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a b s t r a c t

To systematically study the vehicle–bridge coupled dynamic response and its change rule with different
parameters, a vehicle model with seven degrees of freedom was built and the total potential energy of
vehicle space vibration systemwas deduced. Considering the stimulation of road roughness, the dynamic
response equation of vehicle–bridge coupled system was established in accordance with the elastic
system principle of total potential energy with stationary value and the ‘‘set-in-right-position’’ rule. On
the basis of the self-compiled Fortran program and bridge engineering, the dynamic response of long-
span continuous girder bridge under vehicle load was studied. This study also included the calculation of
vehicle impact coefficient, evaluation of vibration comfort, and analysis of dynamic response parameters.
Results show the impact coefficient changes with lane number and is larger than the value calculated
by the ‘‘general code for design of highway bridges and culverts (China)’’. The Dieckmann index of bridge
vibration is also related to lane number, and the vibration comfort evaluation is good in normal conditions.
The relevant conclusions fromparametric analyses have practical significance to dynamic design anddaily
operation of long-span continuous girder bridges in expressways. Safety and comfort are expected to
improve significantly with further control of the vibration of vehicle–bridge system.

© 2016 The Author(s). Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
S

A limited amount of research has proposed complex models
of vehicle–bridge coupled vibration of highway bridges before
the 1990s [1]. Kawatani et al. [2] used a numerical method to
calculate the dynamic response of a bridge structure on the basis
of a vehicle model with two degrees of freedom. Chatterjee and
Datta [3] analyzed vehicle braking’s effect on the dynamic response
of a simply supported girder bridge by simulating the bridge
into orthotropic plates and concentrated mass distribution beams.
Wang and Huang [4] used random numerical method to simulate
the good, general, and poor road levels in line with the power
spectral density function of road roughness. Green and Cebon [5]

∗ Corresponding author at: School of Civil Engineering, Central South University,
Changsha 410075, China.

E-mail address: zzdxanlipeng@163.com (L. An).

http://dx.doi.org/10.1016/j.taml.2016.05.006
2095-0349/© 2016 The Author(s). Published by Elsevier Ltd on behalf of The Chinese
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
presented a calculation method of bridge dynamic response under
wheel load and analyzed the effect of vehicle–bridge dynamic
action. Silva [6] proposed a total probability formula in the
frequency domain to calculate the dynamic response of a highway
bridge. Jonsson et al. [7] established a vehicle–bridge coupled
vibration equation through a stimulation of road roughness and
discussed the influence factors of dynamic response. Zhang and
Xia [8] studied the vehicle–bridge coupled dynamic response of
an urban elevated bridge on the basis of a self-compiled Fortran
program. Li et al. [9] studied the semi-active control method of a
vehicle–bridge coupled vibration system.

Some researchers have studied the impact coefficient of bridges
since the 1980s. The EMPA laboratory in Switzerland [10] derived
the expression of bridge impact coefficient defined from amplified
spectra based on experiments on 226 types of highway bridges.
Wu [11] tested two bridges in the field and found that the
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maximum dynamic coefficient occurred within a certain range
of a structure’s natural frequency. Xu [12] analyzed numerous
expressions of impact coefficient of highway bridges in a forest
region. Kwasniewski et al. [13] discovered that the experimental
value of the impact coefficient was greater than the calculated
value in linewith the specificationmethodwhen the vehicle speed
is higher. He et al. [14] studied the impact of road roughness on the
dynamic effect of a vehicle–bridge coupled vibration system. With
the use of the load identification method, Liu et al. [15] found that
the arrangement of vehicle load, the load level, and the size of span
affected the value of the impact coefficient.

The ‘‘general code for design of highway bridges and culverts
(China)’’ stipulates that vehicular impact coefficient is related only
to bridge natural vibration frequency [16]. But in fact, the vehicular
impact on the bridge often changes with other factors such as
vehicle speed and its load when vehicles quickly pass through
a long-span continuous girder bridge [13–15]. Moreover, the
vibration of the vehicle–bridge can increase passenger discomfort;
this issue has been highlighted in published works on driving
comfort. Highways in China have developed rapidly. A notable
problem is that moving vehicular load affects the dynamic
response and driving comfort of the long-span continuous girder
bridge. This issue has practical significance to dynamic design
and daily operation of the long-span continuous girder bridge, as
determined in a systematic study of the vehicle–bridge coupled
dynamic response and its change rule with different factors,
including the vehicular parameters and the bridge characteristics.
Driving can be more secure and comfortable when the vibration
of the vehicle–bridge system is controlled. For these reasons, the
dynamic response of a long-span continuous girder bridge under
vehicle load and its relevant parameter impacts were studied in
this paper on the basis of a long-span continuous girder bridge in
the expressway.

Considering that a vehicle consists of wheels, axles, and body, a
multi-rigid-body system model was established. The components
were connected by a spring system and a damping system. The
basic assumptions are as follows:

(1) The vehicle’s wheels, axles, and body are absolutely rigid.
The wheel, axles, and bridge floor are connected by a first-spring
damping system. Thewheel, axles, and vehicle body are connected
by a second-spring damping system.

(2) The wheels, axles, and body demonstrate a uniform
rectilinear motion without regard for the bridge’s longitudinal
vibration.

(3) The vehicle’s wheels, axles, and body vibrate within a small
displacement.

(4) The spring among rigid components is linear, and its
damping is hysteretic.

(5) The vehicle’s wheels, axles, and body exhibit a bilateral
symmetry.

(6) The vehicle’s wheels are always contacted closely with the
bridge floor, which means that the jump phenomenon does not
occur and both vertical displacements are the same.

The two-axle model of a vehicle consists of a vehicle body and
four wheels. A multi-axle trailer can also be transformed into a
two-axle model in accordance with relevant principles. On the
basis of the above points, a vehicle model with seven degrees of
freedom was built as shown in Fig. 1.

The wheels are labeled a, b, c, and d from front to back and
from left to right, respectively. Suppose the body and wheels
moved in the vertical direction and the body also rotated along
the bridge’s longitudinal and transversal directions. Thus, a total
of seven degrees of freedom can be described as follows:
δt

=

wwa wwb wwc wwd wc θXc θYc

T
. (1)
Fig. 1. Vehicle dynamic analysis model.

Annotation:
wwa, wwb, wwc, wwd: vertical displacement of the wheel (the

vertical beam displacement of touchpoints of the wheel);
wc: vertical displacement of the car body;
θXc, θYc: rotational displacement of the car body around the

bridge’s longitudinal and transversal directions;
wswa, wswb, wswc, wswd: vertical displacement of first-spring

between the wheel and the bridge floor;
mwa, mwb, mwc, mwd, mc: mass of the wheels and the car body;
k1a, k1b, k1c, k1d: spring stiffness between the wheel and the

bridge floor (first-spring stiffness);
c1a, c1b, c1c, c1d: damping coefficient between the wheel and the

bridge floor (first-spring damping coefficient);
k2a, k2b, k2c, k2d: spring stiffness between the wheel and the car

body (second-spring stiffness);
c2a, c2b, c3c, c4d: damping coefficient between thewheel and the

car body, and is also called second-spring damping coefficient;
JXc, JYc: rotational inertia of the car body around the longitudinal

and transversal axis of the barycenter;
d: distance from the front and rear axles to the suspension

center;
d1, d2: distance from the front and rear axles to the barycenter

of the car body;
b: width of the car body;
b1, b2: distance from the left and right wheels to the barycenter

of the car body.
Suppose the front-wheel group (a, b) and rear-wheel group

(c, d) are contacted with the elements of the bridge structure,
respectively, as shown in Fig. 2.

Annotation: ea(c), eb(d) are the horizontal distances from the left
and right wheels to the barycenter of the beam element; h0 is the
vertical distance from the top surface of the beam element to the
barycenter.
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Fig. 2. Displacement diagram of wheel in contact with bridge element.

The left and right joints’ displacement of beam element where
wheels and axles were located is as follows:

{δ} =

ui, vi, wi, θXi, θYi, θZi, uj, vj, wj, θXj, θYj, θZj

T
. (2)

Annotation: The parameters in Eq. (2) indicated the left and
right joints’ displacement and rotation angle of the beam element
in the X, Y , and Z directions successively.

Hence, the displacement of the beam element’s barycenter
where the first-spring damping system was located ({δ}sn =

[N] {δ}) is

{δ}sn =

usn vsn wsn θXsn θY sn θZsn

T
(n = a, b, c, d). (3)

usn, vsn, wsn: The displacement of bridge element under the
wheel in the X, Y , and Z directions successively;

θXsn, θY sn, θZsn: The torsional Angle of bridge element under the
wheel in the X, Y , and Z directions successively where [N] is the
displacement shape function of the beam element

[N] =



ϕ1 0 0 0 0 0 ϕ2 0 0 0 0 0
0 ϕ3 0 0 0 −ϕ4 0 ϕ5 0 0 0 −ϕ6

0 0 ϕ3 0 ϕ4 0 0 0 ϕ5 0 ϕ6 0
0 0 0 ϕ1 0 0 0 0 0 ϕ2 0 0
0 0 0 0 ϕ1 0 0 0 0 0 ϕ2 0
0 0 0 0 0 ϕ1 0 0 0 0 0 ϕ2

 ,

ϕ1 = 1 −
x
L
, ϕ2 =

x
L
, ϕ3 = 1 − 3

 x
L

2
+ 2

 x
L

3
,

ϕ4 = −x

1 −

x
L

2
, ϕ5 = 3

 x
L

2
− 2

 x
L

3
, ϕ6 =

x2

L


1 −

x
L


.

Annotation: L in the above formula indicates the length of
the beam element where the wheels are located. x indicates the
displacement from the wheel to the beam element’s joint i in the x
axis.

At present, a unified application specification of road roughness
has not been formally defined in China. On the basis of Ref. [8], the
deterministic analysis method was used to describe bridge’s road
roughness, and the following function was applied in this paper:

rsn(x) =
av
2

sin
2πx
lv

(n = a, b, c, d). (4)

Annotation: x indicates the longitudinal coordinate of bridge
deck; the value of lv is 11.5m; the value of av is 0.02, 0.03,
and 0.04 m, which corresponds to the A, B, and C levels of road
roughness y. Obviously, a higher road roughness corresponds to a
worse bridge surface condition.

Thus, the road roughness where wheels are located can be
expressed as follows:

{R}sn =

0 0 rsn 0 0 0

T
(n = a, b, c, d). (5)
Then the displacement of the contact position between the
first-spring damping system and bridge floor can be expressed as
follows:

{S}swn = [Tsc] [δ]sn + [R]sn , (6)

where [Tsc] is the transformation matrix, and en(n = a, b, c, d)
represents the horizontal distances from every wheel to the
barycenter of the beam element

[Tsc] =


1 0 0 0 h0 en
0 1 0 h0 0 0
0 0 1 en 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

 .

wswa, wswb, wswc, wswd indicate the displacement of the contact
position between the first-spring damping systemand bridge floor,
which are not independent displacement but are related to the
joint displacements of the beam element

wswn = wwn + enθXsn + rsn (n = a, b, c, d). (7)

Therefore, the displacements of connections between wheels
and car body can be expressed as follows:

w′
a = wc − d1θYc − b1θXc, w′

b = wc − d1θYc + b2θXc,

w′
c = wc + d2θYc − b1θXc, w′

d = wc + d2θYc + b2θXc.
(8)

The static equilibrium position under bridge gravity was
regarded as the zero point of potential energywhen calculating the
dynamic potential energy of the vehicle.

The inertia force of car body performed negative work

UIc = wcmcẅc + θXcJXcθ̈Xc + θYcJYcθ̈Yc. (9)

The inertia force of wheels and axles also performed negative
work

UIw = wwamwaẅwa + wwbmwbẅwb

+ wwcmwcẅwc + wwdmwdẅwd. (10)

The strain energy of the bridge floor and the vehicle’s first-
spring is

UK1 =
1
2
k1a12

1a +
1
2
k1b12

1b +
1
2
k1c12

1c +
1
2
k1d12

1d. (11)

Annotation: 11a, 11b, 11c, 11d are the elongation of first-
spring among the wheels, axles, and bridge floor.

11n = wwn − wswn (n = a, b, c, d).

The strain energy of the vehicle’s second-spring is

UK2 =
1
2
k2a12

2a +
1
2
k2b12

2b +
1
2
k2c12

2c +
1
2
k2d12

2d. (12)

Annotation: 12a, 12b, 12c, 12d are the elongation of second-
spring among the wheels, axles, and bridge floor.

12n = w′
n − wwn (n = a, b, c, d).

The damping force of first-spring damping performed negative
work

UC1 = 11ac1a1̇1a + 11bc1b1̇1b + 11cc1c1̇1c + 11dc1d1̇1d. (13)

The damping force of second-spring dampings performed
negative work

UC2 = 12ac2a1̇2a + 12bc2b1̇2b + 12cc2c1̇2c + 12dc2d1̇2d. (14)

The gravitational potential energy of vehicle can be expressed
as follows:

UGV = Pswawswa + Pswbwswb + Pswcwswc + Pswdwswd. (15)
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Fig. 3. Bridge span arrangement (unit: m).

Pswa, Pswb, Pswc, Pswd indicate the vehicle gravity where wheels
contacted with the bridge floor.

Suppose that n vehicles are present on the bridge. Then, the
total potential energy


V of vehicles’ space vibration can be

obtained by combining each vehicle component’s inertia potential
energy [17], elastic strain energy, damping force potential energy,
and gravitational potential energy

V
=

n
i=1

UIci +

n
i=1

UIwi +

n
i=1

UC1i +

n
i=1

UC2i +

n
i=1

UK1i

+

n
i=1

UK2i +

n
i=1

UGVi (i = 1, 2, . . . , n). (16)

On the basis of the elastic system principle of total potential
energywith stationary value, the variation of total potential energy

V conformed to δ


V = 0. Then the stiffness matrix [Kv], mass
matrix [Mv], damping matrix [Cv], and load matrix [Pv] of the
vehicle system can be formed according to the variational principle
and the ‘‘set-in-right-position’’ rule for formulating matrix.

In linewith Eq. (16), the vehicle space vibration equation can be
obtained as

[Mv]

V̈V


+ [Cv]


V̇V


+ [Kv] {VV } = {Pv} . (17)

Suppose all joint displacements are small displacement and all
amounts of degrees of freedom are n in the bridge structure. With
the static equilibrium position under bridge gravity considered
as the original state, the total potential energy


S of the bridge

structure can be expressed by its elastic strain energy UKS , inertia
force’s negative work UIS , and damping force’s negative work UDS :

S
= UIS + UDS + UKS . (18)

On the basis of the principle of total potential energy with
stationary value, the variation of the total potential energy of the
bridge structure was calculated and the motion equation of the
bridge structure can be deduced as

[MS]

V̈S


+ [CS]


V̇S


+ [KS] {VS} = {PS} . (19)

With the static equilibrium position under bridge gravity
considered as the zero point of potential energy and the original
state of vehicle–bridge coupled system, which meant {PS} = {0},
Eq. (19) can be written as follows:

[MS]

V̈S


+ [CS]


V̇S


+ [KS] {VS} = {0} . (20)

Finally, the total potential energy of the vehicle–bridge coupled
system can be obtained by combining the potential energy of
subsystems of the vehicle and the bridge:


VS =


S +


V . Then,

the vibration equation of the vehicle–bridge coupled system can
be established in accordance with the variation of system total
potential energy and the rule of ‘‘set-in-right-position’’. Through
the assembly of the matrices of the bridge structure and vehicle
system’s stiffness, quality, and damping, the dynamic response
equation of the vehicle–bridge coupled system can be derived as

[MVS]

V̈VS


+ [CVS]


V̇VS


+ [KVS] {VVS} = {PVS} . (21)
Fig. 4. Bridge FEM model.

The main bridge is a prestressed concrete continuous box
girder with high piers and a large span constructed by cast-in-situ
cantilevermethod. The span arrangement is (78+130+78)m, and
the girder cross-section is a single cell and single-box section of six
two-way lanes, whose width of the top deck and bottom deck is
12 and 6.5 m, respectively. The main pier consists of hollow thin-
walled piers with a rectangular section; the pier wall’s thickness
is 0.8 m in the longitudinal direction and 1.05 m in the transverse
direction. The braking pier’s height is 36 m (see Fig. 3.)

The FEM model of a bridge was built by Midas Civil, whose
superstructure adopted a space beam element with 12 degrees
of freedom. The bridge was divided into 139 elements as shown
below.

The ‘‘general code for design of highway bridges and culverts
(China)’’ (JTG D60-2004 Code) [16] states the vehicular impact
coefficient is related to the bridge’s fundamental frequency.
In accordance with the stipulation, the impact coefficient of
prestressed concrete bridge should be calculated as follows:

when f < 1.5 Hz, µ = 0.05;
when 1.5 Hz ≤ f ≤ 14 Hz, µ = 0.1767 ln(f ) − 0.0157;
when f > 14 Hz, µ = 0.45.
Annotation: f is the structure fundamental frequency.
On the basis of the dynamic response equation of vehi-

cle–bridge coupled system derived above and the theoretical
calculationmethod of the natural vibration characteristic of a long-
span continuous bridge, a Fortran programwas compiled to calcu-
late the natural frequencies of girder. A comparison between the
results of the self-compiled program and the FEMmodel was con-
ducted, and the top 10 natural vibration frequencies were calcu-
lated as shown below.

Table 1 shows that the results of the self-compiled program
and the Midas Civil model was approximate in natural vibration
characteristic analysis of the girder, thereby showing that each
mode of vibration was in agreement and that using the self-
compiled program to analyze the dynamic response of the
vehicle–bridge coupled system was correct and feasible. The pier
stiffness was not taken into consideration when calculating the
natural frequency of girder. Thus, the corresponding calculated
values were greater than the results of the whole bridge model.
Moreover, the value of impact coefficient was 0.05 because f <
1.5 Hz.

The calculation model of bridge static deflection was in
accordance with its dynamic characteristic analysis model, as
shown in Fig. 4. The A-level road roughness was adopted and
parameter values (av = 0.02 m, lv = 11.5 m) were substituted
in Eq. (4).

On the basis of the description of spatial seven-degrees-of-
freedom vehicle model and Ref. [18], the parameter values of
vehicle were determined as shown in Table 2.

Under the premise of meeting vehicle layout requirements,
the worst-case loading was executed in the longitudinal direction
(Fig. 5), and two load cases were calculated with different lane
numbers in the transversal direction. The first case was a single
lane with three cars per lane. The second case was three lanes with
three cars per lane and symmetrically arranged cars as shown in
Fig. 6.
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Table 1
Finite element calculation values of the natural characteristics of the bridge.

Mode Whole bridge frequency
by Midas (Hz)

Vibration mode remark Girder frequency by
Fortran (Hz)

Girder frequency by
Midas (Hz)

Vibration mode remark

1 0.341 Pier longitudinal 1st-order bending — — —
2 0.446 Pier transverse 1st-order bending 0.949 0.964 Girder vertical 1st-order bending
3 0.63 Girder 1st-order torsion 1.238 1.329 Girder 1st-order torsion
4 0.68 Pier longitudinal 2nd-order bending 1.829 1.907 Girder 2nd-order torsion
5 0.942 Girder vertical 1st-order bending 1.941 1.944 Girder vertical 2nd-order bending
6 0.972 Girder 2nd-order torsion 2.497 2.618 Girder vertical 3rd-order bending
7 1.506 Girder 3rd-order torsion 2.756 2.855 Girder 3rd-order torsion
8 1.885 Pier longitudinal 3rd-order bending 3.534 3.619 Girder vertical 4th-order bending
9 1.945 Girder vertical 2nd-order bending 3.608 3.628 Girder 4th-order torsion

10 2.048 Girder 4th-order torsion 3.922 4.02 Girder vertical 5th-order bending
Table 2
Parameters of vehicle model.

Parameter Unit Value Parameter Unit Value

mc kg 21260 d1 m 1.5
JYc kg · m2 300000 d2 m 2.5
JXc kg · m2 6000 b1(2) m 1.1
mwa(b) kg 220 mwc(d) kg 1500
k1a(b) N/m 2000000 k2a(b) N/m 5000000
c1a(b) N · s/m 5000 c1c(d) N · s/m 40000
k2a(b) N/m 1730000 k2c(d) N/m 4600000
c2a(b) N · s/m 1200 c2c(d) N · s/m 4300

Fig. 5. Vehicle layout in longitudinal direction (unit: cm).

Fig. 6. Vehicle layout in transversal direction (unit: cm).

For these two cases, the midspan deflection of the mainspan
was calculated by the self-compiled program and Midas Civil,
respectively, and their calculation results are compared in Table 3.

Table 3 shows that the deflection results of the self-compiled
program and the Midas Civil model were accordant in both
load cases, thereby verifying the feasibility of the self-compiled
program and the validity of the vehicle–bridge model.

In structural dynamic analysis, the bridge impact coefficient is
defined as the ratio of the difference between maximum vertical
dynamic displacement and static displacement to the maximum
value of vertical static displacement at the bridge’s midspan [19]

I =
dmax d − dmax j

dmax j
. (22)

Annotation: dmax d, dmax j indicated maximum vertical dynamic
displacement and static displacement, respectively.

Two worst-case loadings were chosen for dynamic response
analysis of the bridge: (a) first case: single lane and three vehicles
in parallel with a spacing of 15 m; (b) second case: three lanes
and three vehicles per lane were in parallel with a spacing of 15 m
(vehicle layout was as shown in Figs. 5 and 6). The vehicle running
speedwas 120 km/h. The A-level road roughnesswas adopted, and
parameter values (av = 0.02 m, lv = 11.5 m) were substituted in
Eq. (4). The results calculated by the self-compiled program in both
conditions are shown in Table 4.

In Figs. 7 and 8 and Table 4, the maximum dynamic
displacement, acceleration, and impact coefficient of three lanes
under vehicle load were all larger than those of single lane. The
impact coefficient was 0.165–0.186, which was much larger than
0.05 calculated by the JTG D60-2004 code.

Bridge structure vibration caused by vehicle occurs during
normal use. When pedestrians were present on the bridge, the
evaluated comfort of the human body during bridge structure
vibration can be distinguished by Dieckmann index K , which is the
limit of comfort evaluation. When the bridge vibrated vertically,
the computational formula of K was as follows:f < 5 Hz, K = Df 2,

5 Hz < f < 40 Hz, K = Df ,
f > 40 Hz, K = 200D.

(23)

Annotation: D is the amplitude in mm; f is the vibration
frequency in Hz.

In accordance with the calculated K , the evaluated comfort of
the human body during bridge structure vibration is shown in
Table 5.

On the basis of the calculation results of the bridge’s displace-
ment time history, which was transformed by fast Fourier method,
Table 3
Comparison of midspan deflection of mainspan calculated by self-compiled program and Midas Civil (unit: cm).

Load case Deflection calculated by self-compiled program Deflection calculated by Midas Civil

Single-lane 1.272 1.279
Three-lane 1.610 1.618
Table 4
Dynamic response and impact coefficient of midspan.

Load case Maximum displacement (cm) Maximum acceleration (cm/s2) Impact coefficient

Single-lane 1.482 1.78 0.165
Three-lane 1.909 3.41 0.186
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Fig. 7. Vertical displacement and acceleration time history of continuous girder bridge midspan in the first case (single-lane).
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Fig. 8. Vertical displacement and acceleration time history of continuous girder bridge midspan in the second case (three-lane).
Table 5
Evaluation standard of Dieckmann index K .

K Human feeling of vibration

0.1 Can feel the vibration
1 Can tolerate any long-term vibration
10 Can tolerate short-time vibration
100 Cannot tolerate the vibration

Table 6
Dieckmann index K and midspan dynamic response.

Working condition Amplitude (cm) Frequency (Hz) K

Single-lane 5.2153 0.1579 1.30
Three-lane 6.7352 0.1452 1.42

the bridge’s dynamic response spectrum can be analyzed and
shown in Table 6. In Table 6, the displacement amplitude of sin-
gle lane and three vehicles in parallel with a spacing of 15 m and
a speed of 120 km/h was smaller than that of three lanes with the
same traffic conditions. At the moment, the K value changed from
1.30 to 1.42, and humans can tolerate any long-term vibration in
this range. Thus, the vibration comfort evaluation was good.

The impact parameters of dynamic response of vehicle–bridge
coupled system can be divided into vehicle parameters, including
running speed, vehicle load, vehicle spacing, and lane number, and
bridge parameters, which mainly include road roughness. When
the parameters’ impact on dynamic response of coupled system
was analyzed, the relation curve between dynamic response and
parameters can be plotted on the basis of the principle of changing
a single parameter while others are kept the same. Then, the
impact law on vibration comfort can be obtained under the
vibration of the bridge and the vehicle.

In dynamic response analysis, on the basis of the description of
the seven-degrees-of-freedom vehicle model in Fig. 1 of the paper
and Ref. [18], the parameter values of vehiclemodel were the same
as in Table 2.

The parameters’ impact on bridge dynamic response showed
not only in the maximum acceleration and the maximum dynamic
displacement, but also in the impact coefficient and comfort.

When vehicles ran on the bridge, the road roughness, as
the initial vibration source, played an important role on the
dynamic response of the vehicle–bridge coupled system. The road
roughness was simulated by Eq. (4), whose parameter values were
0.02, 0.03, and 0.04 m for the A, B, and C levels of road roughness,
respectively. The following vehicle parameter values were used:
vehicle load of 21.26 t; running speed of 120 km/h; vehicle spacing
of 15 m; and the bridge was composed of a single lane with
three vehicles running in parallel and in the same direction. The
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Fig. 9. Dynamic response and Dieckmann index K at bridge midspan in different
road roughness levels.

Fig. 10. Dynamic response and Dieckmann index K at bridge midspan at different
vehicle speeds.

other parameters were the same as those in Table 2. The results
calculated by the self-compiled program are shown in Fig. 9.

In Fig. 9, a higher road roughness corresponds to a greater dy-
namic response of the bridge; the impact coefficients were all
greater than the standard value of 0.05. The Dieckmann index K
changed from 0.713 to 1.655, and the human feeling of vibra-
tion changed from ‘‘can feel the vibration’’ to ‘‘can tolerate any
long-term vibration’’. The level of road roughness obviously had
a great effect on bridge impact coefficient and comfort. Therefore,
strengthening the control of road roughness during construction
andmaintaining the road surface during later operation are neces-
sary.

Five vehicle running speeds, 100, 110, 120, 130, and 140 km/h,
were chosen for impact analysis. The level of road roughness was
A, and other parameters were invariable. The results calculated by
the self-compiled program are shown in Fig. 10.

In Fig. 10, the dynamic responses did not increase with
increasing vehicle speed. The impact coefficient at 110 km/h was
0.145; this value is smaller than that at 100 and 120 km/h but
is still much larger than the 0.05 calculated by the JTG D60-
2004 code. What can be predicted was the monotonic increase
of the impact coefficient when the vehicle speed was higher than
120 km/h. The change lawof Dieckmann indexwas consistentwith
the impact coefficient, whose smaller valuewas 1.038 at 110 km/h,
and humans can tolerate any long-term vibration at the moment.
Therefore, vehicles should slow down on the bridge to guarantee
minimum speed.

Three vehicle loads, 20, 25, and 30 t, were chosen for impact
analysis. The level of road roughness was A, and other parameters
were invariable. The results calculated by the self-compiled
program are shown in Fig. 11.
Fig. 11. Dynamic response and Dieckmann index K at bridge midspan at different
vehicle loads.

Fig. 12. Dynamic response and Dieckmann index K at bridge midspan at different
vehicle spacings.

In Fig. 11, the dynamic responses increased with the increase
of vehicle load. When the vehicle load increased from 20 to 30 t,
the maximum acceleration of midspan increased from 0.781 to
1.581 cm/s2. The impact coefficient increased monotonically and
was much larger than the standard value of 0.05. The Dieckmann
index also increased, and the human feeling of vibration was ‘‘can
tolerate any long-term vibration’’. Reducing damage caused by
vehicle overload is necessary to strengthen the limit of vehicle load
during daily operation management.

Three vehicle spacings, 15, 25, and 35 m, were chosen for
impact analysis. The level of road roughness was A, and other
parameters were invariable. The results calculated by the self-
compiled program are shown in Fig. 12.

In Fig. 12, the dynamic responses decreasedwith the increase of
vehicle spacing.What canbepredictedwas themonotonic increase
of the impact coefficient when the vehicle spacing increased.
The Dieckmann index was slightly larger, and the human feeling
of vibration was still ‘‘can tolerate any long-time vibration’’.
Expanding the vehicle spacing not only helps to ensure traffic
safety but can also reduce bridge vibration.

The vehicle always ran in one lane in the abovementioned
impact analyses of parameters. More dynamic responses can be
observed with more lanes. Three lane numbers, namely, single
lane, double lane, and three lanes in the same direction, were
chosen for impact analysis. The level of road roughness was A, and
other parameters were invariable. The results calculated by the
self-compiled program are shown in Fig. 13.

In Fig. 13, the dynamic responses increased with the increase
of lane number; the maximum acceleration in particular increased
with time. The impact coefficient increased monotonically and
was much larger than standard value 0.05. The Dieckmann index
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Fig. 13. Dynamic response and Dieckmann index K at bridge midspan with
different lane numbers.

Fig. 14. Dynamic response and Sperling index W of car body at different road
roughness levels.

also increased, and the human feeling of vibration remained ‘‘can
tolerate any long-term vibration’’.

The parameters’ impact on vehicle dynamic response not only
showed in the maximum acceleration and the maximum dynamic
displacement but also in the vibration comfort. The ISO standard
and Sperling index [20] were adopted in this paper.

The road roughness was simulated by Eq. (4), and its parameter
values were 0.02, 0.03, and 0.04 m at the A, B, and C levels of
road roughness, respectively. The vehicle parameters were the
same as in Table 2. The results calculated by the self-compiled
programwere obtained in Fig. 14 through an analysis of the vertical
displacement and acceleration in the first car’s body center.

As shown in Fig. 14, the vertical dynamic displacement showed
an increasing trend with the increase of road roughness. The
dynamic displacement at the C level was almost twice that at
the A level, which meant the human feeling of vehicle vibration
changed from ‘‘uncomfortable’’ to ‘‘extremely uncomfortable’’ in
line with the ISO standard. Furthermore, the Sperling index W
was regarded as a more appropriate impact analysis method of
road roughness [20]. At the moment, the human feeling of vehicle
vibration changed from ‘‘feel strong and irregular vibration but
still can be tolerated’’ to ‘‘feel extremely irregular vibration and
cannot be tolerated for a long time’’. Thus, the road roughness
had a significant effect on the dynamic response of the vehicle,
and a higher road roughness corresponded to worse discomfort
for humans. Therefore, decreasing the road roughness during
construction to reduce vehicle vibration and improving vibration
comfort and maintenance of road surface during later operation
are necessary.

Five vehicle running speeds, 100, 110, 120, 130, and 140 km/h,
were chosen for impact analysis. The level of road roughness was
Fig. 15. Dynamic response and Sperling index W of car body at different vehicle
speeds.

Fig. 16. Dynamic response and Sperling index W of car body at different vehicle
loads.

A, and other parameters were invariable. The results calculated by
the self-compiled program are shown in Fig. 15.

In Fig. 15, the dynamic responses increased with the increase
of vehicle speed. On the basis of ISO standard, the human feeling
of vehicle vibration was ‘‘uncomfortable’’ at 100 km/h, and it can
change to ‘‘very uncomfortable’’ and even ‘‘extremely uncomfort-
able’’ at more than 110 km/h. Moreover, the variation trend of vi-
bration comfort of Sperling indexW was consistent with ISO stan-
dards; the feeling was ‘‘feel obvious vibration’’ at 100 km/h and
‘‘feel very irregular vibration’’ and ‘‘feel uncomfortable’’ at more
than 120 km/h. In aword, the vibration comfort deterioratedwhen
vehicle speed increased. Therefore, vehicles should slow down on
the bridge to guarantee minimum speed.

Three vehicle loads, 20, 25, and 30 t, were chosen for impact
analysis. The level of road roughness was A, and other parameters
were invariable. The results calculated by the self-compiled
program are shown in Fig. 16.

In Fig. 16, the dynamic displacement increased with the
increase of vehicle load.When the vehicle load changed from 20 to
30 t, the human feeling of vehicle vibration was ‘‘uncomfortable’’
based on the ISO standard and ‘‘feel obvious vibration’’ and
‘‘still feel comfortable’’ based on the Sperling index. This finding
indicates that vehicle loadhad aminimal effect on vehicle vibration
and riding comfort in the case without speed.

On the basis of the self-compiled Fortran program and bridge
engineering, the dynamic responses of long-span continuous
girder bridge under vehicle load were studied in this paper. This
study included the calculation of impact coefficient, evaluation of
vibration comfort, and analysis of dynamic response parameters.
The following conclusions can be drawn:

(1) The bridge maximum dynamic displacement, acceleration,
and impact coefficient of single lane under the action of moving
vehicles are smaller than those of three lanes with the same traffic



194 L. An et al. / Theoretical & Applied Mechanics Letters 6 (2016) 186–194
condition. The impact coefficient changed from 0.165 to 0.186,
which is much larger than the 0.05 calculated by the JTG D60-2004
Code.

(2) The Dieckmann index of single lane under the action of
moving vehicles is smaller than that of three lanes with the same
traffic condition,whose value increases from1.3 to 1.42.Moreover,
humans can tolerate any long-term vibration under two types of
worst-case loading. Thus, the vibration comfort of the bridge is
good.

(3) The impacts on dynamic responses of the bridge under the
action of moving vehicles, including vertical dynamic displace-
ment in midspan, vertical acceleration, impact coefficient, and
vibration comfort, are analyzed with the parameters of road
roughness, vehicle speed, vehicle load, vehicle spacing, and lane
number. The impacts on dynamic responses of vehicles in the
vehicle–bridge coupled vibration system, including vehicle verti-
cal dynamic displacement and vibration comfort, are also analyzed
with the parameters of road roughness, vehicle speed, and vehi-
cle load. The relevant conclusions from parametric analyses have
practical significance to the dynamic design and daily operation of
long-span continuous girder bridges in expressways. Driving safety
and comfort are expected to improve significantly through further
control of the vibration of vehicle–bridge systems.
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