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Vehicle-Bridge Interaction System

Introduction to IDE (1)
Yamamoto Kyosuke, Asst. Prof.
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Road unevenness induces
vibrations on a travelling vehicle
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The simplest model of the travelling vehicle is
a mass-spring model
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Suspensions are usually modeled by
spring and damping

A
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Equation of motion of the vehicle: (ma = F)

m: Mass - : : _ d
z(t) mz=—c(z—-1)—k(z—-71) (==

Vehicle Vibration damping force restoring force ) 42
4 e

k: stiffness
% ¢: damping [mZ' +cz+ kz=cr + kr }
=

T(t) Linear Differential Equation
System Parameters: m, c, k

Road Profile ‘

Output: z(t) Input: r(t)
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Road Profile: r(t)
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%-- set vehicle parameters
fprintf('setting vehicle parameters...¥n')
m = 10000; %-- mass (kg)

c = 2000; %-- damping (kg/s)

k = 10000; %-- stifness (N/m)=(kg/s/s)

v = 10.0; %-- speed (m/s)

dt="0.001; %-- time increment;

T = 60; %-- end time

%-- calculate input

fprintf(’calculating vehicle input...¥n")

R = load('profile-1.txt'); %-- load: R(x)

X = 0:0.20: (length(R)-1)%0.20; %-- dx=0.20(m) for R(x)

-- time, dt=0.001(s)

xx= vxt; %-- vehicle position: x(t)

r = spline(x,R,xx); %-- spline interpolation: R(x) to r(t)=R(x(t))
dr= 1/dtxgradient(r); %-- numerical differential

r=r-r(1); %-- reference value setting: r(0)=0

dr=dr-dr(1); %-- reference value setting: dr(0)=0

f=cxdr+k*r; %-- right-hand-side of equation of motion of the vehicle

%-- simulate output

fprintf('vehicle vibration simulation: newmark-beta method...¥n')
G=1/2; %-- gammma coefficient for newmark-beta method

B=1/4; %-- beta coefficient for newmark-beta method

[ t, z, dz, ddz 1 = newmark_beta( m,c,k,f,1/1000,zeros(1,3), G, B );

%-- visualization

fprintf('outputting the simulation results...¥n')
figure(1)

subplot(2,1,1); plot(t,r,'-b")

subplot(2,1,2); plot(t,z,'-r")

%-- animation
figure(2);set(gcf, 'Unit’, 'pixel’, 'Position’,[120, 280, 800, 300]);
writerObj = VideoWriter('ex_01.avi', 'Motion JPEG AVI'); %-- setting movie
class
writerObj.FrameRate = 20; %-- flame rate (slide/sec)
open(writerObj); %-- initialization of movie object
for tt=1:100:1ength(t)
plot(xx(1:tt)’',[r(1:tt);z(1:tt)+0.01]1"');hold on
plot(xx(tt),r(1,tt), 'bo");
plot(xx(tt),z(1,tt)+0.01", 'ro’);hold off
x1im([@ max(xx)]);ylim([-0.004 0.020]);
frame = getframe(figure(2)); %-- get the figure as'a frame of the
animation
writeVideo(writerObj,frame); %-- add the gotten frame to the movie object
end
close(writerObj); %-- end of animation

function [ t, x, dx, ddx ] = newmark_beta( m,c,k,f,dt,X, G, B )

%% initialization

%——

memory space

x=zeros(size(f));
dx=zeros(size(f));

ddx=

%——

x(:,
dx(:

zeros(size(f));

input initial values
=X, 1)
, DX, 2);5

ddx(:,1)=X(:, 3);

o/

time vector

T=1length(f);
t=(0:T-1)*dt;

%% solving

A=
M =

for

end

end

m + dtxGxc + dt*2*Bxk; %-- global matrix
inv(A); %-- inverse matrix of A

tt=2:T

%-- solving preparation

b1 = -c *x ( dx(:,tt-1) + (1-G)*dtxddx(:, tt-1) );

b2 = -k * ( x(:,tt-1) + dt*dx(:,tt-1) + (1/2-B)*dt*2xddx(:,tt-1) );
b = f(:,tt) + b1 + b2; %-- right hand side

%-- calculation of acceleration at t=t+1
ddx(:,tt) = Mxb;

%-- calculation of velocity and displacement responses
dx(:,tt) = dx(:,tt-1) + dtx(1-G)*ddx(:,tt-1) + dt*Gxddx(:,tt);
x(:,tt) = x(:,tt-1) + dt*dx(:,tt-1) + dt*2%(1/2-B)xddx(:,tt-1) + dt*2*Bxddx(:,tt);
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kg: sprung-
stiffness

my: unsprung-

mass

k,:unsprung-
stiffness

. sprung-mass

—]

: |

s(t)

Sprung-
mass
Vibration

cg: sprung-
damping

z(t)

Unsprung-
mass
Vibration

r(t)

Road Profile

Equation of motion of the vehicle: (ma = F)

m.s=—cs(s—2) — k(s —2)

myz=c,(s—2)+k(s—2)—ky,(z—r1)

4

mgS + ¢S+ kgs = ¢z + kgz

myZ+csz+ (kg + ky)z =kyr + cis + kgs

¥

[ms mu] {;} Cs _CS [ ks ks+k u] z ={k2r}

G

M;+Cz+Kz=f
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Matrix and Vector

System of Equations:

a11%, + ay2%x, = by

Ay1X1 + AzpXx; = by

4 N

a11%, + ay2%, + ay3%3 = by

ar1Xq + Arp X~ + A13X3 = b2 »

a31X1 + AzpX; + Az3x3 = by

N /

Using Matrixx: Ax = b

o e )=

-

N

~
ai1 A12 4137 (*1 b4
[a21 a2 azs] {xz} =< b,
az1 Az 0A3z3]\X3 b3
J

Solution: ¥ = A~ 1p

Inverse matrix
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1) Download: http://www.kz.tsukuba.ac.jp/~yamamoto k/material/matlab for ide.zip
2) Decompress the downloaded zip file

3) Launch Matlab and set the decompressed directory as current directory

4) Run the following script:

>> sample_02

1N
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Two quarter-cars can be easily
extended to a half-car model
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Definition:
sj =1;0
Sj = rjé
§j = rjé

Sl (t) Zm-s- dams 51+ dims S mgs
2 9T T dy+dy,t  dy+dy §°G
]
S1— 52
0 =
d, +d,

Equation of motion of mass point m,

mj:S:j — f] internal force

Law of ij:Pl_I_PZ
Action and J

Reaction erxfj=d1xp1+d2xpz
J

10
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Summation of Equation of motion

Zmﬁj:ij
| |

Equation of motion {mng _ P1 + PZJ

of translation: ma =F

19
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0

Summation of Equation of motion X arm length

2 m;7;s; = 2 Ut
j

J

So (t) S1 (t) Equation of motion ‘ l

of rotation: 16 =T

1

zm]'rjz 9 =d1P1+d2P2
| | .
]

Inertia/A

. Toraue
Iﬂ =T

ngular

Moment Acceleration

1A
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[ Equation of Motion of Translation

dzms . dlms .

BMs e (6 — 2
d+dy ' d+d, 2 s1(31 = 21)

—Cs2(82 — Zy)
—ks1(S1 — 21)
—ks2 (S5 — 23)

Equation of Motion of Rotation
1 I

< d+d, t di+d, 2

—d1C51 (81 — Z1)
+dyCs2($2 — 22)
—diks1 (51— 21)
+dzks2(s2 — 22)

My17Z, = €51(81 — 1) + ks1(s1 — 21)

—ky1(z; — 1)

)
W) (t 1 (t) MypZy = C52(Sy — Z3) + ksp (5 — 23)
N —kyz(z; — 1)

10C
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[ dyms dymg
di+d, d;+d, S1 Cs1 Cs2 —Cs1 —Cs27 (51 ksq ks, —ks1 —ks; S1
I | {SZ} + ldlel _dZCSZ —dlcsl dzcszi‘ {52} + ldlksl —dzksz _dlksl dzksz {52} _ { }
di+d, d;+d, z —Cs1 Cs1 Z —ksq kg1 + kyq Z Ky
My Z, —Cqp cs2 1\22 —kg, kg, + kypl \22 kyar;
My2

MZ(t) + Cz(t) + Kz(t) = f(t)

‘ Newmark- 8 method

AZ(t) = b(t)
7(t) = A"1b(t)

Solving the system of equations

100
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Mz (t) + Cz(t) + Kz(t) = f(t)

. Consider the next time step

MZ(t + At) + Cz(t + At) + Kz(t + At) = f(t + At)

Newmark- 5 method

zZ(t+ At) = z(t) + At(1 — y)z(t) + Atyz(t + At)
z(t + At) = z(t) + Atz(t) + At? (% — ﬂ) 7Z(t) + At?Lz(t + At)

( ) ff(t + At) — C{z(t) + At(1 —)z(t)}
M + AtyC + At?BK| {Z(t + At) ¢ = 4 _ K{z(t) + Ati(t) + At? G-ﬁ) 2(t)}>
\ J \ J
Ai(t + At) — b Once z(t), z(t), Z(t)and f(t + At) are obtained,

we can solve z(t + At), z(t + At) and Z(t + At).
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Download: http://www.kz.tsukuba.ac.jp/~yamamoto k/material/matlab for ide.zip

Decompress the downloaded zip file
Launch Matlab and set the decompressed directory as current directory
Run the following script:

>> sample_03

1
2
3
4

N— N

10
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Consider the effect of
Bridge Vibrations
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Vehicle and Bridge can be modeled by

Half-car model and Beam

(Rigid Body Spring Model) Finite Element Method
using 1D Finite Beam Element Model

A A

DN
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Vehicle Inputs include Bridge vibrations
as well as Road unevenness

s1(t)
z1(t)

uq (t)

s, (t)
Z,(t)

u, (t)

up (t) = (t) +y1(t)

U, () = rp(t) +y,(t)

road unevenness bridge vibration
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The Vehicle Vibrations affect on
the Contact Forces acting on the Bridge

s, (t)

dams . i}
dlzln 4,9 = 510) T (g - 4 ®)

Sl(t) Pi(t) =

z,(¢) z.(t) =4 a9 T mad Fha(n —w)
_ dimg ) )
P,(t) P, (t) P(0) = g (0~ 52(0) + mua(g — (1)
— dclll_lr_nzz g+myg+ +kyo(z, —uy)
- N / restoring force

weight of unsprung-stiffness

nnNn
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Bridge Deflection Vibrations can be calculated
by Structure Mechanics

X, P,(t) P, (t)

xll

| y(x, t) x

P
pll

9?2 0?2
pAy(x,t) + =—EI <Wy(x, t)) = 5(x — xl(t))Pl(t) + S(x — xz(t))Pz (t)

d0x2
\ \ §(x)=0 ,whenx =0
6(x) =00 ,whenx =0

Mass per Flexural Delta

unit length Rigidity Function f+006(x)dx=1

NN
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The equation of motion of Vehicle System:

d,m
4+ d g ()t —— d + d Zg(t) = _ksl(zsl ) - Zul(f)) - ksz(zsz ) - Zuz(f)) - Csz(z.sz ) - Zuz(f)) - Csz(z.sz - Zuz(t))
PTRSlOhy fr T Ze2(8) = =dy X kea (762 (8) = 200 () + d X Kz (262(8) = 200()) = dy X 52 (252(8) = 22(8)) = dp X € (52 (8) = 212(®))
2
— My 7y (t) = sl(Zsl(t) —Zy1 (t)) + Cs1(2s1(f) = Zy1 (t)) - kul(zul(t) - ul(t))
Magz 22 (6) = kz (262(8) = 202(0) + €2 (Z52(8) = 22(8)) = Kz (22 () — 12(1)) l
m
ze2 1 dy d; s 2 Contact Forces:
—r—
s2 X T A, s1
- ~ = Pi(t) = d + d >~ (g = 1(0) + My (g = 7 (0)
ke, Cs1 Py(1) = d " d T (0= 22©) +muz (9 - 2:(0)

Input Profile:
1(®) = RE(®) +yoa@n  2u2

u,(t) = R(x2 (1)) + y (22 (6), 1)
A

NN

The equation of motion of Bridge System:

92
pAj(x,t) + o El( FPe y(x, t)) é‘(x - xl(t))Pl(t) + é‘(x - xz(t))Pz(t)
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FEM is a method for discretizing
a Continuum Body
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The equation of motion of Bridge can be also
expressed by matrices and vectors

Mgy (t) + Kpy(t) = L(t)P(t)

/

Mass Stiffness  Equivalent Nodal Force  Contact Force
Matrix Matrix Distribution Matrix

QL
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[ 12
6l

3B |-12

| 6]

61
412
—6l
212

—12
—6l
12
—6l

6l |
21%
—6l

412 |

N7
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MyZ(t) + Cyz(t) + Kyz(t) = Ky(r() + L) y(t))

Zs2 T

T Zs1

ksz

1, (t)

Cs2 ksl Cs1

my» Zy1
m
ul kul ul
r1(t) |

j V2 (t)

)71(15)! j

17 Mgy (t) + Kpy(t) = L(t)My(g — (1))

|

L(t)My

R [ Y S

KUr(t)
L(t)Myg

}

O
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Equation of Motion of VBI system
is NOT a linear differential equation

[MV

Ao 2\ . |Kv KyL(t) Kyr(t)
L(t)My MB]{;}J’[ ’ CBI{;}JFI ' L;(B ]{;}:{L(f);/lig

}

M(£)i(t) + Ci(t) + K(®)x(t) = f(¢)

Coefficients temporary changes
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Newton-Raphson Method
for solving a non-linear problem

Convergence calculation

SN



2019/10/8

Road Profile

4

Vehicle
) ) — . ) Unsprung- . . .
Sprung-mass: Unsprung-mass: | Sprung-damping: | Sprung-stiffness: stiffness: Distance from G: Travel speed:
mg (kg) my; (kg) csi (kg/s) ksi (N/m) ' d; (m) v (m)
ky; (N/m)
Front: i=1 500 2000 4500 60000 1.75
9000 10.0
Rear: i=2 500 2000 4500 60000 1.75
Vehicle Vibration Input Profile
Contact Force Bridge Vibration
Bridge
Flexural Rigidity: Mass per unit Length: Span Length:
EI (GNm?) pA (kg/m) L (m) Element Number
156 3000 100 20
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_ Road Profile
Input Profile .
20 ) m 50
0.01 T T T T T
()-0",O7< f\/VMQ‘WO/\l
~001 Sprung-mass vibration _
_002 1 | | | 1
0 10 20 30 40 50
5><10_3 :
OMM
-5r . . N
ol Unsprung-mass vibration |
_]5 1 | | | 1
0 10 20 30 40 50

002 | G € 4
0015 | 4
001 ) 4
0.005 |- 4
ol o—oe .
-0005 - .
-001 - 4
-0015 |- 1

-002 ! : ! . . . .
100 90 80 -70 60 50 40

1) Download: http://www.kz.tsukuba.ac.jp/~yamamoto_k/material/matlab for ide.zip

2) Decompress the downloaded zip file
3) Launch Matlab and set the decompressed directory as current directory
4) Run the following script:

>> sample_04

>> sample_04_application

N
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VBI simulation is applied to
Bridge Desigh and Maintenance

Traffic Load for Bridge Design
Vibration-based Structure Health Monitoring
Future Technology (Watching Logistics)

N
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Traffic Load
for Bridge Design

Maximum Value of P; of(llo(())k’f\l)vehicle is about 50 (kN)

(NOTICE: Only considering very smooth road profile)
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o Bridge Acceleration Vibrations

Vibration-based
Structure Health Monitoring

L/4

-0.1

1 1 1 1 1
10 20 30 40 50 60

0.1

L/2

-0.1

1 1 1 1 1
10 20 30 40 50 60

0.1

3L/4

-0.1

1 1 1 1 1
10 20 30 40 50 60
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Watching Logistics

(On-going Identification of Vehicle-Bridge-Road)

Only Measuring

» Identifying
Vehicle Acceleration Vibrations and Position Vehicle Parameters, Bridge Parameters

and Road Profile

Lo WAd
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