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ﬁf motivation

contemporary high-speed railways (HSR’s)

China’s HSR

» operational speed: 300-350 km/h
e total HSR length: 16, 000 km
(to 28/12/2014)
* longest bridge : 164 km
(over 4000 bridges)

vvvvv

. Beijing- '_
Shanghai

* bridge/line ratio :

Beijing-Shanghai, China 80.5%

Legend

< ‘ O Taipei-Kaohsiung, Taiwan 73%
P 8,

M Beijing-Tianjin, China 86.6%

—— high-speed railway lines |

-«—» east-west lines
t north-south lines
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) motivation

VBI: bridge resonance and cancellation “
e ten identical 3D vehicles
° sing_le span curved simple bri_dge %‘

1 u®
e u: displacement; a: acceleration NY=10
e V: vehicle, B: bridge
e v: vertical, r: radial L°=32 m R=5000 m

a F = = =) = = b 1.5 F = = = )
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motivation

accidents: derailment of trains during earthquakes

Chuetsu Earthquake, Japan Jiashian earthquake, southern Taiwan
(M,, =6.8 23 Oct 2004) (M,, =6.4 04 Mar 2010)
NG & S

* Shinkansen railway, 200 km/h * 300 km/h high-speed train
* broke the 48-year safety record

from VBI to SVBI: Seismic Vehicle-Bridge Interaction
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proposed model
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@ proposed SVBI model

railway bridges

modelling approach
vehicle multibody dynamics
: bridge finite element method
: interaction nonsmooth dynamics
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http://blog.sina.com.cn/s/blog_4d4c5f2b01014f60.html
http://blog.sina.com.cn/s/blog_4d4c5f2b01014f60.html

2 vehicle modelling

brief history

_ moving loads
vV

P current trend

* beyond moving load analsis
% 7§727 * vehicle-bridge interaction
analysis YB Yang (1995)

moving masses . oL
: * interdisciplinary
V

M o civil + mechanical engineering

S e

moving sprung masses

car body
VZL |V @

K,
3 C, .
Y, } m,, v bogie

%T g ; wheelset
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> vehicle modelling

railway train vehicle

(a) (b) multibody assembly

Z car-body (vertical) —> (rolling] (vertical)
e rolling . .
T_)iti (pitching) (longitudinal) speed v 0 t% ﬁ o WheelsetS, b0g|e5,
atera - e .
4 car-body - rigid bodies

s L =]

bogie .
e suspension -

springs + dashpots

wheelset

(vertical)
(yawing) Né
(longitudinal)

(e

(c)

 e.g. 38 total DOF’s

terminology

Z (vertical)
¥ (yawing)
d§ y (lateral)

% 0 (pitching)

s (longitudinal)
@ (rolling)
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equation of motion

7 8 0 == ) e e w7 0 = = O N

contact i
point I_,X

i-1 th beam ith beam i+1 th beam
element | element ,‘ element
i_ RN
s=vt N —

bridge subsystem

-

expressed in the inertia global system
direction matrices W8 and W5&;

e.g. for a beam element

linear shape functions for the axial
(longitudinal) and torsional DOF’s

cubic (Hermitian) shape functions for the
flexural DOF’s

the only non-zero entries in W8 and W&,
—>elements in contact with the wheel

as vehicle wheel moves, different bridge
element contact with wheel
WE and WB; : time-dependent

11
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;‘?ﬁs vehicle modelling

railway train vehicle

(s

multibody assembly

* wheelsets, bogies,
car-body - rigid bodies

e suspension -
(a) first lateral-rolling mode (b) second lateral-rolling mode (c) vertical mode Springs + daShpOtS

" 11
,,,,,,,,,,,,, I ! ! ‘ ;,,,,\ ] :
f4a=1.43 Hz

(d) yawing mode

f's = 1.60 Hz 1
_J

itchi d
(e) pitching mode 12
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%‘f’% vehicle modelling

vehicle-dynamics

Y 3 systems of reference

_ X" - (Shabana 2010)
y #space-fixed o body-fixed

system | - system IR

_ * inertial (space-fixed) system |
" * body-fixed system IR

(for curved paths)
* moves along the curve
* longitudinal direction OUX': tangent to the curve
 origin and orientation : defined by the arc length, s

-

13
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> vehicle subsystem

equation of motion on a curved path

i . i i
ITopir = ITo0G6 + L0 + 1yp

7 space-fixed 7" P
(inertial) C_bT " . body-fixed
system IR
X system /
0 >
ground
acceleration L
r -~
1" 005
| A ol
A T T moving trajectory
o° Y ground-fixed system /G system T

M (t)=, L'(t) m L (t)+, H (1) lpeH (1)
F\j - _mil Li (t)T| 'YiR IR Hi (t)T ( IRIiQHIRYLz iR (’)i X( |RIi(99||:e(‘)i ))

Fi=-m' L (t) F o )
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ilﬁ/} vehicle subsystem

-

equation of motion

~ car-body e expressed in the moving

bogie « MY(t) > time varying for curved path

wheelset « Ayand i =normal and tangential

contact force vector
« WV and WY; = direction matrices of A and A;

« FV= gravity,
inertia (centrifugal and coriolis forces)
due to the curved path
seismic loads if considered

15

the 42nd Risk, Hazard & Uncertainty Workshop, 22-25 June 2016 Hydra Island, Greece



i coupled vehicle-bridge system

equation of motion

Mi+Cu+Ku-WAN=F

[ contact forces (coupling)

* global matrices
e contact forces A

<
N\~
W contains the coupling v y
is time-dependent W. = W, W = Wi
olwr] Tt [-wi ()
L N
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coupled vehicle-bridge system

wheel-rail contact interaction

point and direction of contact
e continuous contact

the wheel is in contact with the rail >

nonlinear wheel, rail profile

threa

flange

Mii+Cu+Ku—Wh =F

normal tangential

= Or direction direction

£

© -50-~-

9

T

>

_100 E r r r I
-850 -800 -750 -700 -650
wheel/rail lateral [mm]
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/

) coupled vehicle-bridge system

wheel-rail contact interaction

I\/IU+CU+KU—@L:F
point and direction of contact

* wheel-rail separation/ detachment (uplifting)
50 F L L L L L L L

oﬁ

[8N is the minimum distance j/

-50° -
660 680 700 720 740 760 780 800 820

* single/double separation
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o coupled vehicle-bridge system

wheel-rail contact interaction

MU +Cu+Ku-Wa=F

normal direction
e continuous contact vs detachment (separation)

contact-detachment transition is formulated as

Anl a Linear Complimentary Problem (LCP)

- nonsmooth approach
continuous e contact: zero contact acceleration
contact
/‘ e detachment: zero normal contact force
detachement _ gy =0A A4, =0 continuous contact
gn gy =0A 4, =0detachment
o -
* Newton’s law
* normal contact displacement gy = 0 and
* impact and recontact (gy < 0)

e velocity jump on the velocity level
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o, coupled vehicle-bridge system

wheel-rail contact interaction

M +Cu+Ku-WpJ=F
tangential direction Ar; = [A7y A7) Ap; ]T

» creep lateral / longitudinal forces
* creep spin moment
* rolling contact
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;\?ﬁs coupled vehicle-bridge system

wheel-rail contact interaction

MU +Cu+Ku-Wa=F

tangential direction A, = [A7, A7, Ap ]
» creep lateral / longitudinal forces
* creep spin moment

nonlinear relationship
between creep forces
and creepage

; no-slip” force
N

/

I

wheel-rail friction model
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) coupled vehicle-bridge system

final equations of motion
M ()0(t)+C (u(t)+K (t)u(t)=F (1)

[ WM C) 2, W
K*:[@ WNGNN_lWNTM_-}K+V2WNGNN_1WI(JT
P =[E-MGGm JW, "M J(FR) V' WG,

J\

effect of: normal contact forces creep forces rail irregularities
e« M* - time-dependent (for curved path)

e K'andC* - time-dependent and coupled

e F° - time-dependent

- E - identity matrix;

o G(t)!=(WTMIW)1 > the effective mass during contact

e ()'and ()" — the derivatives with respect to the arc length

22
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o coupled vehicle-bridge system

final equations of motion . . . X X
sources of excitation M (1) u(t)+C (Hu(t) + K- (tu(t) =F (t)

e external excitation: earthquake ground motion, wind loading etc.
* Coriolis and centrifugal forces: curved bridges and/or curved rails

* self-excitation : wheel-hunting, creep forces, rail irregularities

speed v
X
) Yti
elevation .
. Xt

irregularities r
contact 6 N -
point j t /

N ) 2,
r.=v2> A cos(o,s' +e,)
n=1

y
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finite element software
multibody software

proposed analysis platform

in-house algorithm

ANSYS b
e ] ) 4 .
pre-processing processing
ANSYS - bridge FEM model system global matrices
(MB, CB and KB) mP>|  (mass/stiffness/damping)
Workbench - vehicle multibody model
. (MY(t), CYand KY) | | M* C*and K*
post-processing time-history .
deformed shapes, solutions perform VBl analysis
member forces diagrams —— in MATLAB -
ANSYS - bridge time-history solutions
\

kWorkbench - vehicle

24
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) | outline

results — frequent earthquakes

25
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) case studies

straight continuous highway bridge
interacting with trucks during earthq. (2D)

straight continuous slab highway bridge
interacting with trucks no earthq. (3D)

curved continuous railway bridge
interacting with train during earthq. (3D)

straight steel arch truss railway bridge
interacting with train no earthq. (3D)

straight cable-stayed bridge
interacting with train no earthq. (3D)

3 A
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gé SVBI frequent earthquakes

horizontally curved continuous bridge

ground acc. X #

27
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) SVBI frequent earthquakes

horizontally curved continuous bridge

deformation animation of the whole bridge

e 10 passing vehicles, earthquake

o
1

top view

elevation view

28
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animation/curved bridge VBI.avi

) SVBI frequent earthquakes

horizontally curved continuous bridge

deformation animation of the whole bridge

e 10 passing vehicles, earthquake

t i ' ;
op view bx —

elevation view

29
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animation/curved bridge earthquake.avi

g SVBI frequent earthquakes

horizontally curved continuous bridge

deformation animation of the vehicle * 10 passing vehicles, with earthquake

elevation view

, front view
_
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animation/curved bridge vehicle earthquake.avi

) SVBI frequent earthquakes

. . . ¢ VBl model
hOfIZOhta"y Cu rVEd COntanOUS brldge ® NO earthquake excitation

e u: displacement e a: acceleration

* vertical and radial disp. of bridge midpoint
» vertical and radial accel. of vehicle car-body

@ 2.
T 0 effective
= T uncracked
> -0.2-
om
=}
0.4+
_0-6 o r r r r r r I £ r r r r r r I
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
(C) 03 n T T T T T . T . T (d) 03 [ T T T T T . T . T
0.2 - first vehicle | 0.2 - first vehicle |
v 01 % 01
E o E o
s -0.1 >s 0.1
-0.2 1 . . . . -0.2 . . . -
0.3k ] ] effective stiffness of piers | 0.3t i i effective griffness of Elers |
0 1 2 3 4 5 6 7 01 2
time (s) riding comfort of the passengers

— acceleration of the car-body
e vertical £2.0 m/s?

.’ radial (lateral) £ 1.5 m/s?

)31
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) SVBI frequent earthquakes

horizontally curved continuous bridge 1o passing vehicles

e earthquake excitation in 3 directions
e u: displacement
* vertical and radial disp. of bridge midpoint B

ground acc. X}L*

a .
@) 2 - - - —— without 0.3Qy 1 [F
Unac 1.33Mm with 0.3Qy
/é\ ll
E o
* 0.3Q, ;: the additional e
mass due to traffic ot
0
© 10 -
P d . . Umax. 9.54 mm
8 H S BRI
—~ AR I EHER  HEE TIEAE: i 2
€ 0 FEEEEL ) RN FVFRFRE NS
& 33 3 :REASE At J
g FFHH B
“5 ol ; -,: FEET | _!Fumm: -9.03 mm |
0 5 10 15 20
time (s)
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&é SVBI frequent earthquakes

e VBl model

e earthquake excitation in 3 directions

e a: acceleration

e V-1 and V-10: the first and tenth vehicle

horizontally curved continuous bridge

e vertical and radial accel. of car-body

) _ S s e — ,v=120km/h
* accel. of the vehicle on brid o
> accel. of the vehicle on ground 4 7N
' ground acc. X*\ R=750 m
15t vehicle 10t vehicle
(a) 2. — V-1 running _ V-1passing (b) 2 - V-10 running . V-10 running
on the bridge over the bridge on the ground | onthe bridge
1os 6.82's . 10s 6.75s 1358 S
: 2 )
vertical | £ L2 0 esaiiiirhanmiiryhg ol
;" ;"’ strong
®© . \ s -1f shaking l
s 5 s [shaking _ 0s 5s _
D e —» . . V-1 - verticall 2 I —> . V-10 - vertical |
0 2 4 6 8 10 12 13.58 0 2 4 6 8 10 12 13.58
© , V-1 running _ V-1passing _ d ,_  V-10rupning | V-10 running,
on the bridge over the bridge on the ground on the bridge
- >le > e >le >
v 1P0s 6.82's 1 w 1lps 6.75 s 13.58 s
radial E ol M ARAAN £,
© ©
4l strong ] 1k strong
, . r : : V-1 - radial | o —»| . . V-10 - radial |
0 2 4 6 8 10 12 13.58 0 2 4 6 8 10 12 13.58
time (s) time (s) 33
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SVBI frequent earthquakes

horizontally curved continuous bridge

Table I. Properties of the examined earthquakes.

Epic. Dist. X Y Z

number name Station Mag. (km) Dur. (s) PGA (g) PGA(g) PGA (g)

1 Coyote Lake CDMG 5.74 26.85 26.83 0.07 0.11 0.04
Station 1492

2 Livermore CDMG 542 31.54 30.00 0.11 0.05 0.01
Station 67070

3 San Francisco CDMG 5.28 27.03 25.50 0.10 0.11 0.05
Station 1117

4 Trinidad CDMG 5.7 71.24 21.45 0.17 0.13 0.03
Station 1498

5 Jiashi Xiker, 5.8 39.73 40.00 0.14 0.08 0.05
Northwest China

Chalfant Valley CDMG 54100 577 27.03 39.97 0.06 0.05 0.03
Matata, New Zealand Edgecumbe 5.7 45.76 29.50 0.04 0.04 0.04

substation

8 Yorba Linda La Harba & 427 16.63 43.00 0.03 0.04 0.01
Monte Vista

9 Northwest Calif-01 Ferndale 55 43.28 40.00 0.15 0.09 0.03
City Hall

10 Lytle Creek Cedar Springs 5.33 22.94 10.22 0.06 0.07 0.04
Pumphouse

11 Almiros-01, Greece Almiros 5.2 14.76 22.59 0.07 0.07 0.07

12 Hollister-04 CDMG 47189 545 11.35 80.00 0.04 0.09 0.05

13 Nakagawa HKDO025 4.2 7.00 70.00 0.11 0.10 0.03

14 San Francisco Golden 5.28 11.02 39.72 0.09 0.10 0.03
Gate Park

15 Managua Nicaragua-02 Managua 5.2 4.33 48.00 0.26 0.22 0.18
ESSO

16 Oroville-04 Medical Center 437 10.50 12.52 0.08 0.05 0.03

17 Oroville-03 DWR Garage 4.7 6.03 13.60 0.11 022 0.09

18 Imperial Valley-07 Calexico 5.01 13.32 19.42 0.10 0.07 0.03
Fire Station

19 Almiros-02, Greece Almiros 5.2 13.25 22.60 0.07 0.07 0.09

20 Mammoth Lakes-10 Convict Creek 5.34 6.50 40.00  0.16 0.15 0.10 34
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x5 SVBI frequent earthquakes

horizontally curved continuous bridge

+ ——__lﬂ-.rehmles
* VBI model Jehe ® v=120 km,u"h

» earthquake excitation in 3 directions

& i displacement T T\

® Max: Maximum = min: mIinimunm gmund ace. *KL ¥ R-750 m

- - proposed seismic analysis of the VEBI system
S | conventional seismic analysis without 0.3Q, , T T T ]
vertical Z E O] conventional seismic analysis with 0.3Q,
— &
0
s
. x
radial N
— 0 2 4 6 8 10 12 14 16 18 20

earthquake number

» vertical and radial disp. of bridge midpoint
* the conventional seismic analysis overestimates the response of the bridge
* the multibody vehicle acts as a additional damping to the bridge and reduce its
response
35
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) SVBI frequent earthquakes -

horizontally curved continuous bridge

e 20 different earthquakes
e comfort: vertical and radial accel. of car-body
» safety: derailment and offload factor

» VBI model + "-l,- v 10 vehicles

o o “a
s earthquake excitation in 3 directions : ¥ =120 cm/h
e g acceleration - EF-——..

5 -T‘“- =207 m
B first vehicle T T;j‘_ :_ i
- I fith vehicle )

threshold: 2.0 m/s ] tenth vehicle

T

—
oo
L
o

comfort: :
] 2 4 B 8 10 12 14 16 18 20
®) 10
. threshold: 1.5 m/s" : ' ' l I T | T
E
safety s
: (c)
Derail factor =
yu £
=T T
. (d)
Offloading factor
T e
_ |}“N|i _ﬁ’Nri| 8 %
S | 1 £ 8
Anii + A

0 2 4 6 8 10 12 14 16 18 20 3¢
earthquake number
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) | outline

results — rare earthquakes

37
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ifi% SVBI rare earthquakes

horizontally curved continuous bridge

Vr Vv . .
e a and a : radial and vertical accel. of car bod f
Vr Yo} . - . Y —Z—GL— ]
e U and u : vertical and rolling disp. of car body ground ZY
e A\y1: normal contact force of wheel 1 acc. . *\
e P and Q: dynamic vertical and horizontal force

T 5%

(e)2 () t=15.402 s t=15.455s

00¢ - 2200 detachment ° detachment *
g :‘: t=15.430 s t=15.466 s
~100 =100 - recontact recontact -
< = \

= N\ \ M_
0° r 8 0k - -
30 N 15.4 15.42 15.44 15.46

contact: nonzero normal contact force
detachment: zero normal contact force

three components of the ground motion
recorded on April 25, 1992 in Cape Mendocino
USA, at Petrolia station (0.59g, 0.66g, 0.19g)
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é% SVBI rare earthquakes

sepa ration sequence

list of state change of wheel 1 wheel profile
e t=3.188 s 1* detachment cgég‘?l
e t = 3.228 s 1% recontact
e t = 3.232 s 2" detachment rall rofile _
e t =3.263 s 2™ recontact tangential
vector
@ i
20k t = 0 s initial condition | 20k ]
oF 1 o- 1
20+ 1 201 1
40 wheel 1 ] ] il “40wheel 2 il
-850 -800 2750 =700 -650 650 700 750 800 850
(b) i _ t=3.188s i i
20l 1% detachment | 20 <f|?nghe clog“tact ]
. of wheel 1 orwhee ,
Separatlon oF 1 o 1
- 201 1 20 1
* no need for high
I t I | t- -40[ 1 -40wheel 2 . . X 1
ateral accelerations -850 -800 750 -700 -650 650 700 750 800 850
(© t=3.254s
' ' uplifting of wheel[1 2ol.contact |

20+ o
after 2™ detachment of wheel 2
or - or A
-20 - B 20+ E
40T wheel 1 | “0Twheel 2 1
750 800

-850 -800 -750 -700 -650 650 850
(d) t=3.263s
N N nd N N
20k 2™ recontact/] o0 [-contact i
of wheel 1 of wheel 2

oF E or — g
40 wheel 1 ) ) il “40rwheel 2 ] 7

-850 -800 -750 () -650 650 700 750 800 850 39

left wheel/rail coordinate right wheel/rail coordinate
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ifi% SVBI rare earthquakes ' T

H vr Vv . .
e a  and a . radial and vertical accel. of car body
Separatlon Seq uence e u"" and u"?: vertical and rolling disp. of car body
o u”"": radial disp. of the wheelset
e A\\1: normal contact force of wheel 1

e P and Q: dynamic vertical and horizontal force

a
(a) 10
Y Y
E O £
s 2 3 2
© 0 max: 9.38 m/s © 10 max: 7.88 m/s
© 0 2 4 6 8 10 11.23 ) 0 2 4 6 8 10 11.23
C
300 ) ) 0 max: 14.1 mm rad )
€200 max: 211.0 mm

100 . . min: 46.6 mm . L -40 . min: -35.7 mm rad . L
() 0 2 4 6 8 10 11.23 ) 0 2 4 6 8 10 11.23

600 : : < < e 300 : : : : -
‘E400|- Wheelset 4 derailment = wheel 8
&,00 (wheels 7and 8)  max: 50 mm =200 max: 217.8 kN
s
>: O o

2005 2 4 6 8 10 11.23 F
() (h) 0 2 4 6 8 10 11.23
215 g 2 F 1 v - - . -
£ max: 1.19 5 offload factor max: 0.89
| derailment factor=Q / P [ 0.5 2P - Psl/Ps 1
S 0.5 - = P static vertical force
S I
= S
g O - = 5 0
© 0 2 ) 10 11.23 0 2 ) 10 11.23
0 time (s) 0 time (s)

50 50
derailment
wheel 8
0r 1 or -
\f rail 8
-50 - : : -50 : - : 40
-900 -850 . -800 -750 -700 600 . 650 700 750 800
left wheel/rail coordinate (mm) right wheel/rail coordinate (mm)
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) outline

conclusions

41
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conclusions

scheme for seismic response of interacting vehicle and horizontally curved bridges

the mass / stiffness / damping matrix of the coupled vehicle-bridge system become
time-dependent

the scheme accommodates easily different number of vehicles, and with various DOFs
the seismic response of the bridge affects (adversely) the safety of the vehicle
Vehicles-bridge-earthquake timing problem

lack of performance (comfort and safety) criteria for vehicles - probabilistic

complicated dynamics, multi-parametric problem

42
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= low-cost high impact bamboo bridges
~=20JECTS
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g% case studies and results

steel arch truss bridge

Ting Sihe Bridge of High-speed railway line in China

http://campus.liepin.com/tsy/enterprisefeatures (2015)

46

the 42nd Risk, Hazard & Uncertainty Workshop, 22-25 June 2016 Hydra Island, Greece


http://campus.liepin.com/tsy/enterprisefeatures
http://campus.liepin.com/tsy/enterprisefeatures

) case studies and results

steel arch truss bridge

» deformed shape of the whole bridge
* 1 vehicle: speed of train = 300 km/h

L S—— —
.243E-06 .437E-04 .872E-04 .131E-03 .174E-03
.220E-04 .654E-04 .109E-03 .152E-03 .196E-03

ARCH BRIDGE
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animation/arch bridge one vehicle.avi

Q case studies and results

steel arch truss bridge * 1 vehicle: speed of train = 300 km/h

deformation animation of the vehicle e vibration due to the track irregularities

elevation view

3D view
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animation/arch vehicle.avi

§§ case studies and results

steel arch truss bridge E

» deformed shape of the whole bridge
* 10 vehicle: speed of train = 300 km/h
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ARCH BRIDGE
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animation/arch bridge ten vehicles.avi

7

ﬁf case studies and results
cable-stayed bridge with the passage of MTR

25.00

L 15.00 | —1.25

Kap Shui Mun Bridge (KSMB) in Hong Kong

, ,
,

e BT

http://en.wikipedia.org/wiki/Kap Shui Mun Bridge
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http://en.wikipedia.org/wiki/Kap_Shui_Mun_Bridge

ifi% case studies and results
cable-stayed bridge with the passage of MTR

oL =750m
. . . . . . by e v =144 km/h
(a) and (b) bridge midpoint vertical | B 10 vehicles

horizontal and torsional displacements
* (c) and (d) vehicle vertical and horizontal
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gé case studies and results

cable-stayed bridge with the passage of MTR E
T 60 Fo 60 go 60 5o
. - S
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animation/KSM MATLAB animation.avi

;\?ﬁs case studies and results
straight highway bridge
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gé case studies and results

5-span highway continuous bridge with the passage of trucks

NODAL SOLUTION

SUB =1
TIME=1
UsuM (AVG)
RSYS=0
DMX =.674E-03
SMX =.674E-03

* deformed
shape of the
whole bridge
and the vehicle

* 1 vehicle: speed
of truck = 80
km/h
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animation/slab bridge and vehicle.avi

case studies and results

5-span highway continuous bridge with the passage of trucks E

* deformed
shape of the
whole bridge

* 5 vehicle: speed
of truck = 80
km/h

NODAL SOLUTICN
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AN

MAY 17 2015
17:21:40

55

the 42nd Risk, Hazard & Uncertainty Workshop, 22-25 June 2016 Hydra Island, Greece


animation/slab bridge 5 vehicles.avi

