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Abstract. Based on the D’Alembert principle and the hypothesis of Euler-Bernoulli beam, the
vehicle-bridge coupling vibration equations of vehicle bump test were established using mode
decomposition method. As bump test applies an impact pulse excitation to bridge structure, the
initial conditions to calculate the system vibration equations were derived using momentum
conservation law. Then the system vibration equations were solved by using Runge-Kutta method
and the dynamic response of bridge was obtained through mode decomposition method. By
comparing the maximum bending moment of each section at h height with the design bending
moment of bridge, the limit height in bump test was determined. Finally, a simply supported
hollow slab bridge was taken as an example, and the dynamic response of this bridge was
calculated to determine the limit bump height in dynamic test. The correctness and effectiveness
of this method was validated.

Keywords: bridge engineering, dynamic detection, limit bump height, Runge-Kutta method,
vehicle-bridge coupling vibration.

Nomenclature

I,m,EIl Length, mass per unit length, flexural rigidity of bridge

[0) Load transverse distribution coefficient of single slab in the whole bridge
my, I, m;  Sprung mass, rotatory mass of vehicle body and mass of wheels

kq, Cq Stiffness coefficients, damping coefficients of tire

ke, ¢t Suspension sprung constants, damping constants of suspension

a,c Wheel distance and distance between rear wheel and coordinate origin
Vp, 0 Transverse displacements, rotation angle of vehicle body

Vi1 Viz Transverse displacements of left and right wheel of vehicle

h Height of vehicle bump

1. Introduction

The excitation methods of bridge dynamic test include self-vibration method, forced vibration
method, pulsation method, etc. Vehicle bump test is the most commonly used in self-vibration
method for short to medium span bridge [1-3]. The researchers have conducted lots of useful
exploratory works in the field of vehicle test with obstacles. Huang et al. let the rear wheels of the
truck fall down from the concrete block of 20 cm height at the deck to generate the impulsive
force in dynamic test [4]. Kwasniewski et al. placed a wooden plank across the deck to simulate
major deterioration of the deck surface [5]. Racanel artificially produced an obstacle at the deck
in order to induce an impulse at the superstructure level in the dynamic loading of bridge [6].
Cantieni performed dynamic load test on the undisturbed pavement which placed a thick plank on
the roadway [7]. The excitation imposed to bridges by vehicle test with obstacles is forced
excitation, whose purpose is to obtain the impact factor of the bridge. However, the so called
vehicle bump test of Chinese code suggests that the front wheels stay at bridge in static and the
rear wheels fall from the obstacle of h height. Then vehicle-bridge coupling system starts to
free-decay vibration under impact loads which generated by the process of vehicle bump to bridge
structure. Through analyzing free-decay response to obtain the free vibration characteristics
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(natural frequency, damping ratio, modal shape, etc.) of bridge structure. Thus, the limit bump
height for the vehicle bump test is the key to obtain more obvious signal-to-noise ratio of dynamic
response and not to cause damage for bridge. Literature [8] suggests that the height of vehicle
bump is 5-15 cm. Literature [9] regulates that the height is 15 cm in the case of a single vehicle
which is close to the standard load heavy vehicle is adopted as the bump excitation. However, the
theoretical basis of the height specified is not given. Therefore, it is necessary to establish a
theoretical calculation model of vehicle bump height and determine it accurately.

2. Vibration equations of vehicle-bridge coupling after the vehicle falling down

The process of vehicle falling down is shown in Fig. 1(a). Let the rear wheels of vehicle
suddenly fall from the vehicle bump device without horizontal velocity and the vehicle remains
stationary level after it falling down. The impulse effect is applied to bridge by utilizing the
momentum generated during the falling process of vehicle’s rear wheels.

obstacle
m,El X

a) The half-car planar and bridge model
in the process of falling b) The half-car planar and bridge model
after the contact with bridge
Fig. 1. The vehicle-bridge coupling model of vehicle bumping process

In this study, a half-car planar model with four degrees of freedom is adopted.

When the rear wheels of vehicle fallen to the deck, the whole mechanical analysis of vehicle
can be performed according to Fig. 1(b). The force of vehicle acts on bridge fall into two parts of
static and dynamic force. Let P; (t) and P;(t) be the dynamic load and static load of front wheel
respectively, P,(t) and P,(t) be those of rear wheel:

. my Iy .. . my ., Iy .
P(t) = [mn}’u 7)’1) - _9] P(t)=0 [mtz}’tz + - b + EQ )

@)
P;(t) =09 [mt1g +— 9] P(t)=0 [mtzg +— g]

As shown in Fig. 1(b), the equation of motion for bridge structure can be established based on
D’ Alembert principle and the hypothesis of Euler-Bernoulli beam when the excitation of vehicle
is exerted on bridge:

0*(x,t)

Frrae Pl(t)51(x —(c+ a)) + P,(t)8,(x —¢), 2

my(x,t) + cy(x,t) + EI

where §; (x —(c+ a)) and 6, (x — ¢) are Dirac’s functions.
The dynamic deflection can be set according to mode decomposition method as follows:

Y0 = ) i), &)
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where @;(x) = sin(imx /1) is the ith order vibration mode function of simply supported bridge
and q;(t) is the corresponding general coordinate.
Combining Egs. (2-3) with the orthogonal property of mode shape can obtain:

l l l
f M2 (x)ijn (t)dx + f 2BmeR ()i (D) dx + w2 f M2 (x)gn(O)dx
0 ! 0 0 (4)
= f (Pn(x)[Pl(t)51(x —(c+ a)) + P,(t)8,(x — C)] dx,
0

where B = ¢/2m; w, is the nth natural frequency of bridge. Let s, = [ Ol me2(x)dx, then Eq. (4)

can be expressed by:

Spdn(t) + 284, (t) + wrzzann(t) = @pn(c + a)P;(t) + @, ()P, (D). (5)

Equations of motion for wheel masses m;, and m,,:

.. . . . . a A
My Ve + Ca1 Ver + Y1) + ka1 (Ve +y1) + ¢ (3’t1 —Ypt 59)
a
+kiy (ytl —Ypt+ 59) =0,

. ) ) ) . a. (6)

MYz + Caz(Vez + V2) + koo (V2 +¥2) + Cz ()’tz —Yp— 59)
a

+k¢, (J’tz —Yp — 59) =0.

Equations of motion for sprung mass my,:

. . . a . a
mpYp + C1 (Yb — Y1~ 59) + ket (J’b — Y1 — 59)

) ) a. a
+Ce2 (Yb — Ytz +59) + ki, (J’b — V2 t+ 59) =0,
a ] @)

1,6 —a% [Cn (}"b —Vn _a%é) + ke (J’b —Yu _az 9)
+§[Ct2 ()71; — Vez +§é) + ke (yb Ve +§9)] =0

where y; and y, are dynamic deflections at positions of front and rear wheel for bridge.
Eq. (2) and Egs. (5-7) can be expressed as the generalized motion equation in matrix form:

Mii + Ca + Ku = 0, ®)
where:
my 0 0 0 0 01
0 my O 0 0 0
0 0 m, 0 O 0
M=|0 0 0o I, 0 0]
A, By C D s, 0
: : : : w0
A, B, C, D, 0 0 s,

An = _®§0n(c + a)mtll Bn = _o(pn(c)thI
m m
Cn = =8 (gnlc+ @) 2+ 90() 52

© JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. DEC 2016, VOL. 10. ISSN 2345-0533 347



DETERMINATION OF LIMIT VEHICLE BUMP HEIGHT IN DYNAMIC DETECTION OF SIMPLY SUPPORTED BRIDGE.
GUOJIN TAN, ZIYU Liu, YUBO JIAO, WENSHENG WANG

I I
D, =0 (galc + 2= 9,()2)

— a -
Ca1 T+ Cr1 0 —Ct1 Ct1 2 p1(c+a)egr o @n(c+a)ey
a
0 Ca2tCe2 —C2 ~Ca2y ®1(€)Cqz Pn(C)Caz
a a
C _ _Ctl _Ctz Ctl + Ctz 2 + Ct E 0 0
a a a a a? a? ’
Ctiy ~C2 _Ct1§+ C2 Ctlz-l' Ca ™y 0 0
0 0 0 0 285, 0
: : : : : . 0
| o 0 0 0 0 0 2Bs,
— a -
ka1 + ki 0 —k¢q ktIE @1(c + Akgr . Qn(c+ a)kg
a
0 kaot+ki, —k¢, —k¢, 5 01()kqz N GL
a a
K= =k —k¢, ke + kep —kt1§ + ke 3 0 0
a a a a 2 a?
Ce1 C2n Tl + Cr2 5 Cag + Ce2 T 0 0
0 0 0 0 w?s; 0
; ; ; ; : 0
[ o 0 0 0 0 0 wlis,
u={yy Y2 ¥ 0 @) qn (O}

3. Solution of vibration equations and determination of bump height

According to conservation of energy, the potential energy of vehicle at the highest point of
vehicle bump device is equal to kinetic energy at the moment of vehicle fallen to the deck. Let w
be the rotation angular velocity of vehicle body at the moment of rear wheel falling to the deck:

®

h
> (Ip + mpa*)w? =my,g >t mepgh.

Let y be the distance between front wheel and mass center of particle system composed of m,,
and my, it has:

a
my E +mea = (my + my,)y.

(10)

The total momentum p, of vehicle before the contact of vehicle and bridge can be written:

2(mpg h/2 + mygh)

(Up + mppa?) ()

a
po = (mp + mp)yw = (mbi + mtza) \/

Let p, be the momentum of bridge at the moment of contact of vehicle and bridge. Assuming
that the momentum p, along the beam length is evenly distributed, it has:

P = (12)

0

—dx—fm y(x, t)dx.
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Differentiating both sides of Eq. (12) with respect to x yields:
p .
—=m-y(x,t). (13)

Substituting Eq. (3) into Eq. (13) at the time t = 0 with the orthogonal property of mode shape
can obtain:

! !

p .
[ Bontrax = [ mpzcoda @ (14)

0 0
Lets, = fol me2(x)dx, then Eq. (14) can be expressed by:
!
x)dx -
Syl

According to momentum conservation law, it has:

p1 = (D[Po + MY + MpYer + MpYy + Ibé]. (16)

Combining Egs. (6-7) and Egs. (11, 15, 16), the initial velocities of all degrees of freedom in
u can be obtained and all the initial conditions required to solve the theoretical calculation model
are determined. Then the values of u of each moment can be calculated by using fourth-order
Runge-Kutta method. Consequently, the time-history curve of dynamic displacement of bridge
y(x,t) can be obtained according to mode decomposition method.

The moment value of each section of certain moment M (t;, x) can be expressed as:

d?[y(t, %) + y;(x)]
dx? ’

M(t;, x) = EI (17)

Assuming that the design bending moment of each section of bridge is M (x), if the following
equation is satisfied, h can be considered as limit bump height:

Mmax(ti' x) = Ms(x)- (18)
4. Numerical simulation

A simply supported hollow slab bridge with uniform section and 20 m span is used for the
following numerical simulations and the bridge is composed of 5 slabs. The general layout and
the lateral position of vehicle bump are shown in Fig. 2. The cross section of simply supported
bridge is shown in Fig. 3. The geometrical and material parameters of vehicle and bridge are listed
in Table 1.

50 180

[
k

O[T
65 160 160 160 160 160 65
Fig. 2. The general layout and the lateral position of vehicle bump (unit: cm)

The maximum bending moment of mid-span in 1# slab at the bump height of 0, 5, 10, 15,
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20 cm are calculated respectively and the calculation results are shown in Fig. 4. When the bump
height of vehicle is 20 cm, the maximum bending moment of mid-span in 1# slab has reached the
designed value of bending moment 1580.8 kN-m through analysis. Then it can be considered that
the limit bump height of simply supported bridge is 20 cm in the case of vehicle and bump position
given in this paper. Fig. 5 provides the displacement response of mid-span. Fig. 6 gives the
displacement of each point in 1# slab at the moment of maximum displacement in mid-span. Fig. 7
shows that the bending moment of each point in 1# slab is at the moment of maximum bending

moment in mid-span.

10,2035 20,10

2323 69 2323

160

f——

[\S]
(O8]
N
(98
(o))
O
N
(98]
[\
O

0.2035 20,10
95

Fig. 3. The cross section of simply supported bridge (unit: cm)

Table 1. The calculation parameters of vehicle and bridge

Vehicle parameters Bridge parameters

My, My / Kg 4330 l/m 20

m, / kg 3.85%10* a/m 42

I, / (kgm?) 2.446x10° c/m 10
kai, kgp / (N'm™) | 4.28x105 | Concrete p / (kg'm™) 2500

keq, keo / (N | 2.535%10° E/Pa 3.25x1010

Car. Caz ! (kg's") | 0.98x10% ) 0.265
Ce1s Gz [ (kgrs)) | 1.96x10% B 10 %
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g. 4. The relationship between bump height and
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Fig. 6. The displacement of each
point in 1# slab at the moment of maximum

displacement in mid-span

Displacement response / m

Time /s

Fig. 5. The displacement response
of mid-span in 1# slab

Bending moment / kNem

0 5 10 15 20
Length of bridge / m

Fig. 7. The bending moment of each

point in 1# slab at the moment of maximum

bending moment in mid-span
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5. Conclusions

1) The theoretical research on the height of vehicle bump is carried out, and the feasible and
effective theoretical calculation model and determination method are given, which provides a
theoretical upper limit value for the selection of vehicle bump height.

2) When the theoretical limit height of vehicle bump is determined, a higher bump height can
be used to obtain a higher signal-to-noise ratio of dynamic response and improve the measurement
accuracy without causing damage to the bridge.
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