Impact coefficient analysis on long-span beam bridge
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Abstract. This paper presents a numerical study on the impact coefficient calculation of a
straight-line m-shaped composite beam and a curved box girder beam. A numerical model of
vehicle-bridge coupling system is established, where the random irregularity of bridge surface is
considered in the model. The effect of lane numbers, bridge surface flatness, vehicle speed, vehicle
weight and primary beam stiffness on the impact coefficient are considered. The results indicate
that the lane numbers have certain influence on the impact coefficient; the impact coefficient
presents nonlinear increment as the bridge surface flatness becomes from grade A to grade D; the
vehicle-bridge coupling system can resonate at both low speed and high speed; the vehicle weight
has little influence on the impact coefficient; whilst the displacement impact coefficient is
decreased with an increment in the primary beam stiffness. Besides, the local and global impact
coefficients, the displacement, moment and shear force impact coefficients are also
comprehensively discussed.

Keywords: vehicle-bridge coupling model, impact coefficient, random irregularity, moment
impact coefficient, shear force impact coefficient.

1. Introduction

The bridge structures will bear dynamic loads except for constant loads during their service
period, and the vehicle load is a most common dynamic load. The researches on the dynamic
responses of the system are called vehicle-bridge coupling problems [1-5]. The impact coefficient,
a dynamic amplification coefficient, reflects the magnitude of the impact action, is of great
importance to the safety of bridge structures, especially when the bridge vibration frequency and
the vehicle frequency are equal (resonance is occurred). Many researches on the vehicle-bridge
coupling vibration responses and the dynamic impact coefficients have been conducted so far, the
research contents are mainly focused on the establishment of numerical model [6-8], arithmetic
[8-13], the influence of cross section type of beam [14], bridge deck roughness[15, 16], vehicle
stiffness and damping [17-20], speed [15, 20], wind [21], randomness of influence factors [21],
deceleration [8] and soil properties [7] on the dynamic responses of vehicle-bridge coupling
system. Besides, the types of bridge such as PC simply supported box girder bridge with
corrugated steel webs [22, 23], highway bridges [24], railway bridges [20] and cable-stayed bridge
[25] are also involved.

The aforementioned researches have enriched and improved vehicle-bridge coupling
problems. However, the current researches mainly focus on the RC straight-line beam bridge, the
researches on the curved beam bridge and steel-concrete composite beam bridge are still limited.
Besides, some of concerned researches simplify vehicle model as moving load model without
considering the contribution of vehicle stiffness and damping to the system. Moreover, replacing
the moment and shear force impact coefficients with the displacement impact coefficient can’t
real reflect the mechanic behavior of the structures under vehicle dynamic loads. In view of this,
a numerical model of vehicle-bridge coupling is proposed in this study to calculate the dynamic
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responses of a straight-line n-shaped composite beam and a curved box girder beam, where the
effect of lane numbers, bridge surface flatness, vehicle speed, vehicle weight and primary beam
stiffness on the impact coefficient are considered. In addition, the local and global impact
coefficients, the displacement, moment and shear force impact coefficients are also
comprehensively discussed.

2. Numerical model of vehicle-bridge coupling
2.1. Vehicle model

The whole vehicle model with 2 axes is shown in Fig. 1, the tire and suspension system have
independent degrees of freedom. Except for the vertical translation and torsion degrees of
freedom, the transverse torsion degree of freedom is also included. There are totally 7 degrees of
freedom in the model.

As illustrated in Fig. 1, K; (i =1, 2,3,4) and Cy; (i = 1, 2, 3, 4) are the stiffness and damping
of the suspension systems respectively, K;; (i = 1, 2, 3, 4) and C;; (i = 1, 2, 3, 4) are the stiffness
and damping of the tires respectively, My; (i = 1, 2, 3, 4) are the masses of tires. Mg, Jg, ], are the
vehicle weight, vertical torsion inertia moment and transverse torsion inertia moment respectively.
a,, a, are the distances from the vehicle gravity center to the front axis and back axis respectively,
b;, b, are the distances from the vehicle gravity center to the left axis and right axis respectively.
The details of vehicle parameters are shown in Table 1 [26].
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Fig. 1. Vehicle model with 2 axes
Table 1. The details of vehicle parameters [26]

M 25530 kg Ky, Ky 2250 kN/m

Jo | 55259 kg-m?/rad Kz, Kia 8000 kN/m

Jo | 6893 kg'm?rad | Cq, Cpp, Crz, Cra 20 kN-s/m

a; 3479 m My, Myy, My5, My 445 kg

a, 1.021 m K., Ky 4000 kN/m

by 0915m K3, Koo 8000 kN/m

b, 0915m Cs1,C5,Cs3,Coq | 1. N-s/m

2.2. Basic principles of vehicle-bridge coupling

The schematic diagram of vehicle-bridge coupling is shown in Fig. 2 [27]. Based on the
Hertzian spring contact model, the element node of bridge deck is coupled with spring element
node of tire. The details are as follows.

Fig. 2(a) shows the coupling principle for the smooth bridge surface. The high order
displacement interpolation functions are utilized, the equations for vertical displacement are given
by:

Vp(x) = Vg N1 (x) + 0p1G1(x) + Vo Ny (x) + 05,6, (x), (1)
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mw=1+2(3) 3% @
M =3() —2(), G)
6 =x[1-2(5)+ ()] @)

e =) - () ®

where N; and N, are vertical displacement interpolation functions, G; and G, are angle
interpolation functions, [ is the length of an element, x is the distance from the tire to the element
node. Assuming that the tires are in close contact with the bridge deck and there is no separation
between them during the whole driving process, the vertical displacement of the tire is given by:

Upyr = Vp(x). (6)

a) The bridge surface is smooth b) The bridge surface is rough
Fig. 2. Schematic diagram of vehicle-bridge coupling

However, the rough bridge surface as shown in Fig. 2(b) will cause the separation between tire
and bridge surface, and then contact again, leading to great impact force on the bridge surface.
Herein, the random irregularity function f () is introduced, and the vertical displacement of tire
is given by:

Upyr = Vp(x) + f (). @)

The random irregularity function f(x) is created by harmonic wave superposition method in
the present work, and it is shown as Eq. (8):

N

f@ =) asin@mn + ), ®)
i=1

where a; is the amplitude of ith sine wave, n; is the spatial sampling frequency point, x is the

longitudinal location of bridge surface, ¢; is the random phase angle within the range of (0, 2m).

The power spectral density function is adopted to describe the random irregularity, and it is shown

as Eq. (9):

-2

) )

0

G(n) = G,

where n, is the standard spatial frequency, n is the spatial frequency, G, is the roughness coefficient
of bridge surface corresponding to n,. The irregularity curves of bridge surface are created by using
triangular series on MATLAB, and they are shown in Fig. 3. It is obvious that from A grade to D
grade, the flatness of the bridge surface is excellent, good, average and bad respectively.
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Fig. 3. The random irregularity curve of bridge surface

2.3. D’ Alembert vibration equation
The Rayleigh damping is adopted in the present work, and it is given by:
[C] = §[K] +nlM], (10)

where &, n are the damping coefficients, [K] and [M] are the element stiffness matrix and mass
matrix extracted from the finite element model. The vehicle-bridge coupling vibration equation is
acquired by assembling element stiffness matrix, mass matrix, damping matrix and load matrix
on MATLAB, and the formula is given by:

Mm; 0 ] Xv + va va] X 171; ][ ] [ ] (11)
0 Mppl|X,] 1Chy Cpp Ky Kopl 1%, Fpl

where the subscripts v and b denote vehicle and bridge respectively, X, X, X are acceleration,
velocity and displacement respectively. The dynamic responses can be obtained through
Newmark-f method as shown in Fig. 4.

[ tnput [M,1,[C,LIK,]| [ tput [M,1,[C,1LIK,]|

|
v

I Establish D’ Alembert vibration equation (Eq.(1 l)I

| Calculate initial condition #=0|

E— e

r—' Introduce random irregularity I

[ Calculate ¥ (1+Ar), X(1+A0)|
SubstltuteX (t+A1), X(t+Ar)into Eq. (11)

[K (¢t + M) X (1 + At) = F 2+ Ar)|
!

[ Caleulate X (¢+Ar), X(r+A0), X(t+Ar)|

Fig. 4. Calculation process of dynamic response for vehicle-bridge coupling system
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3. Calculations and discussion
3.1. Straight-line r-shaped composite beam

The cross section of a continuous steel-concrete composite beam with 4 spans is shown in
Fig. 5. The single span is 35 m and the total span is 140 m. The thickness of concrete (C40) slab
is 35 cm. The transverse connection between the two primary beams is strengthened by a
crossbeam with a standard spacing of 5 m.

\ Concrete bridge deck slab
Steel primary beam

—_— =

| 2900 | 7225 | 2900 |

{ r \ \
Fig. 5. The standard cross section of single span (Unit: mm)

The vehicle-bridge coupling finite element model is established by ANSYS. The bridge deck
slab is simulated by SHELL 63 element, the primary beam and the cross beam are simulated by
BEAM 188 element. The vehicle body is simulated by MASS 21 element, the suspension and tire
are simulated by the COMBIN 14 element. In order to save calculated time, the element stiffness
matrix [K] and mass matrix [M] are extracted from finite element model, and the Newmark-£
method is adopted on MATAB to obtain dynamic response. In order to validate the reliability of
the numerical model of vehicle-bridge coupling, the traditional theoretical-analytical method is
also applied as shown in Eq. (12):

[ee)

2PL3 1/ . Q, . . nmx

y(x,t) = Tn‘*z s (stnt " on sma)nt) sin——, (12)
n=1

where P is the moving load, ET is the stiffness of the beam, L is the length of the beam, w,, is the

vibration frequency of the bema, (),, is the frequency of the moving load.
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Fig. 6. The displacement responses at mid-span

Vertical displacement (mm)
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The displacement responses at mid-span are shown in Fig. 6, and the results calculated by
traditional theoretical-analytical method are also plotted in Fig. 6. As illustrated in Fig. 6, when
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the vehicle is in the middle of first span, this position certainly obtains the maximum displacement.
Meanwhile, there are also extreme displacement values in the middle position of other spans, and
the farther they are from the vehicle, the smaller the extreme displacement values. This is
consistent with the principle of influence line. Besides, the dynamic responses predicted in the
present work agree well with the theoretical-analytical method results, which can validate the
reliability of the vehicle-bridge coupling model.

According to symmetry, the dynamic responses between the first span and forth span, the
second span and third span are basically the same, therefore, the first span and second span are
chosen for the following analysis. The impact coefficient is defined as follows:

Y,
©= d,max’ (13)

Ys,max

where Y 4%, Ysmax are respectively the peak dynamic response and peak static response. They
can be displacement, strain, moment or shear force et al. In this section, the vertical displacement
is adopted to analyze the influence of parameters on the impact coefficient.

In order to compute global and local impact coefficients of composite beams, 4 points at
mid-span cross section are adopted for the analysis as shown in Fig. 7, where point 1 is for global
impact coefficient and point 2 to point 4 are for local impact coefficients.

2

4 3 1
[ ] (] [ ]

[ =

Fig. 7. The calculation points
3.1.1. The effect of the number of lanes

The previous findings demonstrate that the numbers of lanes have effect on the dynamic
response of bridge. Fig. 8 shows the impact coefficients of single lane and double lanes at the
speed of 100 km/s.

0.04 I Single lane
I Single lane 0.04 (I Double lane
I Double lanes
= 0.03+ =
5 - 003
3 =t
. s
8002 3 0.02
o I3t
et
g £
£0.01 E o0l
=
0.00 \ 2 3 4 000 1 2 3 4
Calculated points Calculated points
a) First span a) Second span

Fig. 8. The effects of the lane on the impact coefficients

As illustrated in Fig. 8, except for point 2, the global impact coefficient of first span in single
lane is greater than that of the double lanes, and it is the same for the local impact coefficient
nearby the free end of the cantilever plate. This is mainly attributed the fact that compared with
single lane, the lateral load distributions of the bridge deck have changed significantly in double
lanes. Whilst for the second span, the global and local impact coefficients of single lane are smaller
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than that of double lanes. This indicates that the numbers of lanes have certain influence on the
impact coefficient. Besides, it can be also found that the local impact coefficient nearby the free
end of cantilever slab (point 3 and point 4) is larger than the global impact coefficient (point 2).

3.1.2. The effect of bridge surface flatness

Fig. 9 shows the impact coefficients under different flatness grades. As illustrated in Fig. 9,
from A grade to D grade, the flatness of the bridge surface becomes worse and worse and the
impact coefficients present nonlinear increment as a whole. For example, from grade A to grade
B, the increase of global and local impact coefficients for second span is small, whilst from grade
C to grade D, the global impact coefficient increases from 0.152 to 0.558, and the local impact
coefficient of point 4 increases from 0.194 to 0.658. This indicates that a worse flatness of bridge
surface will lead to larger impact force on the bridge structure, and the safety as well as durability
of bridge structures are also affected.

In practical engineering, the maintenance of bridge deck should be regularly carried out to
prevent the bad flatness of bridge surface due to the natural ageing materials.

0.6 0.7
0.5 ,\//’_' 0.6}
- o
= —a— A grade —— B grade = 05
5 04r —4— C grade —v— D grade 8 *— A grade —e— B grade
2 o= —a— C grade —v— D grade
s 5 04}
803t o
o
3 S 03}
3 2 @
< 02+
S ol
g ‘\—_‘//—A/_“ E 02
£ =
0.1 0.1F
- . — . =
0.0 L I L L 0.0 L L L L
1 2 3 4 1 2 3 4
Calculated points Calculated points
a) The first span b) The second span

Fig. 9. The effects of the bridge surface flatness on the impact coefficients
3.2. Curved beam bridge

At present, there are few researches on the dynamic response of curved beam bridge under
vehicle load. Fig. 10 shows the sectional size of a PC simply supported curved box girder. The
longitudinal span is 60 m, the curvature radius R = 1000 m, the Young’s modulus
E = 3.4x10*MPa, the density p = 2500 kg/m?.

2.25 0.3 4.4 0.3 2.25

N ™

N

(=]

<

®

<t ——

on

S X

Fig. 10. The sectional size of box girder (unit: m)

The dynamic responses of the curved box girder are shown in Fig. 11 to Fig. 13. As illustrated
in Fig. 11, the numerical results of vertical displacement in this study agree well with the
theoretical results.
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Fig. 13. The Shear force response (v = 20 m/s)

Although there are a few deviations in local regions between them, the variation trends are
basically the same. This is mainly attributed to the fact that there is no moment of inertia in the
theoretical-analytical method (moving load model), leading to the smooth displacement curve.
Besides, the responses of displacement and moment reach their peak near the mid-span cross
section, therefore, the mid-span cross section will be chosen for the following analysis according
to the preliminary calculation and comparison of the impact coefficients.

The displacement and strain impact coefficient are used to replace moment and shear force
impact coefficients in the previous researches [14, 17, 22, 23], which can’t really reflect the
mechanic behavior of the primary beam under dynamic vehicle loads. As a matter of fact, the
impact coefficient is essentially a parameter that reflects the amplification of the primary beam
internal force (moment, shear force) as shown in Eq. (13). Besides, there is also a classification of
moment and shear force impact coefficient in CEN Euro code [28]. Herein, the vertical
displacement, moment and shear force impact coefficients are respectively calculated and
compared in the following analysis, and the influences of the vehicle speed, vehicle weight and
the stiffness of primary beam are considered.

3.2.1. The effect of vehicle speed

Fig. 14 shows the impact coefficients under different vehicle speeds (20 km/h-120 km/h). As
illustrated in Fig. 14, the variation trend of moment impact coefficient is the same as that of the
displacement impact coefficient. When the vehicle speed reaches at 60 km/h and 100 km/h, the
moment impact coefficient and the displacement impact coefficient both reach extreme values,
and the external excitation frequency (1.744 Hz and 1.45 Hz) and the vertical bending frequency
of the bridge (1.544 Hz) are very close at this time. This indicates that the vehicle-bridge coupling
system can resonate at both low and high speeds, leading to large dynamic response. Besides,
since the moment impact coefficient curve is enveloped by that of the displacement impact
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coefficient, replacing the moment impact coefficient with displacement impact coefficient will
overestimate the moment design value. The moment design value is maximally overestimated by
2.89 % as the vehicle speed reaches 100 km/h.

It can also be found from Fig. 14 that the shear force impact coefficient under different vehicle
speeds varies between 0.036 and 0.468, the fluctuation range is relatively great. The variation
trend of shear force impact coefficients at left side and right side are completely opposite due to
the action of vehicle loads. Since the displacement impact coefficient curve is enveloped by that
of the shear force impact coefficient, replacing the shear force impact coefficient with
displacement impact coefficient will underestimate shear force design value. The shear force is
maximally underestimated by 34.9 % as the vehicle speed reaches120 km/h, which is insecure for
bridge structures.

—o— Displacement
—0— Moment

—— Shear force at left side
I —— Shear force at right side

o o N o
o W 'S n

Impact coefficient

e
=

70 80 90 100 110 120
Vehicle speed (km/h)
Fig. 14. The effects of the vehicle speeds on the impact coefficients

40 50 60

The impact coefficient calculating formulas in the General Specification for Design of
Highway Bridges and Culverts (JTG D60-2015) [29] are shown as following equations:

u=20.05, f<15Hz (14a)
u=0.1767Inf — 0.0157, 1.5Hz< f < 14Hz, (14b)
u =045 f>14Hz (14c)

where f is the fundamental vibration frequency of the simply supported beam bridge. The impact
coefficient of the box girder bridge calculated by Eq. (14) is 0.061 (f =1.544 Hz), which is
significantly smaller than the result in this study. The difference between them is great, especially
for the shear force impact coefficient. This indicates that it’s not reasonable to only define the
impact coefficient as the function of fundamental vibration frequency of the bridge structure, and
the influence of vehicle speed should be also considered.

3.2.2. The effect of vehicle weight

The impact coefficient under different vehicle weights is shown in Fig. 15. As illustrated in
Fig. 15, except for the differences of shear force impact coefficient at right side, the other impact
coefficients under different vehicle weights are almost the same, which indicates that the vehicle
weights have little influence on the impact coefficient. Herein, the numbers of axle remain
unchanged in the vehicle model, and only the load weight varies. It is worth noting that Han [15]
and Deng [17] concluded that the impact coefficient is decreased with an increment in vehicle
weights when studying the influence of vehicle types on impact coefficient. As a matter of fact, it
is the numbers of the axle that affect the impact coefficient. Generally, the more axles, the heavier
is the vehicle, and the smaller is the impact coefficient. This is consistent with the previous
research [22].
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Fig. 15. Dynamic impact coefficient under different vehicle weights

3.2.3. The effect of primary beam stiffness

Deng [14] studied the influence of cross section types of primary beams on the impact
coefficient, whilst the influence mechanism of impact coefficient was unrevealed. As a matter of
fact, different cross section types will contribute to different inertia moments (/) and the primary
beam stiffness (ET) was thus affected. In order to study the influence of the primary beam stiffness
on the impact coefficient, the stiffness of the primary beam varies by changing the elastic modulus
of concrete in the present work. The different strength grades of concrete (C40, C50, C60, C70,
C80, C90 and C100) are setup in the present work, the detailed values of elastic modulus are
referred in GB50010-2015 [30]. Fig. 16 shows the impact coefficient under different primary
beam stiffness. As illustrated in Fig. 16, as a whole, the displacement and moment impact
coefficient are decreased with an increment in primary beam stiffness (elastic modulus increases),
they are only 0.053 and 0.061 respectively when the concrete grade is C100. However, the shear
force impact coefficient is generally increased with an increment in primary beam stiffness, it
reaches 0.337 when the concrete grade is C100.

Similarly, replacing the moment and shear force impact coefficients with displacement impact
coefficient will have little influence on the moment design value but make shear force design value
conservative.

0.40

0.35 -M
030k A
g —o— Displacement
5 025+ —o— Moment
= —— Shear force
o 0.20
o
o
5 015F
g

0.10 - C

0.05 i

0.00

C40  C50 C60  C70 C80 C90 C100
Concrete strength grade
Fig. 16. Impact coefficient under different stiffness

4. Conclusions

A vehicle-bridge coupling model is proposed to calculate impact coefficient of a straight-line
m-shaped composite beam and a curved box girder beam. Based on the results and discussions
presented in this paper, the conclusions can be drawn as follows:

1) The vehicle-bridge coupling system can resonate at both low speeds and high speeds. The
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vehicle weights have little influence on impact coefficient; the numbers of lane have a certain
influence on the impact coefficient; the impact coefficient is decreased with an increase of the
primary beam stiffness. A worse flatness of bridge surface can lead to larger impact force.

2) Along transverse direction, the maximum local impact coefficient is appeared at the free
end of cantilever slab; along longitudinal direction, the impact coefficient is related to the
distribution of primary beam stiffness.

3) Replacing the moment and shear force impact coefficients with displacement impact
coefficient will make moment design value larger and shear force design value conservative.
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