck sectional models was comprised of an internal
rigid metal framework and an external coat system. The latter was
divided into one middle segment coat and two side segment coats
for the fully closed and semi-closed box decks, and only the middle
one was used for the force measured, whereas a whole measure-
ment segment coat was used for the centrally slotted box deck.
The model coat was made of a frame system of rectangular
Fig. 2. (a) Schematic diagraph of synchronous measurements of dynamic force and di
installed in the TJ-3 wind tunnel.

Fig. 3. Single-component force balance used in the wind-tunnel tests.
thin-wall stainless tubules covered by light, thin aviation boards
with an inner liner of high-density foam. The purpose of using this
somewhat complex configuration for the model coat was to ensure
that it was stiff enough, and thus avoid any perceivable local vibra-
tion of the coat, while reducing its mass and inertia force as much
as possible. The measurement segment of the coat was supported
on the internal rigid metal framework by means of four single-
component force balances inside the deck model, as shown in
Fig. 3. Thus, only the dynamic force on the measured coat segment
was transferred to the force balances, and the inertia force on the
force balances was significantly reduced. Details on the model con-
figuration and the balance installation are available in Refs. [8–10].
The major parameters of the sectional models are listed in Table 1.

The length scale of the model was set to 1/20, 1/20, and 1/15,
respectively, for the three tests, so that the models had enough
internal net space to facilitate the installation of the force balances
inside the models and to maintain a non-contact state between the
measured coat segment and the internal rigid metal framework.
The depths of the deck models were thus 0.175 m, 0.175 m, and
0.189 m, respectively. The corresponding blockage ratios reached
about 13.9%, 8.8%, and 9.5%, respectively, because of the limitation
of the testing section height of the wind tunnel. Although this level
of blockage ratios may result in some errors in the tested values of
VIV responses, VIFs, and VIF model parameters, the general nonlin-
ear relations between VIFs and the deck motion responses
obtained by analyzing the test results should not significantly devi-
ate from the real ones, and should be believable. However, for such
a wide sectional model, the non-wind-induced aeroelastic force
splacement on a spring-suspended sectional model; (b) photograph of the model

(a) Appearance; (b) internal structures; (c) installation in models.



Table 1
Major parameters of sectional models.

Major parameter Fully closed box deck Centrally slotted box deck Semi-closed box deck

Length scale, kL 1/20 1/20 1/15
Length, Lm (m) 3.600 3.600 3.600
Width, Bm (m) 1.600 1.700 (1.800)a 1.608
Depth, Dm (m) 0.175 0.175 0.189
Length of measured coat segment, LC (m) 2.400 3.556 2.400
Vertical frequency of model, f (Hz) 2.808 4.358 2.477
Mass of whole model, MS (kg) 182.178 165.500 215.000
Mass of model coat per unit length, mc (kg�m�1) 7.943 10.575 7.925
Total mass of model systemb, M (kg) 202.450 181.614 234.224
Nominal total damping ratio of model system at zero wind speedc, n 0.55%, 0.73% 0.26%, 0.45% 0.19%, 0.43%
Wind attack angle, h 5� 0� 0�
Ratio of blockage 13.9% 8.8% 9.5%

a Widths without/with the two side cantilever split plates, respectively, including the central slot width of 0.3 m.
b Including non-wind-induced additional mass.
c Including non-wind-induced additional damping ratio; the actual damping ratios of the sectional model system are dependent on vibration amplitude.
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must be taken into account when extracting the VIFs from the total
dynamic force measured by the force balances. The approach for
identifying the non-wind-induced additional mass and damping
coefficient of the model systems, which are used to describe the
non-wind-induced aeroelastic force, can be found in Refs. [8,9].

2.3. Measured displacement responses of VIVs

The dynamic displacement responses of the sectional models
were measured with laser displacement sensors. It was found that
the most significant VIV occurred at the wind attack angles (h) of 5�
for the fully closed box deck, and 0� for both the centrally slotted
box deck and the semi-closed box deck; therefore, only the
Fig. 4. Stable amplitudes of the vertical VIV displacement of sectional models. (a) Fully
deck (h = 0�). U: the wind speed; n: the nominal total damping ratio of model system at
displacement; Ag: the dimensionless stable amplitude of VIV displacement; D: the deck
corresponding test results are discussed here, due to the space lim-
itation. The stable amplitudes of the vertical VIV displacement in
the look-in ranges of the wind speed are shown in Fig. 4(a)–(c),
respectively, for the fully closed box deck at h = 5�, and for both
the centrally slotted box deck and the semi-closed box deck at
h = 0�.

For the fully closed box deck under wind conditions with an
attack angle of 5�, it can be found that the lock-in ranges of the
wind speed are 6.44–10.06 m�s�1 and 6.69–9.90 m�s�1, respec-
tively, for the damping ratios of 0.55% and 0.73%. The maximal
response of the vertical VIV is 0.0279 m for the test case with a
damping ratio of 0.55%, and occurs at a wind speed of about
9.10 m�s�1. The maximal response is 0.0261 m for the test case
closed box deck (h = 5�); (b) centrally slotted box deck (h = 0�); (c) semi-closed box
zero wind speed; f: the vertical frequency of model; Ay: the stable amplitude of VIV
depth.
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with a damping ratio of 0.73%, and corresponds to a wind speed of
about 9.55 m�s�1.

For the centrally slotted box deck under wind conditions with
an attack angle of 0�, it can be seen that the lock-in ranges of the
wind speed are 5.15–7.07 m�s�1 and 5.32–7.06 m�s�1, respectively,
for the damping ratios of 0.26% and 0.45%. The maximal response
of the vertical VIV is 0.0114 m for the test case with a damping
ratio of 0.26%, and occurs at a wind speed of 5.62 m�s�1. The max-
imal response is 0.0086 m for the test case with a damping ratio of
0.45%, and corresponds to a wind speed of 5.98 m�s�1.

For the semi-closed box deck under wind conditions with an
attack angle of 0�, the lock-in ranges of the wind speed are
4.54–7.12 m�s�1 and 4.53–6.66 m�s�1, respectively, for the
damping ratios of 0.19% and 0.43%. The maximal response of the
vertical VIV is 0.0132 m for the test case with a damping ratio of
0.19%, and corresponds to a wind speed of 5.92 m�s�1. The maximal
Fig. 5. Time histories of the measured and fitted vertical VIF on model coats per unit len
(h = 0�, U = 5.62 m�s�1); (c) semi-closed box deck (h = 0�, U = 5.92 m�s�1). fVI is the vertic

Fig. 6. Amplitude spectra of measured and fitted vertical VIFs on model coats per unit le
(h = 0�, U = 5.62 m�s�1); (c) semi-closed box deck (h = 0�, U = 5.92 m�s�1). |FVI(f)| is the am
response is 0.0107 m for the test case with a damping ratio of
0.43%, and corresponds to a wind speed of 5.92 m�s�1.

2.4. Measured vertical VIFs during VIVs

The vertical VIFs on the measured coat segments were extracted
from the total dynamic forces measured by four small single-
component force balances installed inside the models. Details on
the extraction approach of the vertical VIFs are available in Refs.
[8,9]. The extracted time histories of the vertical VIFs on the model
coats per unit length during the growth-to-resonance (GTR) pro-
cess of VIV at or near the wind speeds corresponding to the max-
imal VIV responses were plotted using blue lines with small
hollow circles in Fig. 5, respectively, for the three typical box decks.
The corresponding spectra of the VIFs were plotted with lines of
the same style in Fig. 6, respectively.
gth. (a) Fully closed box deck (h = 5�, U = 9.10 m�s�1); (b) centrally slotted box deck
al VIF on the model coat per unit length.

ngth. (a) Fully closed box deck (h = 5�, U = 9.10 m�s�1); (b) centrally slotted box deck
plitude spectrum of fVI (t).
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3. Nonlinear mathematical models of vertical VIFs

As proved by Zhu et al. [8] and Meng [9], Scanlan’s empirical
nonlinear mathematical model is unsuitable for expressing the
vertical VIF acting on bridge decks. This is because, from the view-
point of quasi-steady theory, the nonlinearity of vertical VIF can be
understood as being caused by the continuous change of the deck’s
aerodynamic shape, which results from the continuous change of
the equivalent attack angle of the transient resultant wind due to
the existence of the vertical velocity of the deck motion. Therefore,
the nonlinear aerodynamic damping ratio should mainly depend
on the vertical velocity, rather than the vertical displacement, of
the deck motion. On this account, we propose the following differ-
ent nonlinear mathematical models [8–11], respectively, for
describing the nonlinear vertical VIFs acting on the per-unit-
length decks of the previously mentioned three types of box deck.

For a fully closed box deck [8,9]:

f VI ¼ qU2D Y1ðKÞ 1þ e03ðKÞ
_y2

U2 þ e11ðKÞ yD
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_y
U
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�
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For a centrally slotted box deck [9,10]:

f VI ¼ qU2D Y1ðKÞ 1þ e04ðKÞ
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For a semi-closed box deck [11]:

f VI ¼ qU2D Y1ðKÞ 1þ e03ðKÞ
_y2

U2 þ e11ðKÞ yD
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_y
U

�
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D
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where q is the air density; U is the wind speed; D is the deck depth;
t is the time in seconds; y and _y are the vibration displacement and
the velocity, respectively; K ¼ xD=U is the reduced frequency, in
which x is the circular frequency of VIV; Y1ðKÞ, Y2ðKÞ,
eijðKÞði ¼ 0;1;2; j ¼ 1;2;3;4Þ, and f2ðKÞ are the K-dependent model
parameters of the vertical self-excited force to be identified through
tests; and ~CLðKÞ, KvsðKÞ ¼ xvsðKÞD=U, and wðKÞ are the K-dependent
amplitude coefficient, reduced vortex-shedding frequency, and
phase difference of the vertical pure vortex-shedding force, respec-
tively, to be identified through tests, in which xvsðKÞ is the circular
frequency of vortex shedding.

The verifications of these mathematical models are not included
in this paper because that is not the topic of concern here. The first
two mathematical models can be found in Refs. [8–10], and the last
model can be found in Ref. [11]. The time histories and amplitude
spectra of fVI for the three types of deck reconstructed, respectively,
by using Eqs. (1)–(3) and the corresponding parameters identified
via the least-square fitting method are plotted with red solid lines
and labeled as ‘‘fitted” in Figs. 5 and 6. It can be seen that the fitted
results agree fairly well with the measured ones, and the main
behaviors of the measured fVI can be described by the fitted ones.

4. Simplified mathematical model of vertical VIF and
verification

4.1. Simplified mathematical model

Our team has carried out evolution analyses of the work done by
different components of nonlinear vertical VIF on the vibration
system, and parametric analyses of the influences of the different
vertical VIF components on the vertical VIV displacement responses
[8–11]. The results demonstrate that out of all the components
within the abovementioned three mathematical models of nonlin-
ear VIF, the linear component of velocity ( _y) and the nonlinear
component of cubic velocity ( _y3) are the two most important com-
ponents for the stable amplitudes of VIV displacement responses.
Ignoring the other components may cause evident or even
remarkable changes in the vertical VIFs, as well as notable changes
in the cumulating phase of the long-term displacement responses;
however, it results in little change in the stable amplitudes of VIV
displacements. Furthermore, it was found that during vertical VIVs,
the linear component pertaining to _y provides a constant negative
aerodynamic damping ratio to the vibration system, while the non-
linear component pertaining to _y3 provides a time-varying nonlin-
ear positive aerodynamic damping ratio, which increases with the
development of VIV. Obviously, the vertical VIV will become stable
when the average value of the time-varying damping ratio of the
vibration system, which consists of the positive structural damping
ratio, the constant negative aerodynamic damping ratio, and the
time-varying nonlinear positive aerodynamic damping ratio,
becomes zero. Therefore, it can be concluded that the linear nega-
tive aerodynamic damping force is the primary power driving VIV
development, while the nonlinear positive aerodynamic damping
force related to _y3 is the inherent factor in the self-limiting
phenomenon of the vertical VIV. In view of this, the nonlinear
mathematical models shown in Eqs. (1)–(3) can be simplified into
a unified nonlinear model, shown as Eq. (4), or even into a more
simplified one, shown as Eq. (5), for predicting stable amplitudes
of the vertical VIV of long-span bridges.

f VI ¼ qU2D Y1ðKÞ 1þ e03
_y2

U2

� �
_y
U
þ Y2ðKÞ yD

� �
ð4Þ

f VI ¼
1
2
qU2ð2DÞ Y1ðKÞ 1þ e03

_y2

U2

� �
_y
U

� �
ð5Þ
4.2. Parametric identification of the simplified mathematical model

The approximate formula for estimating the amplitude of the
vertical VIV based on the simplified nonlinear mathematical model
of vertical VIF can be deduced under the assumption that both the
amplitude and phase functions of VIV behave in a slow variation
manner [8].

gðsÞ ¼ bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ð1� b2=A2

g0Þe�ðab2=4Þs
q cosðKs� w0Þ

¼ AgðsÞ cosðKs� w0Þ ð6Þ
where g(s) = y(t)/D is the dimensionless displacement of VIV; s = tU/
D is the dimensionless time; Ag0 and w0 are the initial dimension-
less amplitude and phase, respectively, of the decay-to-resonance
(DTR) or GTR procedure of VIV; Ag(s) is the time-varying dimension-
less amplitude of the DTR or GTR procedure; b is the stable
dimensionless amplitude of the VIV displacement response; and a
is a parameter reflecting the varying rate of the vibration amplitude
of displacement during the decay or growing stage of the VIV.
The values of a and b can be obtained with a least-square fitting
method using only the measured displacement response.

Next, the following relationships can be derived for identifying
the parameters of the simplified mathematical model of vertical
VIF:

Y1 ¼ b2aþ 8nK0

4
� m

qD2 ð7Þ



Fig. 7. Values for (a) Y1 and (b) e03 for the fully closed box deck, identified with the simplified and non-simplified VIF models.

Fig. 8. A comparison of the calculated and measured stable amplitudes of the
vertical VIV displacement for the fully closed box deck.
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e03 ¼ � 4a
3Kðb2aþ 8nK0Þ

ð8Þ

Y2ðKÞ ¼ ðK2
0 � K2Þ � m

qD2 ð9Þ

where m is the distributed mass and K0 is the reduced frequency of
the vibration system under zero wind speed.

4.2.1. Model parameters of a fully closed box deck and verification
Fig. 7 shows the values of Y1 and e03 for the fully closed box

deck under study, at various reduced wind speeds within the
Fig. 9. Values for (a) Y1 and (b) e03 for the centrally slotted box dec
whole lock-in range of vertical VIV, with a wind attack angle of
5�. These parameters are identified with the simplified VIF model,
as represented by Eq. (5), based on the measured displacement
responses. The corresponding values of Y1 and e03 that are identi-
fied with the non-simplified VIF model, as represented by Eq. (1),
based on the measured time histories of both the displacement
responses and the vertical VIF [8,9], are also plotted in Fig. 7 for
a comparison. It is apparent that the two sets of identified param-
eters are quite close to each other. Obviously, in terms of both the
identification algorithm and the requirements for wind-tunnel
testing techniques, the parameter identification of the simplified
VIF model is much more simple and convenient than that of the
non-simplified VIF model.

The responses of the vertical VIV of the sectional model system
within the whole lock-in range of VIV can then be calculated with
the simplified vertical VIF model shown in Eq. (5) and the non-
simplified vertical VIF model shown in Eq. (1). The calculated
dimensionless stable amplitudes of the vertical VIV displacement
within the lock-in range, together with the measured amplitudes,
are plotted in Fig. 8. The two sets of calculated displacement
responses agree very well with each other, and both are quite close
to the measured response. This demonstrates the reliability of the
simplified vertical VIF model and the feasibility of such a simplifi-
cation for predicting the stable amplitudes of the vertical VIV of a
fully closed box deck.

4.2.2. Model parameters of a centrally slotted box deck and verification
Fig. 9 shows a comparison of the values of Y1 and e03 for the

centrally slotted box deck under study, within the whole lock-in
range, identified with the simplified VIF model shown in Eq. (5)
k, identified with the simplified and non-simplified VIF models.



Fig. 10. A comparison of the calculated and measured stable amplitudes of the
vertical VIV displacement for the centrally slotted box deck.

Fig. 12. A comparison of the calculated and measured stable amplitudes of the
vertical VIV displacement for the semi-closed box deck.
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and the non-simplified VIF model shown in Eq. (2) [9], respectively.
The two sets of identified parameters clearly agree well with each
other.

Fig. 10 shows the dimensionless stable amplitudes of the verti-
cal VIV displacement for the sectional model system of the cen-
trally slotted box deck, within the whole lock-in range, which
were calculated according to the simplified VIF model shown in
Eq. (5) and the non-simplified VIF model shown in Eq. (2). The cor-
responding measured values are also plotted in this figure. Again,
the three sets of VIV stable amplitudes are clearly very consistent
with each other, indicating that the simplified VIF model is also
reliable for the centrally slotted box deck.

4.2.3. Model parameters of a semi-closed box deck and verification
Fig.11 exhibits a comparison of the values of Y1 and e03 for the

semi-closed box deck under study, within the whole lock-in range,
which were identified with the simplified VIF model shown in Eq.
(5) and the non-simplified VIF model shown in Eq. (3), respectively
[11]. Once more, the two sets of identified parameters agree well
with each other.

Fig. 12 shows the dimensionless stable amplitudes of the verti-
cal VIV displacement of the sectional model system of the semi-
closed box deck, within the whole lock-in range, which were calcu-
lated according to the simplified VIF model shown in Eq. (5) and
the non-simplified VIF model shown in Eq. (3), together with the
corresponding measured ones. It is evident that the three sets of
amplitudes are generally quite close to each other. This indicates
Fig. 11. Values of (a) Y1 and (b) e03 for the semi-closed box deck,
that the simplified VIF model is reliable for the semi-closed box
deck.
5. Conclusions

This paper presented a universal simplified mathematical
model of nonlinear vertical VIF acting on bridge decks for predict-
ing stable amplitudes of vertical VIV displacement of bridges with
satisfactory accuracy. This simplified model was established based
on the facts that the linear negative aerodynamic damping force is
the primary power driving the VIV development and that the non-
linear positive aerodynamic damping force of the cubic term of
velocity is the inherent factor of the self-limiting phenomenon of
the vertical VIV. The universal simplified model of vertical VIF
was verified by comparing the calculated and measured VIV
responses of a sectional model system, and is thus applicable to
the three typical box decks studied here; it also has a good pro-
spect for application with other types of bridge decks.
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