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< SUMMARY >

Purpose &
Contents

Through this research, we aimed at developing the modelling and simulation
technologies to reproduce such complicated accidents |ike train derailments
and/or collisions. Using the developed modelling and simulation technologies, we
intended to derive the countermeasures to repair the damaged car structures and
to maintain the repaired structures.

This research will contribute to the development of the world-class technology
for crashworthy safety design, repair and maintenance, and finally enhance the
structural safety level of the Korean high speed train.

O Application of the new derailment criteria on a single wheelset under
unstable running conditions.

- Due to several mechanical factors like the emergency braking, cross winds,
collisions, the overspeed running on the curved or undulated tracks, there
occur unstable forces between bodies and carbody. The unstable forces are
transmitted to wheelsets through the suspensions.

- The derailment time and patterns caused by those unstable forces will be
changed according to the friction coefficient between rail and wheel, the
flange angle and the wheel unloading.

- In addition, the derailment patterns can be classified as a lift-up type

and a climbing type by the direction of friction forces during derailment

occurrence

In this research, the above-mentioned various physical parameters affecting

derailment were considered for the derailments under unstable running

conditions using newly developed derailment criteria for a single wheelset.

O Development of a wheel-rail interface modelling method to reduce simulation
time.

- Driving forces of a train are generated by the friction forces resulted
from a complicated wheel-rail contact mechanism. |f we want to reproduce
the complicated wheel-rail contact mechanism in details, we must use the
rolling contact models which need an excessive calculation time.

- However, because it is almost impossible to reproduce a train accident with
the rolling contact models due to excessive simulation time, we developed a
new 2-point contact model for wheel-rail interfaces to simulate the
accident reproduction model in a resonable calculation time.

O Theoretical estimation methods of the intial off-set amounts for zigzagging
and overriding derailments.

- After a train derailment or collision, there occur zigzagging and/or
overriding derailments in general.

- The intial off-set amounts at the beginning stage of collision between car
units are very important for the subsequent zigzagging and overriding
derailments. However it would be very difficult and time-consumable to find
out the intial off-set amounts by the trial and error method in a full 3-D
flexible dynamic model .

- Therefore, it is very important to theoretically estimate the intial
off-set amounts for zigzagging and overriding derailments so as to obtain a
dramatical reduction of the simulation time.

_9_



O

O

Development of the 1D, 2D, and 3D modelling methods of a full rake train for
reproduction of the complicated accidents like train derailments and/or
collisions.

For reproduction of derailment and/or collision accidents, modelling tools
for accident induction are essential. So, we developed several accident
induction modelling tools for the collisions (train-to-train collision,
train-to-a large obstacle, train-to-a small obstacle), for the rail faults
(of turn-outs, widening, narrowing, cuts), and for the running conditions
(emergency braking, high speed running at curves, strong cross wind and
Cross running wind) .

Using a 1D collision model of a full rake train, we can simulate and
evaluate the energy absorptions of collapsable structural sections, the
survival spaces for passengers and the levels of impact decelerations.
However, although we can easily obtain the above-mentioned performances
like the energy absorptions and the impact decelerations from the 1D
collision simulation, it is impossible to evaluate the overriding and
zigzagging phenomena and the impact forces transferred to the supporting
structures of couplers.

To evaluate the overriding and zigzagging displacements, the couplers and
the carbody-bogie links including failure criteria must be modelled using
the 2D and/or 3D simulation models for a full rake train.

Because the 3D model needs a large amount of geometrical and physical data,
the 3D simulation can be done in details after the 2D models have been
simulated. In these cases, to reduce the simulation time, it is necessary
to model the deformation free zones as the rigid bodies.

Development of the simulation and evaluation technologies for accident
reproductions.

For accident reproductions after a derailment, it is essential to use the
friction coefficient between wheel-track. In this study, we developed a new
approach to estimate the friction coefficient from the derailed
displacements using the work-kinetic energy law and the impact-momentum
laws.

The 2D and/or 3D models assumed as the rigid bodies for undeformable cars
in an accident reproducing simulation can be used to solve the overall
behaviors of the full rake train within a reasonable time.

In this research, we simulated the derailment and collision accident of the
KTX Sancheon at Kwang-Myung station and compared its simulated results with
the real behaviors in the accident for the overall derailment results.
After the two results are confirmed in a good agreement, the positions,
ranges and severities of the damaged parts are compared and evaluated with
a good confidence.

O Estimation and verification methods for structural damages.

- For the cracks and faults inscribed in the bodyshell surface, the Visual

Inspection and the Penetrating Test are recommended. With the test results
along with the simulation results, the damaged spots can be estimated and
verified in details.

For the cracks and faults occurred in inner structures like an ALE body,
the Radiation Inspection test, which is most reliable and popularly used,
is recommended. With the test results along with the simulation results,
the damaged spots can be fixed in details.
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O Suggestions on repair countermeasures and tracking management solutions for
maintenance.

- Suggestions on repair solutions in accordance to the characteristics of
materials and structures considering the severities and locations of the
damages.

- Suggestions on the fault inspections and tracking management solutions
after repairs, and the evaluation and control methods of the remaining life
of the repaired parts as a final process.

Results

O Application of the new derailment criteria on a single wheelset under
unstable running conditions.

- Excellence of the technological outputs:

* We developed an efficient approach that estimates the derailments caused
by unstable running behaviors using the derailment criteria on a new
single wheelset where the wheel-rail friction effect, the flange angle
and the wheel unloading can be considered.

* In connection with this theoretical derailment criteria, we considered
the train accident causal factors, such as the curvature/undulation of
tracks, the emergency braking, a strong cross wind and collisions, which
occur in a real accidents.

- Published articles:
* 1 SCIE paper,
"Theoretical cross-wind speed against rail vehicle derailment
considering the cross-running wind of train and the dynamic wheel-rail
effects", Journal of Mechanical Science and Technology, 2016
(Publication in August, 2016)

O Development of a wheel-rail interface modelling method to reduce simulation
time.

- Excellence of the technological outputs:

* We developed a two-point contact algorithm for wheel-rail interactions
were developed and applied to simulate the reproduction of train
accidents instead of using the time consumable rolling contact models
for wheel-rail interfaces.

- Published articles:
* 1 technical document reviewed by the field experts.
"Mode!lling and application technology of a two-point contact algorithm
for wheel-rail interactions of the reproduction of train accidents to
reduce the simulation time."

O Theoretical estimation methods of the intial off-set amounts for zigzagging
and overriding derailments.

- Excellence of the technological outputs:

* To reduce some trial and error simulations in an accident reproduction,
it is necessary to apply the intial off-set amounts between car units
for overriding and zigzagging derailments to the full rake train model.
A method using theoretical dynamic models to estimate the intial off-set
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amounts between units for overriding and zigzagging was developed and
verified by numerical simulations.

- Published articles:
* 2 SCOPUS papers,
"A Study on Prediction of overriding for a Loading Vehicle in Train
Collision", Trans. Korean Soc. Mech. Eng. A, 2016
(Publication in August, 2016)

"A Study on Prediction of Lateral and Yawing Behaviors for a Leading
Vehicle in Train Collision", Trans. Korean Soc. Mech. Eng. A, 2016
(Reviewing after the modification)

O Development of the 1D, 2D, and 3D modelling methods of a full rake train for
reproduction of the complicated accidents like train derailments and/or
collisions.

- Excellence of the technological outputs:

*To perform an accident reproduction simulation, we developed the
accident induction tools as to the train-to-train, train-to-huge
obstacle, and train-to-small obstacle collision models, the faulted
turn-out, tract-widening, track-narrowing, and rail cut-out derailment
models, the emergency braking model, the high speed running model at
curved cracks, and the cross-wind and cross-running wind derailment
models.

In connection with the accident induction tools, we developed three
types of simulation models for a full rake train: the 1- dimensional
collision model that can be wused in quick simulations for energy
absorptions and collision decelerations; the 2-dimensional collision
model in quick simulations for overriding and zigzagging derailments;
the 3-dimensional collision model in sophisticated simulations for
impact forces and structural damages in structural components and
devices.

- Published articles:
* 2 technical documents reviewed by the field experts.
"The modelling tools to induce train accidents related to derailments
or collisions for the reproduction of train accidents."

"The 1D/2D/3D model ling technologies of each unit in a full rake train
for the reproduction of train accidents."

*1 KCI paper,
"A Study on the Effect of Running Vibration Caused by Suspension
Stiffness Changes of Subway Vehicles", Journal of the Korean Society
of Manufacturing Process Engineers, Vol. 15, No. 2, pp. 57-65, 2016.

O Development of the simulation and evaluation technologies for accident
reproductions.

- Excellence of the technological outputs:

*We performed the reproduction simulation of the Kwangmyung derailment
accident using the 3-D collision model made of rigid elements and
flexible ones for the full rake train of the Sancheon KTX, and then we
compared the simulation results with the accident consequences on the
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derailed configuration and the damages of some important structures.

- Published articles:
* 1 technical document reviewed by the field experts.
"The derailment and collision simulation model of a full rake train of
the Sancheon KTX for the reproduction of the train accident at the
Kwangmyung station."

O Estimation and verification methods for structural damages.

- Excellence of the technological outputs:

*We developed the estimation method for the damaged structural parts
using the accident reproduction simulations, and the wverification
methods by several inspection methods I|ike VT, PT and RT for the
positions and severities of the structural damages in the really damaged
vehicles.

- Published articles:
* 1 technical document reviewed by the field experts.
"The estimation method for the damaged structural parts using the
accident reproduction simulations."

O Suggestions on repair countermeasures and tracking management solutions for
maintenance.

- Excellence of the technological outputs:

*We proposed the repair methods of each damaged structure according to
its material and structural function, and the technical maintenance
methods on the fault inspection of the repair parts, and the tracking
inspection for quality controls.

- Published articles:
* 2 technical documents reviewed by the field experts.
"The application of the PT/RT inspection methods on damaged parts and
the repair methods based on the inspected results."

"The tracking inspection on the repaired parts for quality controls"

* 1 SCIE paper,
"A lightweight design approach for an EMU carbody using material
selection method and size optimization", Journal of Mechanical Science
and Technology, Vol. 30, No. 2, pp. 673-681, 2016.

Expected
Contribution

O In the case of this accident reproduction technology, the reproduction of a
specific train accident needs too a very long time in obtaining the
simulation results for repairs of structural damages after it occurs. On the
other hand, it is also difficult to invest an R& fund without any train
accident. Therefore, this kind of research should be invested as an important
fundamental research.

O After this technology for the modelling and accident reproduction simulation
through this research has been developed, the reduction of the repair time
and costs can be accomplished and the repair quality will be improved.
Consequently, the safety and convenience for users can be improved by far
through the development and applications of these field-oriented safety

_13_



technologies.

O Hereafter, if a derailment and/or collision accident occurs in the KTX
Sancheon, the damaged structural parts can be estimated using these current
simulation models within a month. These simulation models can be conveniently
used for crashworthiness and derailment researches of the KTX Sancheon.

O Hereafter, several guidelines on repair, follow-up management, and disposal

of a damaged train after a sever accident can be suggested based on the

accident reproduction simulations.

Keywords

Accident Damage

Derailment Collision . . Simulation
reproduction analysis
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A 5 95
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) 1 . .
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i) 0=

A 7]A,

b=" Wty W~ BF— W] <0

(ii) Rp=

WL+ WRi

(447)

-m

- {3 321552 E

0dt <0
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- abgol TAA} HEL fAT APFHUE o)F o), 0, Ry > 00]1

<9 3.2.1.29 Sliding &304 BAEdH Y AFEAE

- M A Gsliding) ol thdk BAdE A e 212 a3 2

R, =(14+~) W, —yWp—BF (3.2.1.15)

- 71N B=h/b, y=a/b = B3

Ry =1+~) Wy—~yW,+BF— Ry(sina— ucosa) (3.2.1.16)
F—u(W,+ W)

= HAPELT PR (3.2.1.17)
cosa(l+p )
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@ Slip-up A=A 3t &% o224
- slip-up BAZAL <Y 3.2.1.29>0 A 0, Rp>0, ap>0 =
5 WEEShojof &

W, U}.r
s ___*/ ..
:
] )
G 7/
b

<I¥ 3.2.1.29> slip-up 7oA AFEAE

- Roll-Over 24d=xx1o] TAst7] 943 7HA =1L a3 2+
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. 1 B B P
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_50_



@ Slip & roll-over BAz70] 3 &= o|l2rnd

- Slip-up/roll-overg41-& slip-up2} roll-over Aol FAld TAst= A4S
olulstH, roll-overg A3 fFASHA 3% atE-Eld =0l siAEHHEA FH
ZhgEoll o8] W& ApEo] HLSHA A= F vy AEA Bl L
2= P9 gds ou|d Ao &FY AE g9 ddH HEHA ¥
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3714,
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. 1 '
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9 9 +pfsina

: b
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iii) d = adt>0

A7A, ap= mslina[ —RR(cosa+usina)+mhé]

@ Roll-over-L &4z 3l = o|&2rnd
- Roll-Over-L &4 @4 34k 2 do] glo] & ztFo] A9}
do] HEHS THOE 3H3tHA st FHOIERE qp2 IHHX
<.
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]c|_ =0
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- Roll-over-L &4z o] wrAslr] 93k 371A] =1 o3 22

(i) 6= I, (1+~) W, —BF—~yWy| <0
(ii) Rp= ! [F—,u(WL+ We)+m h+ “b)é}>o
(1+p )cosa | 2
1
(iii) R, = 1), [W{21,(1+ ptana)—mb(1 +~)b,*}
+ Wi{22,(1 + ptana)+mbrb,* } — F{21 (tano— p)—mbfb,* }
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<I9 3.2.2.10> 2D 2] HF A

(19 3.22.9= AlE#HIA AZ Ao, <19 3221002 Eate] Aso] HF

HER 7ke] A5 45 [ °] Zxe] AW} S| o FojA7|o] At A ©
28 Rpo JyHow HEa ¢zt Yol e

AOlEMH Y AE, FE olF FAA FYAR 1 AIAY ATl BE 59
Aol (ER DY 71BAA FiHon o & gzt BYsHAL.

@ A F5 FA

Glstat Data (E+6)
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3 2e.
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- 39 B221DelA FAskgRe] 2719 SFAUAY AR FLHACH, UA

o)zt |4 ghel wlm A, o 13 (%] ¢ ul 2 ext WelolA Al ol
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4
= 1000
:
500 -1,513kN
2 e 14 160 150 200
40 160 180 it
138 218 138 Tine (ms) 218

ool A el 4= QlEol, x& 7|Fo® 27| AL 121,058 [N - slo]

45 [ °] Z+x 9] ZAA¥ol= & Global Coordinate AollA HEd tfE W Z=AF 7]
]/‘I_ [e)

e AL BAT 5 YL

=
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HeForce (E+3)

D:l. PROJECT\S. Acctdent Reappearancel2 'l"EAFIH MODEL FILE\

9 g =il FRUJEL T, ACcldent heappearancels TEARIT. MWLEL P S S Rigid Wal
r-----1 ! "3_126
2 |
|
15 |
¥
& L |
&
£ 1o |
= L |
0.5 i
1
. | . ~
) T T
0 05 1 15 2 25

<® 322260 ZANN F=

R
X-displacement (E+3)

1142

<IH 32227 ZAHI} FE ©E

Keisplacement (4]

{18 3.2227>&

gk 27] FAANGUA =0 T g

Yferce (E+3)

<19 32228 ZHAHH F=

16 17
1721

sk A s

— h
[eXe) S
2SS 89l

o e 271 FHNHAG=)

2000 -

1500 1,513kN

1000 4

Force (kN)

500

T T T T T .. J
1200 1300 1400 1500 1600 1780

L2 Displacem ent (mm ) 173

Z7] F449AED | B sAH )

f Rigid Wall

A _inx-126

1 1.5

¥-dispiacement (E+3)

o W& 27| F4ANYA(=)
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¥ Aorce (E+3)

= , A FAFS AN ANYE 27 F4E
S 7 Ete] g FA vl WA dFEls FANUAE Atelg e

1, PROJECTS ccidentReappeareoseid YEAR, MODELFLE

| gt .-

iz
5

-500 4

A ZHOHE
o 1 437,973 N*s

1900

Force (kM)

1800 -1,445kN

25 2oe T T T T T T
50 100 150 00 250 00

o tmm} 307
Yofisplacment 307 Displacement (mm)

<IH 32229 A FEo g 27 SHANAR(GEF) [ 3

&Y
ofj
q
_,@
o

<A® 32229« & HJA 928
gk 27] SA09AZ =0 1 g

Ol

sty yebd Aolw, &g WALyl
2 437,973 [J1 <.

ARl e FAY TdmelA AE B FALN Wglel e FA4Y ez
A AR BFE FAL] o 45 [%] o7k ARG O, HEFUF 2 xe} B
of A ghe ol&4 AZl AgIAAL,

AEEHCIANA E2F 5 9l WdAsh AW, FANUAES ol §ate] ol 22e]
Yshe] o] £2lolA TF PHEAS B Axlo]l WAG AA AT 5L AZHARIA T

Q) A FAF, THANUAE ol&F AE-=¥ nEAT 2 At AL

- ] 1
f 1db1 _kade + lfljdlZL‘ +‘F11yd1y +F’2.Ld2.l, + Fédey + Tl‘i‘ Oﬂ L‘]X] :g.é":%l: - - 2 mv(Q]

— uN(3.572) — pN(3.225) + 876,045 + 437,973 + F,, (3.227) + £, (0.008) + 541,000
1
=— 5(111,370kg)(8.34m/s)

(—7,425,992)pu + (3.227)F,, + (0.008)F,, = — 5,728,222
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@ ¢53-34% WA & 11D

) At — f,7c080, At — fr5°c080, At = m(0—v,)

121,075N-s + F - At — puN-cos (28°) At — uN-cos (4°)- At = (111,370kg)(—8.34 )

(—2,054,533)u At + F, - At = —1,049,901

Q@ FF-TA4F 1A = 719)
At — figsinby At — firsindpy At =0

F At + Fy At — pNsindy, - At — pN-sinfy, At = 0
(121,058) + £, At — uN-At[sin(28°) +sin(4°)] = 0

(—589,128) s At + F, - At = —121,058

2y

D eEF-1EAT WA 0 D)
L L . .
(= By 9 +F2y'5).At — frsingy byr At — fiosinf, by At =0
L L . .
(7, At)- 5 (Fy-At)-3 — uN-sinb,;-b;- At — pN-sinfy, by At =0

(—121,058)- (11.140) + (11.140) £, At — (4,205,913 ) At — (638,349 At = 0
(—4,844,262) s At + (11.140)- F, - At = — 1,348,586

ol Al g o] o84 mE A Hlal

AskE ol 2ol tiiste] AL sl 4 ARPHYL W
obelst 2.

#o]4
Az}

r_u..

r°“ nqn

Al
i

rlr

(E 32210 o|&4 A4t A3 3

n| x| W At

i 0.854 0.670
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- AEUOIA AolA LAY WIE WAl Hgehe] vpRARE ALY A of
14.6%2] 227} 2AEEL

- wE, QA Aol Yol AT A I 322119 ux F4IHNE FaEn
W ol go R date] £Eo] dojd AME F 100 [mslelm, W27t HEHow
[e) o]

- ek AlEFH Ol AollA AR el dojd A A AL 700 [ms]o]™, o] &2l A
ArrE A3 g3t Blastd eabs oF 4.3 [%] TS A+

- nbEA RGO AAANTHANS 7F 146 (%9 43 (%12 ST} Ao o %
AHOZW HA B 2 oF YAULH, 2ol FET-IAT YA 4R /1B A
79% ;

- mebd o] EHOE S TANNE X @AW, 0|24 FYFAA BE|L
ARES AasetA AA Arh A Aol UelAE A AL Fa 4B
oJ£4E olgBthE AA Akl ALE wrk A AWshe] HEHoE £
ARA FFT F 9E Ao A3

3. 939 NaA7] 2 BauE 293 A3A

AL g5 98 AR-AE AF 2P Py AL

(D AE-dde] BHE =47 714

- AE-AY o) AES A 99 34 A 8a9) /)5 FABAL o] &3

&AL, 717AQ AE-AY 3 S dagES

enalty method7} -2 [35]

SR}

- 712 Ade Ay BEYA slave node’} master surfaceol] I E
(contact force) HEFH HEAAHOZ By ALty 2= JEH
gt AEFE = F7siA &
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n

3
O I (:I 2

, Ty
dr "

v =3 =
Xs t 4©
i 1

r
o K3

L -3y

<19 3.2.3.1> 7} master segment 9ol oYL uj,

contact pointe] ¢ %]

l=n,x[t—r(& 1) <0

(3.2.3.D
n; =n,;(&,.n,.)
- Least-squares projection iteration®. 2 H-8 Z7|X& FH 3},
& =0, ny =0,
[:j TeT,) ﬁ,”;}= [:j {r&m)—t} (3.2.3.2)

£i+1 :§i+Af> Mi+1 :771+A77

Newton-Raphsons iteration ©. 2 5-E| penetration coordinateE T3t .

el e I [ CRAE!

ALl Te 0 7eTg (3.2.3.3)
[M{AU}_ 7“7,,]}[74’57“”7]—’_|r *Tg O ]’

§ir1 =& T A . =n,+An

- Master surfaceo] % %% slave node coordinate n,ZHE HEHFS 4HE3tdE 2
(3.2.3.0¢ 2.

l=n;x[t—r(¢,n.)] <0 (3.2.3.4)

_72_



- oJ7]A contact pointell 4] master surface®] normal vector=
=n,(€.m,) (3.2.3.5)

o]al, WY slave node n,7} master surface s, ol HEH Z3lo]¥, contact force

vector f,+

fs=1k;n, if 1<0 (3.2.3.6)

- nol ARES TS, HEEe

o=, n)f, if <o (3.2.3.7)

o] =™, master segmentollA L= HZ7Ad(contact stiffness of master segment)
o5 2ol ALk,

fo A
- el dic (3.2.3.8)
ki max (shell diagonal) (for shell elements)

- A o 2 HEZAE T UM THE /&S 28k HE dagEe
ek HEE29(one-way contact search method)9} e HEEA
(two-way contact search method)e] ¢l<.

i

Aol slavee] HHES HE
He JEFRFE HAAS TR
HEY Axbsle dagES AHES [36]

master segment (E=
AAFF7Ivter A A s}kok

o M

- 3+ W3k HZ=(one-way contact)S masterZ7} ZAQ 2dy AX wE= FII 2o
=40 ~¥g(stamping) Al E#@ o]l g

- BwA Hesty Add W4(fine mesh)E ztE= slavedt #-& w4 (coarse mesh)
HYPAF] HFolE 8T

- I gt &8 e’ 2o HFoZE beam¥ surface F= shell edgest
[e]
=3

- ofrek HE=R A (two-way contact search method): master surface((:+& segment)
o} slave surface((E+= segment) (o] IEZFS AxbFrinitk A= Abste] HE
g& Aitele daEES AMEE
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FHEF HASEHNLS 3 HF HSEY BHus HEYH 4t 9o /FES 2d3E
S F A= FAHo] Aoy A FUtE Q] dAAEEE g4 =Y wEo] 9
o
= .

ot

st

$83tE AAA 2~H(computen ] F g2 (CPU)S}F HolE B2l & 59
A3 AFEAAA E Folrt HA Eahe AA .

BANEe AR-8Y B AEATO BANER A et 1Y 32329
o] AL YAL F)FOR 60° B AEF DHFE 2AL ALFRL.

ZAAE T 2eFo] npRALFE 0 (zero)ol i, 257 YAl 3A HE=S 18 s}
7ol 460 mmolE2  =rwol] 23] Z7] I HEE 0.043 rad/sE YHIFAS

ezt dAtole] HEJAL 2000 KNMMOE R39S

Vil r== I
a I 1 a2
. L

<I¥ 3232 24 Agdelds A% Avges] MEs

Obh 7E3E 22 AEdoA 23 £4

<I¥ 3233 7885 =249
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TFEAE mEe <IY 32333 Lol HFol AU el FAAA AL
TEAES UM QWS =AY

Hit = AlEdelAd 3 23, <I¥ 3234
2 = ANEHEE F

Azol AGR F F W, Wye &%o 24 ojgmdd HEde u,
o

101.1ms 7}A] w3}

T olZoleE <8 3238A RAX AAYH AHAANE FHol Eya
Climb-up Z71& W3, <19 3.2.3.9x8 =3t Roll-over-C %4

g =
Sk A
NEHlA Aol 5] @A o|2rd AnE wws] By YA A%
AZEE 59ms =l val, g4 #§3¥e AAEHYT Bua HEHozE
Roll-over-CZ o} Fite] o2 &4 {30 TS
24 AIZE ARl T EA UYEUE AE &59 B4 olERd e HEF WF
A yawing @4 SOl AHEHA ¥k, AlEHCIAY] B9 HEF IEEY
U yawing @4 5ol ne® Adolmz ©a AZAZl ozt zto]E 1) 1

A 2 Fol7h 10% olufolnw F AN & 4 L.

<19 3234> TERE mdo 25 & BAH A%
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<3 3231 o83 AlEdeold A3 Hlw
FEHE 2L o g TEHE
YAol & Ale#olAd
27473 E 101.1 ms 95.2 ms
Climb-up Climb & Roll-over
EREA
Roll-over-C Roll-over-C
2000 - ) 952ms 1314ms 1380ms ,
— R
—A—RI |
1500 —:>—eh T I_WTI O.SH 3
——d T 4 ¢
— R Roll-over-C 02§, ) E
i 1000 Normal state l Jh ’ % ) I-E
3 / 1l 51 8
= M
6 500 y 015 41 8
L \' g ©
] & . g.
ANAAAAANNAATAANNABAAN 0 2
0 . . LLL A UU 00 o O
D 30 jo ﬂo 120 150
-500- 101 4
Time [ms]
<19 3235 7EHE a9 ¥4 7%
800+
— R
{ R
600 R
£ 40
8
i
200
0+
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400 _ 101.1ms

— R
— Ry
—R
300
=z
=
§ 200 Normal state
(o]
m /
100
et ——— =
0 . . . T \ .
0 20 40 0 100 120

Timetms] °

<IH 32370 FEHE oA o84 < ol &3 AEH =4

2000 - R, - 200
—R
15004 —— 9 150
E
= 1000 100 =
i 1134 ms / =
N
S 500 T _,/ o e 50 8
-/ ] / 1 3-
N]
0 = el : : =]
| oo —
110 120 40 150
-500 - -50

Time [ms]

(1™ 3238 FEHE oA o]&4< °]&3 Climb-up =

1

1304 ms 136.8 ms
20004 _ R - 04
{ ——R, |
15004 ———9 0.3
Roll-over-C
=}
= 1000 02 8
X, )
1 f=)
£ 500 I— 01 ¢
o 2
1 1 v
]
0 S : 00 X
—He—— 120 30 J40———_150
\—O/M
-500 4-0.1
Time [ms]

<1 3239 FEHEF oA o84+ ©]&3F Roll-over-C 31
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(Wb PlnEHE 2d A EHolAd 23 &4

<1® 323100 mnaAHE =4

- FnPHE 2de <7 323107 2ol 2Fe] #HY A IHsA ¢dx
nnnEA ddy nnygd AL stHA] Zdsts 2dol,

- TIPS 2do] reolxl A

Hi S AEHOA ¥ 23, <IH
3.231DA 7 g4l ¥R AS = T U=

- <I¥ 323122 F= AEHONAAS T AVHEAE T &5 AL2HE
. W, Wre 59 24 ol&xdd &3t A= 108 [ms] 744 A7

B "HEE
- 11 o]%¥d= Roll-over-L &£7& ¥hE3etal @ido] ¢ha s,

- (E323D= TEAS 224 PIEAS 2EE oSt 459 24 ol&
mde] A3s vl

- AxE Rd FEAS 292 1011 [ms] 74 A EHE FAIS O o]
Climb&Roll-over$} Roll-over-C 7118 wE3},

94% wale 108 [ms] 744 FAAEE §A807} o Fol Roll-over-L

- F 2do 83X AHLSAZ AZEE 6.9 [ms] zFe|7F va, g4 f38e A4 A
Roll-over-C(Roll-over-L) 2 Z-&-.

N
i
i
k]
B
ofN
)
o
il
rlr

- S & g F& ol TARAT AA A A gl 10 [%] ol
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<39 3231 vnEAdEF 2l 35 F 24 A%

{E 32320 7845 223 vngyE 2l o&4 23

H] ol
TERE R | wndyE =de
o] g3 o] g3
g0l & Edol &
374 101.1 [ms] 108 [ms]
Climb-up
29453 Roll-over-L
Roll-over-C
— Ry
—R
300
= /
=,
§ 200 Normal state
o
L »
100
0 T T T T T T T 1
0 20 40 6 80 100 120
Tlmeo[ms]

<2 3.2312> VPSS BdoA o84S o] &3 AFH =4
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2000 — 1558 ms 157.7ms 161.8ms 1722ms 0.8

—R
15004 —— 0 H 06
Roll-over-L T Roll-over-. =
= 1000 a A 04 ®
= \ Y @
8 ] | P2
S 500 e \\ 02 o
| _9
r%w\)‘:iw g
[}
04 o —— =i o —=00 &
M0 120 130 140 150 |[160 0 180
-500- 102
Time [ms]
<19 32313 mnnEHE mddA o]224]& o83 Roll-over-L
(Mh 23 HE 29 AEdoA 23 &4
- HYde <O 32314>J+ to] Hldo] 2], 3 E4S Egdt ZAZd &
ZHgog mAPsgS.

- #Ye AAe Yubx o F Hertzian contact 2] FE3I] =& o= 2
[MN/mm] AH&3stal o o5 AE&d A5 dg Fde i FFdo] o
A= Aol BAst FXA ALkl o3 2akE F0]7] 95t
o2 AL3A+.

<1¥ 323.14> a-gE-dld AdEdo]ze ek ~xy =d
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Lateral force of Spring rail = —

<19 3.2.3.15 El1e

- <I¥ 32315 & Baes wWel Agd dde P dAeIH

allf

e dEsy ved 2

F — Rpcosa— pRpsina=0

EF;/ =—F,+ Rpsina— pRycosa =0

- 4 3.2310< ©A AYstd va

Fy

Rp=

- 2 3.23.9<

sina — pucosa

of thatef A

FHZRR(COSQ—I-usina)

- 471N Fye
o oA o
A

_—

=
T

o
xiass

[e) R
Po R =m

)

ERCEEEEL

(3.2.3.9

(3.2.3.10)

(3.2.3.1D

(3.2.3.12)
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Lateral friction force of Spring raill = £

<I¥ 3.2316> Bt E A A Fy w32

B Uizd dof AE3 g 9

- <9 323160 ¥
_q] ug—sok% F,]._ﬂ = 11]]9]. H]—ﬂ]u]—a‘to]tq X—]Z—] .1030:] HJ—X(—)]{\_}% ga»g]_tq E]_QJ—,,]_
Fag=s

—F + Rpsina+puRycosa=0 (3.2.3.13)
- 4 32313)F ol&3sle] Ryl tiste] REY F YL
(3.2.3.14)

R 4
£ sina+ pcosa

O3t 25

ook
s
)

o
o

=)
-
JE
flo

o] o g3te] AEo B WY xAel

. Py
= = (3.2.3.15)
f=nlysina 14 pcota
- 99 4 (32312, 323159 22y dde) $HT} +HTY B4 AU
A& ¢ dﬁﬂ of ofdte] gho] et EE HYH 2w & Wl it H=
e 715Fs A 02 BAsIRoH o]lE F/AHORE 1y ste (19 3.23.17>9
213y Yoo 8§ IF 4L =23
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600

500

400

300

200

Lateral Force [KN]

L

100 —

T \\-
0 . . . . e . .

10 20 30 40 50 60
Lateral Displacement [mm]

<1 3.2317> 3 Wk wWglol oisk 3

<19 32318 24 A= »d

24 A% mde (1Y 323189 Lo AE-UY HES AHEL 1D B

$3le A2y rdg At st 2del.

{1 3232008 F& AEdHoAdS S8 /HEAE Tl &= HEH=
L W, e &350 24 ol&xdd A&3 Ao = 105.9 [ms] 7HA S

GE 32332 9lelM AR TEAS =Y, MuRyE 29 21 45 29

:L
H
% b B9 ol gdte] £%0 WAl o]gnde] ARE WAF 29

37FA] mdo] g A 2-A12F A7 4.7~6.9 [ms] ztol7} v,
AAE 7 BU 3 HEA o 2= Roll-over-C(Roll-over-L) 2 7+

Ho A
o

do

o

flo

o
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St & g of WARAT HA A AFH Azl 10% ool
3

_IQr
22 & dARGa & 5 s

A mdol AlEd ol s HlwstH, FEHS REE of 2¢d |de

AZkol A o 7HA 2oy TRt AEE BIlde 4R AlRtol 2
&o] Bol "oy, mudHE B2 AEdolAd sl 1258 er

3

£4% wdo] ual 120] WE ARE 23T 4 AT, 24 AF wde TE
4% walo] wa) of 20w, MIAAZ welo] wa) o 250 W=, 2 A
I ECE R R I ER =)

= 1
o]

\|

| J“ ' Td
‘Wi u.il'.[!i;th

‘ 'lllll - 4
-.", 1 ‘ A ‘:W !
= |l

<19 32319 24 HE =de 2= & YHAS

1059 ms

400 R \

’

3
= |
§ 200 Normal state JJ
(o]
[ ]
100
[t et e s

0

T T T T T T 1
0 20 40 60 80 100 120
Time [ms]

< 323205 23 HE oA o825 o] &3 BddH =4
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160.8 ms

800 - R ~0.20
— Ry

004 —— O ]!/\ \ 0.15
/ XiRoll-averL —_—
o
S 400 A\ /I 010 ©®
= o
8 ' 1
e - /\ ya =
L 200 N {005 ¢
- \ g
0 ——— ; ; - — {000 X

10 120 130440150 lhwo
-200 - 1.005

a9 32320 238 A=

Time [ms]

RdojA] o] 22]S o] &3k Roll-over-L &3

{FE 3233 EE H=E= 2ol Ug o]22] A3} v|w
TERE RES | rnEHE 2hS | 237 HE =2l

o]-g-3t o]-&-3+ o]-&-3+

Mol & gXo]& 2RSS
273l 101.1 [ms] 108 [ms] 105.9 [ms]

Climb-up
ISR Roll-over-L Roll-over-L,
Roll-over-C

S| A A ZE 1500 [min] 125 [min] 52 [min]

U AlzAd mde) x7] off-set

AL A3 2T %t gL E (over-ride) =g

- gae) FAZAL BE QYRGB T gNsmE dAsee] FEA A
AL F% BT YHoE AYAF] BAY

- BROEE FEA 5 Gl o] @ Ao AASEI) T2 Aol FRTz

FEo] dold W 54 AFol Frisol WAH. Ao HHTEE A upeol

1} center sill Bt} o} <F3glk Fxo]r] W&o,

g}

A7+ et v A 27 w4 [37]

221X = AFF(overridden car)<
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_\:3 Iz _Yl
ny —’\/k\/\/— m, —”\/;:/\/— my
2 1

<% 3.2.3.23> 3mass - 2spring A]2~Hl

<G 32.34> TR Ao Hel o] &4
Dy . S
r = t+ sinw,t+ = sinwgt
W, wy,
1 [ Kk ki ks ki,
Bl = 2 9 1 + I/Q + I/1
wiw, | My g 1y
1 k, +k k k
B = 2 2 " 1 2+ 2_w§+V2—1_BﬂU3
w, — W my my my
D =Vi—h/—B
D, . 5
STy = Byt + ity w,t+ o sinw,t
a b
1 kyky kyky kyky
BQ 9 9 1 + I/1
w,w; My my mymy
1 k k k k.
F=—— [Vl—1+ V| —+ ——w? |+ Vy—— By}
w, — W, my oy My
Dy=V,—F,— Db,
by 5o
Sy = Bt +——sinw,t +—— sinw,t
W, wy,
1 ki ks kK ki
BB - 92 9 1 2 + I/1
w,w, ULUL: myms mymy
1 k k, +k k
F3 2 2 [VS(—1+ ' - _wg + I/v2—2_B3w(21,
w, — W, my m
Dy=Vy—El— By
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(FE 3.2.350 7t do|bsF =48 o] 24

D=0, =k
=k x) —x,)=ky sinw,t + sinwyt
Wy Wy
(V.- 1 1
=k, sinwgt+(Fy—F) —  sinwgt+  sin wbt)
l W, a wy
[ =V, [k k by k
ko2 Psinwgt+ ! 14 Lt Vs, —1*11;12, +1; wzf—l — sinwt— ! sinw,t
| W, Cwl—w? my my my;  my || w, w “

Dy,— Dy Fy—Fy
sinwt

w, Wy,

V.-V, 1 1.
=k |~ sinw o+ (B — F)|— sinwt — o sinwt
wy a

Vi—V, 1 ky |k k Bl LN
—kl[ 1w 2 sinw,t+ 5 . [I/'l(_2+?2_wz) I/Q(wg—ﬁ)— V;HQ}(? Slnwbt_w—SIIlw,zt)
; 3 2 b a

B

k. k k. k k. k
( i e 12))
mm, Mg MYy

k k, +k k. k k, +E k. k. k. k. k. k. k.
wizl(—l+1 2+_2_\/(_1+1 2+_2)_4(12+12+12))

mm, Mg MYy

@ AA2] el E =Y
- 12HY 2d S 55l AatE FAE S HAAEE A xpEkol] AYEn £32W
¢} AT hI LA A= <a¥ 3.23.259 <28 3.2.3.2609 %
o

- (& 3234« AARAE 1T e Bl s A 374A o o'k A .

- CE 32350, <19 32326008 BueE olg2rndy #xnd ARE nud A9,
o]2 RHEZF theory WHE FX2d3e] 27l 20%7F =33k theory_update
WS 10% o)W 9} theory_update2:= 15% oW &2 U X3
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~

< >le S Sl
<« Z rI‘ 7

F, =Vmaeo, sin ot

v v
Fy =Ki(v—16) Fp =K; (v +16)
(1™ 323250 AFAE Bl F AE o|84(Ade] 3 34 5)
2 .
mwysine, 1 . 1 .
v= g 21 sinw,t — smwtt)—i2 1— cosw;t)
m wt—w()) wy w, w;
Viwy(Lsine, —hcose;) (1 1.
0= 5 —sinw,t—  sinwt
[y(wi *wo) Wy w;
2k 2k,1? ke k k
A7A, =, T =wd, W= =+ —
m, 1, ’ m  m;  m,
GE 32360 Bl e s 9 A aAA ALt W
ol x4 7 o] &2 dv
- e #= ATFE 1Y
Th Ve, sin e 1 1
eory st = — (—sin @yt ——sin a)tt)—%(l—cos w,t)
m, (a)z — ) 20 @, W,
- e #e WFE 1y [o]dGANA AL et S a1w]
Vimw,’ sine, (t 1 1.
Sov(t,) = ade s21nel( ;”1) (—sma)otn ——smw,th—%(l—cosa)ttn)
Theory_update my (@, —w,") @ @, @,
t,.)+ Lot
el(tn_l) = arctan V( nfl) ( nfl)
D_(xl (tn—l)_XZ (tn—l))
- e @<= ¥R 28 [Theorylol Al A4 et #k 3led]
Vma, sine (t,)( 1 . 1.
()= ma ilnel (2m)[_s1na)0tn ——sma)ttn]—iz(l—cosa),tn)
Theory_update2 my (@, —a,") @ @, @,
v(t, )+ LO(t
e (t,) = arctan (t,) (t)
D_(xl(tm)_x2(tm))
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CGE 3237> AFAGe $A B} o] 2mS] S Hla

First peak values
. Relative
Time Values deviations
V1
[ms] [mm]
(%]
Simulation 17.395 -1.3677 -
Theory 18 -1.6614 21
Theory_update 19 -1.48059 8
Theory_update2 19 -1.54273 13
— theory
34 — theory_update
theory_update2
———————— analysis_local coordinate
2
— 14
=
E
g o7
T 4]
2
-3 T T T T T T T T T 1
0 10 20 30 40 50
time (ms)
<I9 323260 AFAF B F o|ERAY FXEY 44
=1 5

@) daE 1Hg A Blaes 2l

- 149 29

o
o 2k 7%%% 7&%'81 Fdshd <
- ZA ] e AfEAEs <O 3232802 xdd
- Ao UL 4 3.2316~(3.2.318)7 25

- SE tixtel W X]"ITEXI = <Id 32329, S& tiAte] t3 AwgEA=Es

EH'}«I —%%Ho“é*‘% 2} (3.2.3.19), 3.23.2003% 2, SF thate] A4
] 3.2
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(I

F, =Vmo, sin(e,7)

< rear

F, =Vmao,sin(w,r)

\

k2.’ (’xcar 7xfrom - hg)

ke, (xcar — X,er — O ) F. =Vmo, sin(w,r)

k2"‘(zfﬂ”‘ -6+ Zﬁ‘mﬁf) kZV(Z +16 + Zrear )

car

<13 3.23.28> Bl E A9 ASEAE

= k?l Legr — 'Z.front o he) . (3 23 16)
- le(xmr - xrear - h0>+ ECOS<61): mmer o
EF;: - k?v(’zcar - le + Zfront)
— k:Q,U(a:m,,, +160+ z,.m,.)—i- Flsin(el)z mQZ;a,. (3.2.3.17
EM: k?vl<zcar - l9 + Zfront>_ k?vl(zcar + le + Zrear)
+ k?lh(‘rcm’ - xfT‘OTl,f, - h0)+ leh(xcm' T Lrear h@) (323 18)

+ LEsin(e,)— hFjcos(e, )= 10
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kzv {anr _Ia +Zﬁ'an! )

—2'1*6')

X, ar xfrom‘

kh—' zﬁ'o it

<1¥ 32329 Bl1E ¢& Uxte] A[-EA

o0 Lear — wfront o h9>_ kll xfrant = mbmf’ront (32319)
EF; = k?c( Zcar le+zfrorlt)+ klt} Zfrunt mbzf’ront (32320)
ka (zcar +f9+zrear )
x kZE (xcar — X poar _hﬁ)
rear
-t
Ky x -
1 “VYroar = rear
kh—' Z rear
<13 323300 B 2E HE thx}o] A-F-=A
EFL = k2l<'x(:a7' T Lrear he)_ kll:ET'eaT' =YL gy (32321)
EF; = k?v( Zcar +10+ Zrear>+ klb Rrear — "R rear (32322)
[ 0
+wy +wy, 0 0 0 — Wy 0 wy, [x 0
; ront
0 S+ wy, T wy, 0 0 0 Wy, — wy,l fom" 8
0 0 S wy; +wy 0 — Wy 0 wp, XT{,(": cos e,) Vinw?
0 0 0 S+ wy,+w,, 0 wy, Wl Z o mo ? (3.2.3.23)
Wy 0 — wy 0 5%+ 2wy 0 — 2hw,, X, sin(e,) Vinw?
0 Wy, 0 Wy, 0 8%+ 2w, 0 Zear my  Stwy
w; —w, wy w,, — 2w, 0 S+ 2w, + 2hw, | e Lsin(e,)—hcos(e,) Vinw?
) R ! L 4 4w
o] 7] 4
_ky o — ko) . — ki, o — ks, o — kyy o — ks, v — ks, = kgih
| ’ bl » 1v ) bv T ’ 20 — ’ 20 ’ w ) i
my, my my, my my 2 y 1,

- 2 (323235 e wAE A&l 4 3.2320)E FE.

- 2] (3.2324)E Xol tis] Al 3, Zetx 9Hske FHsto 2o A o
g Ao 2 FdSH 2] (3.2.3.25)¢ 25
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(3.2.3.24)

(3.2.3.25)

o|EA S HAF3r] fdl ol FH} FLI v 23 EEe <O¥ 323303 2

ol2RAN AEH ol BEAES HuHTE 5t7] Hef <E 3.2.3.8> A&

Bale & AFelA 7HE

8% AAA AF

H 3.2.3.32>9F <3 3.2.3.9>0l vln F7}E

&7 A AAM e 72 HE <

ol &4 2D AlEdeold A3 Hd HA 0.3~0.5% oz AT

X—=—1y
(a9 32330 EALE 22k T B
<E 3238 Bl E 9 Y 7k

Parameters Values
34,500 kg
m, 56,876 kg
m, 6,922 kg
. 2.075%x10% kg - mm’
L 9,510 mm
l 7,000 mm
h 700 mm
%4 11.111 m/s
k, 10 KN/mm
Ky, 30 kKN/mm
ky, 40 kKN/mm
Ky, 20 KN/mm
ko, 20 KN/mm
Cry 10 kN - ms/mm
Coy 20 kN - ms/mm
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<1¥ 3.2.3.32> o]&24]3} 23 AlEH ol Bl s A3 vl

<FE 3239 o243 22 Algdold Bl s A3 ¥l

. Relative
Times Values o
deviation
[ms] [mm]
(%]
Simulation
. 179.1 91.1
(only Spring)
Simulation
. 179.2 88.6 0.3 ~ 0.5
(with Damper)
Theory 179.0 90.1

AA Eakel FE At Al 23k FAUPEA HE2 U] Akl 4779 2l =
Zgom FAAL, 12 BUMEA FES Thole 22y, S 23xF, 9F X~
=z A 2zZHPow A

BuoE ABNA 71 FAT ANY AF BF7] AXeNAH £ WAE <2

ol 43 3D AlEdold 23 Hdo HA 3.3-3.9% ol = dA T
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<1¥ 32333 32k Bl E AlEdold 2

<19 3.2.334> o] &2 32 AlEdolAd Bales 23 ¥l

<& 323100 o]&43 3xkd Algdold Blale s A3 vl

) Relative
Times Values o
ms] ] deviation
[%]
Simulation
) 180.7 80.1
(only Spring)
Simulati -
SHMUaton 178.4 78.3 33 ~39
(with Damper)
Theory 179.0 90.1
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o AnAE =mhe 7] off-setF FHE AT AF 3 AIAA (dig-zag) =Y

QD ZAA AaAA =d

—_ <j_%]. 32335 ‘E‘ /I‘j_l:r‘f(]'%]:gl X]j_xﬂz; o]% Et—]E]j‘l/]_ §o] uo]_go]: ]iﬂ'?’], _9_0017_1]_01] EH?:"_]_'

- o] REy FIS AlEHH RdS v A= GE 3.2.3.99 231, Theory
e AEHold rdx  exrt 10%E 23 Theory_update<d

A

~

€1

F, =Vmeo,sin o 1

Frpy = Koy (w — 1) Frp =Ko Qv+ 19)

{19 3.23.35> AEZEF A IA7 AS o]22(FHHY D 997tn)

o

2 -
mw,sine, 1 1
w= 9 9 sinwgt sinw,,t
m wtu wO) wo wtw
2 .
Vimwy Lsine,, [ 1 . 1 .
= ) o | sinwyt ———sinw,,t
]z<wtw - w()) Wo tw
2
2%k 2%k, | Bk k
tw __ 92 tw” 9 o MM 1 .
0:17] /\1’ = Wy T = Wy Wy = - +—, V= I/l — I/Q
My 2 m my m,
124 —— theory
P —— theory_update
-:'_. theory _update2
£ ------- analysis_local coordinate]
— 4
=
E 2]
-_E_ 4] | X
il
1 -z
=
-4 ]
-
-1 ! ! | | |
= 2 20 ] 40 ED

time (ms)

<1 32336 ATk o)2mulw} ABdold = 2147 Az Hlm
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< 32310 AFAge] olgxdy Algdleld 2 X147 Avt Bl

First peak value
. Relative
Time Value .
Cms] () Deviation
[%]
Simulation 20.195 5.6597 -
Theory 20 4.9305 -13%
Theory_update 20 5.907134 4%
Theory_update2 20 5.74105 1%

|
/\
[
o
w
Do
w

3308 FpAFS AR ol a3 W W, 87l gk

Edeold 2d& vwd dAys <F 323133 Za,
Theory WS A&l =dx 37} 30 [%]S %33} Theory_update2t
Theory_update2 W2 10% o= IX|gh

v
:Knv

F

wl

(w—1¢) E, =K, (w+ig)

<™ 32337 FAE A2 As

3 32312 A A2AT AF ole8A(EHEs B 294%)

ky e [ o sinwt  sinw,t B, sinwt  sinw,,t )
wl, 9 9 2 2
[ Wy — W, Wa Wiy W,y — Wy W Wiy
ky oy sinw,t  sinw,t B, sinwt  sinw,,t
+ ——sine, | —; 5 - +— 5 -
my W,y — W, W, Wy, Wy, — Wy, wy Wy,
oy sinw,t  sinw,,t B sinwt  sinw,,t\| k .
3 5 - 5 3 - Lsine,,
Wy, — W, W, Wy Wy — Wy wy, Wy 2z
B , sinw,t smwmt) B, (smwbt _sinwy,t\] K, T
2 2 2 2 T w2
Wy, — W, W, Wiy, Wy, — Wy, Wy Wy ];z
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—— theory
254 -~ theory_update
204 theory__u pdate2 _
R SNSRI NSRS U SO DSt analysis_local coordinate
154

w+L*phi (mm)

0 10 20 30 40 50
time (ms)

{19 32338 Targe] o|gxdy Algdeld B2 XA A3} vl

{E 32313 FAFe ol2xdyt Algdold 2 A4 A v

First peak value
Time Value (I;ill_a:;\:;
[ms] [mm] ]
simulation 33 14.722
theory 30 9.3703 -36%
theory_update 30 14.56809 -1%
theory_update2 30 13.25874 -10%
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- A Y] EFHAAL 2 (3.2.3.260~(3.2.3.28)7 21, A& AHEstA 24 (3.2.3.29)~

|
N
2l
X
lo
fo
0%
AR
b
rlr
|=|

]

B>

7} & sin )=4¢, cos(¢) =1 2 7HA

- FE OiAte] diE AFEAEE <IF 32239, % tixtdd tE AFEAE
<19 3224002 £d%.

- & it EHAALS 4 (3.23.32), 323333 2, HE thatY WA
< 2] 3.2.3.36), 3.2.3.3N¥ Z+

(D

b, L
5 K . ..... . . kllu_.....é ..... . k1
l.:' X @ 1—1:9)¢: g::: ks,
,'.'_:.....E ..... .'_'.:- ‘,ycar k1 ..‘.. ..... .'_'.:- k1 F=Vma, sin(a)at)

F =Vma, sin (a)or)

{19 32339 AFarge] A4 ol =4
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kEy(yc = Vu _Z¢c)
<8 3.2.340> XA 2HAQ AFEAE

—ky, T, — Ty )~ Ky, (T, — T )+ Feos(e,)=m,z, (3.2.3.26)
EF;/ = k‘zy(yc — Yy — l(]ﬁ(j)—i- k’zy@c — Yy T lgbﬂ)— Fsin(et)z— m(jjc (3.2.3.27)
kol Yo Y = 16) = koyl(y, — ypy + 1)+ LEFsin(e,)= L., (3.2.3.28)
. Ky, k,, Ky, cos(e,)
z,+2 Ly — —— Ty = F (3.2.3.29)
m( m(f mC mC
. Ky, ky, ky, sin(e,)
yc +2 m(j yc mc ybl Eyw = TF (32330)
. ke, 17 ky | Ky, | Lsin(e,)
b, +2 [’ ¢, + [’ ybl—T':be s F (3.2.3.31)
kl (xél - b ¢31) klx (xél +bw¢51)
kly (}’51 + bz¢51)
kly(yél _b3¢51) k2y(yc —Va _I¢c)
ko (xzn + bw¢51)
X
| ki (-’%1 — bty )
ki, ()’51 + ba¢51)
Y kly (J’en - ba¢51)
<a#™ 3.2.341 A7 &2 Rt AFEA=
DIF, == 2k = by By )= 2k, (@) 0, )T Ry (= )= (3.2.3.32)
EE/ = 2kly<ybl - bz¢b1)+ 2k1y(yb1 + bz¢b1)_ k2y<y(: Y T l¢c>:_ mbi‘)bl (3.2.3.33)
. klm ka k2x
Ty +4—xy +—x, ——x.=0 (3.2.3.34
my, my, my,
. k k. k. k1
Uy +4ﬁybl+ﬁybl_ﬁyc+i =0 (3.2.3.35)
my, my, my, my,
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k Ax,, +b 0.,
ku(xaz —bw¢az) - (Yj’ * w%’)

ki (}’52 +b,¢5, )

kly(y.ﬂ - bi gjb?) k2y (yc — Ve + [¢c)

kl‘((xc 7"652)
X !—l

Y ku()’sz —bs¢5z)

<33 3.2.342> A7 AZ gzt AFEAE

ki (xaz + b, )

ki, (xaz — b, ¢y )
ku (}'52 +biy, )

— 2%y, Ty — by i) 2k, (T + b0 F ooy (7, — 0 )= T4 (3.2.3.36)
EF;/ = 2k1y<yb2 - bl¢b2)+ ley(ylﬂ + bzﬁ%)_ k2y<y(: “Yp T l¢c>:_ mb:.g b2 (3.2.3.37)
. kl:z: er k?m
Typtd T mpyt—x,——x,=0 (3.2.3.38)

my, my, my,
. k‘ly k,’Qy k:2y k;2y

—y,——y. — —lp. = 3.2.3.39

Yot e T e T e 16 =0 ( )

- Al FEA A ZEEE Y =S UdEE e
Aztel M A%S mestw, 4 (3234003 21 A& i

z5.
L+
e, =tan”! Ol Y +e, (3.2.3.40)
L(:_<'I1_x2)
e, =tan" ! Pt +e
t 0
L dnfugr (32.3.41)
o 7] A, D AAY] 7] 4o, 1 dFE7] 27 4=
- Aol EFHAA vERAAS AL 96 Runge—Kutta UHE ARE
Runge-Kutta®] 7} 7+e+dt & el= Talyor AoNA 252 129 £3HA &1
O 52 2+E wiAstE 4 (3.2.3.42)3 5.

y z+h)=y(@)+y (@)h = y(x)+ Fa,y)h (3.2.3.42)
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- 12} Runge-Kutta %=+ Euler W2 <I¥ 3.2.343>3 o] Ad 227} YF =7

uj Zol 42} Runge-Kutta 'HS AF&-

y'(x)

R N

Y 7~

i ——Euler 24

Z
X X+h

- X

<% 3.2.3.43> Euler ¥He] Hdkext

- Runge-Kutta®] 4x%(fourth-order method)-& 22}%(second-order method)3} 7o)
Taylor A/l 2528 A& 4%} Runge-Kutta HHole o8 71x7F AR, 2 Fo

A 7S ol ARREE HHE 2] (3.2.3.43)~3.2.3.47 3 s

hF:U,y)
h K
[(QZhF$+2,y+ 9 )
h K,

K, =hF z+h, y+K,)

1
yle+h)=y(z)+ 6 (](1 +2K,+2K;, + [(4)

<19 3.2.3.44> 4z} Runge-Kutta

(3.2.3.43)

(3.2.3.44)

(3.2.3.45)

(3.2.3.46)

(3.2.3.47)
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1) =z,(2)

r_ Cos et) . kZ:l: kQ.’L‘ k?:L‘
r,(2) = - ( mw,sin(w,t))—2 C (D)+ E$b1(1)+ Ff%(l)
(1) =.2)

, sin(e) _ ky, ky, ky,
yc(2) = m (Vmwosm(wot))—ch yc(l) ) (1)+ Eyw(l)
$.(1) =4,2)

,  Lsin(e,) ' ko, I° Ky, Ky,
$,(2) = I (Vmw,sin(w,t))—2 I3 ¢, (1)— L ybl(l)—l-zyw(l)
‘Ib1<1)’ = Ty (2)

’ klac kQI k?x
xb1(2) 4Exb1(1) E(L’bl(l)‘i‘ Fbx((l)
ym(l)’ = %1(2)

’ k;l kQ kQ 21l

Y (2) =—4 "y (D)= —Zy (D+ —=y,(1)— —=¢,(1)
b1 b1 m, b1 m, m,
371;2(1)/ = xb2(2)
’ kl.?: kZ.’L‘ ka
IbQ(Q) - 4Wb$b2(1) waw(l)‘i‘ m, (f(l)
ybg(l) :ybz@)
k ks, ks, ko 1
Yp(2) =—4—Ly,,(1)— Q’yb2(1)+ﬁyc(1)+ = 6.(1)
my m

h b b

A7NA, z (D=2, 2=z, y)=y. 32)=y . ¢ ()=0¢. ¢.2=09¢, .
$b1(2): xml’ ybl(l): Yp1 yb1(2): ym’» be(l): Lo > %2(2): xbz’

|
78 Spring modelS Al-&.

He £AE sidstr] s AE-dd AdEAHIAE dwedtet
m

(3.2.3.48)

(3.2.3.49)

(3.2.3.50)

(3.2.3.5D

(3.2.3.52)

(3.2.3.53)

(3.2.3.54)

(3.2.3.55)

(3.2.3.56)

(3.2.3.57)

(3.2.3.58)

(3.2.3.59)

(3.2.3.60)

(3.2.3.61)

951)1(1): Ly
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00

00

400
300

ol ]

100

Force [kN]

i —
s | ,
a 10 20 | 40 50 &0 E

Displacement [mm]

ol

{19 32245 Aa-dd AEHo|2=E 1T

- olgAelAE AES I WAE WAY 5 7] WECl 1Y 3234659 4
(3.2.3.62)~(3.2.3.61N % #& o7 3
4 wele A

ter =t X, (3.2.3.62)

o= a7 (t) (3.2.3.63)
m

1 5
K = 2mv (3.2.3.64)
_ [ M)

wlt)= f alt)= f i (3.2.3.65)

K = %M (3.2.3.66)

K=K+ K (3.2.3.67)
) .

J©
2)

S(©) sin(e))

<19 32.3.46> 2| FATAR N 2Esh= &




GE 323140 Hgd FEXACA ol22dd AlEYeld Y
% W A3 v
Collision Collision Max. lateral Relative
angle speed displacement [mm] deviation
[°] [km/h] Simulation | Theory [%]
. 10 36.6 36.3 0.8
15 61.8 59 4.5
0 10 57.6 57.0 1.0
15 97.4 102.0 4.7
- FE 3 Mo dojy= FEXHAA EA FE £ 2 4%
Fol A7) FEAAe 3 WHele GE 3.23150% 2o
- B FEEAAA olE RPN AlEdold RYES Hlugk A FHu)
0.6~5.1 [%]12 L3

B ZExAA olE2rda AlEgold mu
3 H

Collision Collision Max. lateral Relative
angle speed displacement [mm] deviation
[°] [km/h] Simulation | Theory [%]
. 40 193.7 201.5 4.0
50 218.7 228.2 4.3
10 30 167.9 176.4 5.1
40 192.9 188.39 0.6
4 ATAEE AT 33Y SH/FE Y% mdY WAA

b AF B AF-RR ¢ AR B

=243

(D) 2AZF-that 3+ Q2AF 9&E 29

- 9 9 3o waloly Gl

G| £4< 7lste] Wy HalAd T

FA% Aol ofa) ATt - Wl B
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- ARl A Bol AFHE FFVF AR $H-AFE MEE <IF 324D
pa

- 40 g% H3 Bzl g tig AlEdolde <O 3.24.2>¢ 23

300 S

00

150

Stress [MPa]

100

S0

T T T T T 1
Q.aa Q.02 0.04 0.06 Q.08 a.1a
Strain [&%]

<9 3.2.4.1> AI6005 A=

<I¥ 3.24.2> A o3 Wy Bl v wdy

@) AF 3 42 g& 2dY
- F8 T Aoy g, wgdAJ] FH ofs) AF-thak 2 AF P AR
(¥ 32433 22 FF=x F40] 78l A d25 v

a8 @ oo T40] TelAH AERIE gEHE B
ol A= < 324408 2=
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{19 3244 that 427 & 2dy

Q) 2AF F= 9T &

=2
- Ak F3 Fo Aoy FATeR QT AT 3 T2 A4 ZHd &4

Contour Plat
Stress(voanMises, Max)
gbal Sucteo

'.—J.U'Bﬂ;-ll'l

8.387E-02
4.194E-02
0.O00E+0D 0

Max = 3.774E-01

¢ 1.258E-01 I—l | =

THODE 57 a6

<19 3245 24 =z & 2y
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CHIES AFE A g 33 F9% 2EY Ve A

A AL 9 Ase HFE AlEHIAS ol &3t Ay A Al &9F

A e A 2de o]t AlEdHolAS soF dite A3E de 7 U=

i

Ao A9, MNEHOE o] Folnl Aol Ay P WAZ Rol 17je] BAo
2 e9Ey) W AA9 5 22 wAL ol gat] ABUNEL FH AL
B 9 A7) 87

AL AP B ASE ABH] AslAE FHE know-howE WO WEo 5
B 220 o) ©RE FRHUA AAlo A FAsA A of 3

=il
il
4
o
ol
ok
rlr
:4_
é
N
>
)
ko
%
O
n 9
> oo
. ol
B
o
oft
rﬁ'ﬂ
>
o~
o

757 wfFo A
@at 3;]2%44%4, 5 gxl e 7H <O 3.24.608 22

2l o) gl vlEy

2 fo
=

o

D2 <FE 32409 25

R
rpr
o3
(.
Mr
ko
e,
-
)
b

2d% U

rlo

By «mde FAxAr [4F 3d1H =

GE 324D WIS

e 2l A

Y=t YA} & WA =}

A A [kg] 96,876 34,500 27,000
oz A [kg] 6,922 7,000 7,000
&= A (kg] 1,875 2,000 2,000

node 7l [EA] 60,411 67,312 106,207

element 714~ [EA] 60,216 77,676 173,512
LA Aol [mm] 20,936 21,073 17,590
A Z [mm] 2,800 2,871 2,871
2HA| =0l [mm] 2,500 2,780 2,780

- 108 -



<Y 32460 2 T/l we REY e 24

<A™ 3247 vIEE A 184 &

i)

oh BBy g4 A AdE A v 33d TS 2dY Ve AL

- A mAg olgste] &4 2 shtte] THE MAHY & AFE AT fPLLE
a3,

- <39 3248~ 324105 2ol Ame] AW AP Fol 2L $U-AYE A
S8 olgete] fRasndel 248,
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< <O¥ 3241253 %
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{F 32420 WY 339 T8t 29 A

e SRR S E
LA A [kg] 56,876 34,500 27,000
iz A kgl 6,922 7,000 7,000
&= [kg] 1,875 2,000 2,000
node 7<= [EA] 900,752 350,927 365,069
element 7§ [EA] 510,002 434,488 494,096
2HA| A o] [mm] 20,936 21,100 17,620
A Z [mm] 2,800 2,965 2,965
A Eo [mm] 3,340 3,415 3,415
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5. FWY KTX &4 date] FE59% A€o & =2dY HF

- BHY KX 2A4ALE Adsty] &) fdas FELaZE Q] Altairt
Hypermesh¢} LSTCjit2] Ls-dynaE A&

- Hypermesh= A8 Z2 o g o]&3te] KTX Ao fetasd Ry 7|23l
Ral=) I B

<I¥ 325D KIX 594 f3tas =49

- Ls-dynax= AMAl ZE 2dolA g oz AMEE = Explicit HIAE 384 T2
G o 2 Solver AF&.
<I¥ 3252 Ls-dynag ©] &3 A5t T& AP AlEHlA
7} Adaatg gAAE
- AW KTX 2449 AAA] AsS <29 3.25.D0% 23, AlEdolds 53l
D& AT A9 3.25.20% 25 (3B g4 BHEoA dojd AaE oA
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<149 3.2.5.6> (A) T4
(B) T4

<19 3257 (A) T4 25 2 2EH &5 &5
(B) T4 e T3 2Ew £4% 47y

() SHAA T8 A7

- HAHAAH] FPo=
Frame &

<1¥ 3.2.5.8> T8 %% End Frame 1}
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<19 3.2.5.9> (A) T8 2% End Frame 82 #3 (Von Mises stress)
(B) T8 2% End Frame %73

(3) 58z PC2 A

- Y FYoR

Frame 3}<=.

<19 3.25.11> (A) PC2 2% End Frame -8 £33 (Von Mises stress)
(B) PC2 #}% End Frame g%
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e ZFo] F2 2= AEsle YHY.
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CoDEMBIoN 2]8t ABiN )
<19 3.2.6.1> IEEHA (Penetrating Test)

- Gk ARHT4-TDE F2 R 2EHAY T-slote] vh& @ 2448 F T4,
- T-sloto] vt&EH 2FS A ¢ 2 AFDLAKPDE A &lo] 7sshArt, T4

ko] T-slot® o] 22 AAWME 0.064 [ /o] FAAT A5 SAHAARIOE= H 3t
Aol oF7] wEol F7Hd AY 54 ZAE ol &3t AAbste= Ze Al
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{F 3.264> T7 A% &4 4

T7 AL RE A=)

"
Feoe 21101

{FE 3.2.6.50 T8 A3 &4 H9

T8 A5 A3

End Frame
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{3 3.2.6.6> PC2 A &4 F-9

PC2 AR5 HD

End Frame
FTHY

Roof @ Side
Frame
YTy

(2) RToll 97t &5 AAL
- WA E 474 AHRadiation inspection Test)= XAl =& A& Algs] E3AA 2

- A AREEAL M‘% vy HARER FollA 7HE AlE Aol i de ol&E 1

Wel gele] el BAge

- 3o FA, ALY 75, F, % |
al A FHRFAY 1-2%71A 9] & A%de AET T+ U+

oAf oMy &L F A

<19 3.2.6.2> WA F AL

- 120 -



{3 3.26.7> T8 A3 &4 H9
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End Frame
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rq../;: ol
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_
Roof Frame

e

34 g
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O:] tﬂ sﬂ Effective plastic strain{Scalar walue. Max)
- Advanced Avera
° - © B0aE00

1
1 +.000E 05
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Miry = 0.000E 00
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Roof Frame
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FTHE '
Max = 6. 281E-02
Mode 21208356
Min = 0L000E+00
Mode 481013
<E 3.2.6.8> PC2 =& &4 F49
PC2 A =(FH =)
Roof Frame
g 9

AT | EEm
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1. Locomotive Crashworthiness Research
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2. Technical Criteria and Procedures for Evaluating the Crashworthiness and Occupant
Protection Performance of Alternatively Designed Passenger Rail Equipment for Use in
Tier 1 Service

- CEMo] & Crash Energy Managemento] Fzt2 FEA Q] FAE Aot W2,
- Byo] =} electrical service closets &2 54 A Ho| 4S5 JFTAAA Aoy &
A Bo7F dagt A9 FES Eolv AlxE.

- <9 6.21>& CEM Al2H9 Md MEs BRo=

Crush Zone Crush Zone

Crush Zene

Crush Zone Crush Zone  Crush Zons
<19 6.2.1> 47 dxt2] Crush zone X2 /M=

= CEM A]~Hlo] A 852 ¢F

2 Qlste dxtef = 9 2

ION

u-u
2= O]Eo] CEM ] Eﬂo] 7(4%

Uncontrolled Crush:
Focused on One Car

”WlIIIFIIiIIIII

JIAL S SV SN

Uncontrolled Load
Path: Derailment L
Lateral Buckling
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Controlled crush:
Distribute crush
through train

Control load path:
Prevent lateral

buckling
Engagement:
Prevent
override
<19 6.2.3> CEM A|2Ho] AHE8H FE2o| 4
3. Investigation and Simulation of Lateral Buckling in Trains
- 598 AEYolA RES o]§dt AT F, E (E gl FEXI T mE
FFS 4.
- 3 FH=2 0E VIR AW VAo 3 FE59 A B2 2AFG-10F ool U
A e g BT o E
- A3} 3 HFE HA: AU dste WHE AASI olE HFE AEHOAM =
d& o] gste] aHE AF
- Lateral Buckling modes (¥3}=2] &) : @22 @43 FPFozo] F2YS ov.
o] FEle A} %% Al override FE|TE 9 HsIA = &A1 Roll-overs} E A=

epe] Ao] wl

<19 6.2.4> Saw-tooth &=

5% $HYE HolF

{19 6.2.5> Zigzagging
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<I1¥ 6.2.6> Saw-tooth &= AlE#o|A
| .
<% 6.2.7> Zigragging AE# oA
- T F9% 24 2 A HEE T AAe] saw-tooth =L A WASHA H.
- AFH AEdold A large displacement & =2 9-10%F9] dAket EAb Abo] 9
T=d o TS
- ¥ 54 %2 ¥ H=Ee 7T
- St AR Ao FAE8A (427 2 Y =Sl o8 2A
- =0] Loy AHA A o] HerE J o] dojue ATl Aw.

4. Rail Passenger Equipment Accidents and the Evaluation of Crashworthiness Strategies
- GXp9} daf Atole AFHE AR AAE o A o] date vhesiAe w, AEE
of s FAH d4 = A EFE & s Ha ARHor dAfe= FH¢
2 oA,
- Azte) Ame v
A A= U=

M9l BANA BAHAT, EE FE S ofgsh Lol

A
30
sl

7}. Collisions with another train (T} dxte} &
- Syracuse, New York, February 5, 2001
- Bourbonnais, Illinois, March 15, 1999
- Secaucus, New Jersey, February 9, 1996
- Silver Spring, Maryland, February 16, 1996
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1}. Collisions with objects, such as a grade crossing collision (&% A49E &2 & &
Ay F32)
- Portage, Indiana, June 18, 1998
- Selma, North Carolina, May 16, 1994

t}. Single train events, such as a derailment (843 & I3 &= Ala)
- Big Bayou Canot Bridge, Alabama, On September 22, 1993,
- Batavia, New York, on August 3, 1994 (37)

- 9ol Yehte 35 AnEY AdE weow ohde 3714 Ao feads 94 g
583 3 ABdolAE Q4.

- Single-car impact into a fixed barrier (222} 1A H Ho| ZE&
- Two coupled car impact into a fixed barrier (7 X}Z%’ﬁ IAE Yo F&)

- Cab car-led train collision with standing locomotive-led train

4. Detailed Impact Analyses For Development of the Next Generation Rail Tank Car

Hopper Car Model

Tank Car Model

<I® 641> 36 I &4 =g

- 140 -



5 A%,

2.0 LA LI L L B B L

15+ P

ﬁ i
T
= o
=] - -
g s 4 ]
E 4k i
ol i
I
E n .
n - F ol o
= 05— Reqgion of Potental —
| Tank Punctures
gole—m—e o Lo daaaa s leaaa o b
a 10 20 30 40

Tank Displacement {in)

<14 64.3> a3z F-D &4

- 141 -



0

r
T
<
m
H0
HO

W
)
)

=l
70
KJ

ol

ol
=4
o]l

Al

—_

oJ
H

J
J

i

o)

Mol &AM 2AHUES SIHoHX

ol

|,

AL THE Al 2l 0

ioleH0IE=2

o0

=
S

b0 At

[[e}
i

- 142 -



el A el e i |
HI8%E. F7talet7|=FedEA|ARY SSot HA|A-Zd| sig
wol | edwAd/ | A4 | T3el A | peM | sm | NTISE
sl drmug | (eaw) o 18 HHY ey (mams) (MA =) S2 ws

- 143 -



muj

H| 9%
o- O:l
il
W bH =
Ao
rc}

Wﬂ

<

- 144 -



A10%. AL TIHC| HEY A7 MY
AACES
7 (G5 57 A=
,l_:rL.:_n o E & = AAA/ Qe | =X Q .
H | (=2 (=959 &% g% B8 == 3% =& AAY ARAL (SCI
3 53 g B9 B il;fﬂ A& |53 52Y TE  AgRIE
71Eh T5E AT )
AAD
Theoretical
cross-wind
speed against
rail vehicle ] | of
derailment | A= ournal o
consider ll'lg RN Mechanical
1 | =& the JJF: . 0.838 2016. 08 &= AAL SCIE
Cross-running 7] = Science and
wind of train |t g}
and the — technology
dynamic
wheel-rail
effects
A Lightweight
Design
Approach for | 3¢ Journal of
an EMU) 3}t Mechanical
9 | =5 |carbody Using 0838 2016. 02 WE AA} SCE
a Material = 7)< Science and bAY
Selection &
Method and ™3 technology
Size
Optimization
TS A H ==}
Aog un e
L B wmsy g - =
3 | = X ===l ) Z1A7vs | 0.198 2016. 04 &= ARAF KCI
1527 7& s
Ao W ol
ok A HEH
A Study on °
Prediction of ji
= Overriding for <
4 = a Leading Nz KSME 0.25 2016. 08 |©= ARAF SCOPUS
Vehicle in ot
Train Collision| =7
A Study on
Prediction of | ¢
Lateral and et 2016. 02 A=
=] Yawing o] -
5 =5 Behavior for a 7]< KSME 0.25 | (A% AA T5 AFAF SCOPUS
Leading - AAE)
Vehicle in —
Train Collision
Evaluation of
Failure A&
= | Strength on | s}at
6 — | Composite-alu ISGMA 2015. 06 &= ARAL
R g minum 7
Single-lap | tj&tw
Joints
A Study on o
_ prediction | 1% S22 = 5}5)
;| T¥ | Theory of | ot S}z r) 3 2016. 05 TE A}
urg Overriding for| )< TEEA . i
a Leading Het =3
Vehicle —

- 145 -



H|11%E Z|EF AbSH

- 146 -



Miz2g. Eu ¢

[1] P. G. Llana, “Structural Crashworthiness Standard Comparison: Grade-crossing Collision
Scenarios Proceeding of RTDF2009” , ASME Rail Transportation Division Fall Technical
Conference, RTDF 2009-18030, pp. 20-21, 2009

[2] AM. Elmarakbi and J.W. Zu, “Crash analysis and modeling of two vehicles in frontal
collisions using two types of smart front-end structures: An analytical approach using
[HBM” , International Journal of Crashworthiness, Vol. 11, No. 5, pp. 467-483, 2006

[3] AFNOR, “The European Standard EN 15227: Railway Applications - Crashworthiness
requirement for Railway Vehicle Bodies” , 2008

[4] SR. Kim, T.S. Kwon, and J.S. Koo, “Crashworthiness evaluation of the Korean high
speed train using a virtual testing model” , International Journal of Modern Physics B,
Vol. 22, No. 09, 2008

(5] S. Iwnicki, “Handbook of Railway Vehicle Dynamics” , Taylor & Francis, Boca Raton,
2006

[6] X. Xue, J. Wood and A. Packham, “Modelling Collisions of Rail Vehicles with
Deformable Objects” , Rail Safety and Standards Board (RSSB), Report No. AEATR-
LD82141-2005 -Issuel, 2005

[7] Arczewski, K. and Fraczek, J, “Friction models and stress recovery methods in vehicle
dynamics modelling” , Multibody System Dynamics, Vol. 14, No. 3-4, pp. 205-224, 2005

[8] Stringfellow, R., Rancatore, R., Liana, P. and Mayville, R., “Analysis of colliding
vehicle interactions for the passenger rail train-to-train impact test” , Proceedings of the
ASME/IEEE Joint, Vol. 27, pp. 11-18, 2004

[9] Shabana, A.A., Zaazaa, K.E., Escalona, J.L. and Sany, JR., “Development of elastic
force model for wheel/rail contact problems” , Journal of Sound and Vibration, Vol. 269,
No. 1-2, pp. 295-325, 2004

[10] Barbosa, R.S., “A 3D contact force safety criterion for flange climb derailment of a

railway wheel” , Vehicle System Dynamics: International Journal of Vehicle Mechanics
and Mobility, Vol. 42, No. 5, pp. 289-300, 2004
[11] Anand Prabhakaran, Som P. Singh, and Anand R. Vithani, “Prototype Design of a
Collision Protection System for Cab Car Engineers® DOT/FRA/ORD-13/15, March, 2013
[12] Patricia G. Llana, David Tyrell and Karina Jacobsen, “Collision of Amtrak Passenger
Train and Norfolk Southern Freight Train - November 30, 2007, Chicago, Illinois”
DOT/FRA/ORD-13/45, October, 2013

[13] A9, 287, FAM, “FHE4E PARDEAL] FEAAE AGHA 477,
A =3] =3, Vol 11, No. 3, pp.300-310, 2008
(4] BAY, 238, T34, A%, “SHAFTY nELAe] FEMAE B2 slol=

EE7, dgAFAFEs =&F3, Vol 16, No. 6, pp.157-167, 2008
[15] AN FTHE 438t &3 - A5 ADZA 3" S HEFA AHEA Fabd 3y KTX
1&5ER F5 AEALFEAN R A% PP 2 ~ 17, 2008.02
AR &% - HE AAARARYE, "AREH P KTXEA g4
ZAF R A", PP. 3 ~ 29, 2011.04

(17] = EnF5 4tst &3 - A5 AAnzAL 3], dad=

- 147 -



PP. 1 ~ 35, 2013.12

(18] ¥w1g, v, #+A4A, “dA9 3xd FFoLsa e o] &3 1AY FEFHS 5
7F A 7197, d5d 583 =53, Vol 13, No. 3, pp.139-146. 2010

[19] A718 9, “#AHY 1533 25 314 ¥ Hrprled+” , dad=r|esd T
o AFHRIA, 2011

[(20] AAQ, =24, A9, -4, “dxrae 2ad FEsdst 2dd 7|y A7,
d=xHd =53] St hd =3, pp.358-363, 2008

211 BAD, 78A, Aels, "2 B F fAE T 2xd FETET 2dEF 7Y
AT, A =5t =FF, Vol 14, No. 1, pp.11-18, 2011

(22] AAQ, =332, A, "TYEAAE AAaEdd FEMAE NEEA AT+,
Vol. 11, No. 3, pp.300-310, 2008

[23] G.Y. Kim ].S. Koo (2011) Development of FE Models of the Heavy Obstacle for the
EU-TSI and Domestic Rolling Stock Safety Regulations and Application to Collision
Evaluation of the Korean High-speed EMU, pp. 334-336

[24] A NFH, “HEAF A7 F B AHY, A FHIA, A2007-278%E

[25] ENI15227, “Railway application - Crashworthiness requrements for railway vehicle
bodies”

[26] AAPH, “2E - #HYLY QAHEFA o 2o #AF AT, =AY, Vol 13, No. 5,
ppl6-25, 2010

[27] 9, o193, HXf, AvAE, "=olo] A=A B4, 333 tFELTI] A7
st 3] CIVIL EXPO 2007, pp.985-988, 2007

(28] o], o34, "HEAZF Fd T3 FPIAAL B, dxL3F5FE3], Vol
18, No. 12, pp.1301~1309, 2008

[29] AW, “TYEF GH)ES o] &3 SFo o3} FEAF G 9F A+
AAE S =w, A=dstrledi g, 2013

[30] Deng Yongquan, Xiao Xinbiao, Eeffect of Cross-Wind on High-Speed Vehicle
Dynamic Derailment”, Logistics, Vol. 5, pp.2287-2293, 2009

[31] Masagaru Kunieda, “Theoretical Study on the Mecahnics of Overturn of Railway
Rolling Stock”, RTRI Railway Technical Research Report, No. 793, pp.177-186, 1972

[32] HAIY, 784, 93], "HEAF F=o 9 BIE GAAF dF5 A% @
&5 o254 ML, dgH =3I =3, Vol.l4, No. 3, pp.203-210, 2011

[33] C.R.Paetsch, A.B.Perlman, and D.Y.Jeong, “Dynamic Simulation of Train Derailments”,
Proceedings of IMECE 2006-14607, pp. 105-114, 2006

[34] JS. Koo, H.J. Cho, “A method to predict the derailment of rolling stock due to
collision using a theoretical wheelset derailment model”, Multibody System Dynamics,
Vol. 27, No. 4, pp.403-422, 2012

[35] M. Busquet, H. Chollet, L. Baillet, C. Dagorn, J. B. Ayasse, and Y. Berthier, “From
Railway Dynamics to Wheel/Rail Contact Mechanics, an Approach for the Modelling of
the Wheel/Rail Contact : Elasto- plastic Response of the Railhead”, Proc. IMechE,
Vol. 220. Part. F, 2006

[36] Ls-dyna keyword user’s manual, Version 971, 2007

[37] AAY, 78A, "84 mdS ol &3 I BHieE A AT, FxAFAEst
3] FEFE st<=di3], pp.1907-1908, 2010

- 148 -



247,000

Tl =
~
44 —~
s %
! -
= [aN]
R % -
< %0 3 mm ™ =)
Bl - — 5 W
o NI - .
O = S
o 20 :
T ~ | ©
IH S
oF o !
il :m .
<0 - B. =
4l E K
Bill _ .
31 a [ m_*. S
< K oo -
T 3l < s @ R <
8. H E % __qu o N
Rl < o n g 8
K ol = W .
Xl i oo =R &
— — T
E._O __A_.D ol < K _..E
El =N — I+
~— Bl Bl
i z O Mrﬂ R0
r m{l X Al
el = ~ -
- 5 o W
i 0 N ° &) ~
R N Tl > =
o1 7 Iy - H = - B
~ . 8l 5l (i N 5}
< ] = =N 10 ol I 2
K- K- = RECE

et @ AR A 2l A1l

2yl

H19Z= 1

TEIFA TN LA 2

o Zo| MEgct

ol
[

I

29 ¢

09 ¢

2016 4

T H N

T3 | X}

Bl
e
K-

s A

=1

st 1

Mentsty s

H 7|8

Al
Kk

edeen

ol

P
Jor

]

<]

—
110

ofl

0j0

T ENEDSIE

- 149 -



1T 2| AFSHMM (SR E)

SEAE | wZoA | ABIY B Y
192,253 192,253 192,253 0
24,000 36,940 36,940 +12,940
93,820 80,880 80,880 -12,940
22,623 23,726.6 23,726.6 | +1,103.6
14,256 13,675.35 | 13,675.35 | -580.65
21,932 21,409.05 | 21,409.05 | -522.95
15,622 15,622 15,622 0
54,747 54,747 54,747 -

- 150 -




i | < — | T3
FEAFRI| B AMZHIIL|HAM
1. 2t 8%
T T
g IS | 15CTAP-C066444-02
At 7= ZETEI| 5T ATAL
oA 2of A T Rpek =)
, o P
At FENET|SEHATAY Fp
EtM/ESE S8AILD dXte| &4 BEMES st
E~in 18y [y ¢ X ajod 1z ol X XA
Tu_J‘l' _” AP_T'_XH?_:’ 7|§7HHEF Tn_l"n_:r"—i'll:l |' :I'Lo -I
EtM/EE =8AIT xRl AR BME 2 L _
MIE | od Iy =34 =
e TR 7S oA 78 7|
AT 2 Mentsty| oy stm Arstp et of 3 | A} TEAM
o1 X} oA et| 7t HEEAZ JIgREEE HE 2 2z Al
i 2014-07-11
o 7|zt 1A X ~2015-07-10 99,000 = - 99,000
Aol | '
= X 2015-07-11
(H2) 2%t £ e 071D 148,000 - - 148,000
2014-07-11
74 s -
| SO0 247 .000 247,000
o7 =
Abry = - o NmE AT -
2. Hoiad: 20164 08 01
3. XK AT R}):
oty %/ 2| Ny
Menst| &gt '
= 1
B e 2 st B T YA
4, GIIKH( AT X)) Eol:
2ole Hot &t TiMlof chsh A7k Tlof CHSto] 24 2hA Jlesidlon], S "Il SE &ekst
of, o] At27} M2} & MEZ|2 It Aol 7| XAEER %OEI £ HigfHCt

- 151 -

o
=




ATAT A3

I.

no
I

ol

= Jl=ig

7}
1)

10

JU

)]
il

AL THEE Al=dl0

ZX

= HR0A=

ol

<

il
Ul

OF

ol

A
J

s}
d
I

o
i00
30

Kl

uy

a
ol

ok

rry

n0
[
B

1o
1)

KIr

20

oll

’

At

Kl

oD
Kio
H
el

0

Ju
9]

pom

<

-

oll
nJ
K

r
I9)

SHotE EAH D= N

ol &= &

X

ok

<+

loF
_Iw_

A=l 01 &0l

AMIDTHE

oI

-

0

w0

my
<
=
ak
)
<
od

ol
ar
HO

x
mil
Ki0

-

nl
U

ol
(w5

o]

LA
%

Xl

Ol& 2

I & AlEdlolE JI=0IH,

| J==2

e

Ao EX AMDMESI =2 M

=
[—

ol

[=Z]
=

t

= X

PX A DIsd22AN, = 312

gy

ol
=

-
-

v

=gl

0

<
g

0l
Ul

&)

Bl
__o“_

no
I

o[

0l
Rr
nr
Rr

101

n0
K

00

J)

Ju

TJ
M

HoF JItHE

=
of
Mo
=

P

CH X ot=

o
Ll

ur
Hr

ok

AFAL ZE A

N
O~

|0l HIS3t DAL

# 3

£ AL E AL

2EWS

i
W,.II_
Rl
reY
M

00
il

<+
I

Ok

- 152 -



no
I

o[

-
1o

=

uy

(u]

ol

_|u_
o3
<+
ioll
%0
i
oF
70

—_

00
0

<+

a

n0
K

=<
KIr

ok
E!

ok

i00

I[N
=
0

ey
il

0
o3

&

o
oo
ol

LA
=
Ll

1

&

ioll
X0

ol
A0
=

=
=

BH 22 Al=dold

oD

zl

wil

(0
0

T

)

-

</

oF

00

ol
A<
ioll

040
il

9]

s
—

Sotd 1 OILHOoll

=
N

B
HH

0l

Kb
<

—_

ol
K]

ol

<+

o
1o

O
oll

—_

=)
KH

od

-

100

K0
OF

z=clJt OH

N

T2

i0J

o

YOOZ At

ar
L

KIt

10

i

==
1o

Gl

IS
o

o
~s

LH

0

ol
50

e

ol

T

(o}

o
I

o[

ol
Ul
Hio
Jij 3

LHO

pug

A
K’

S|
a

KK

ol
RO
oll

Kk

o0
X0
on

i

)
H

00

_J
Kk

il

ol
ol
oF
=

0

o0

00

o0

o
1o

HA

10
RO
Rr

iy

&l
E!

I7s)
X0
ol
Uk
n)
i
=
X0

[

K]
0o

9]

HXH, Scopus 1# HIH, Scopus 13 HHOWA, KCI 18 HIHE

o

== 2

fa §
=

- SCI

S2e= Z=MWEHE(KCI 24 — Scopus 2H)&t.

MNA
(el |

RO
~
I
30
ot
o
Ll

Kd
00

ol
Rr
no
RO

- 153 -



EEH A7 e XNHafd, HES JHF 5)
(o}F 2%, 2% 25, 0§, 23)
s ARAL Of5 57| Abs
e =2/E5 Y/ o5 == TEH =2 MY (B AM (SC
== 7|et T X% /s ss2 == ol
S5 AL B S
Theoretical
cross—wind
speed against
rail vehicle J | of
derailment ournal o
considering Mechanical
== the ) 0.838 2016. 08 Eh= ARAL SCIE
Cross—running Science and
wind of train
and the technology
dynamic
wheel-rail
effects
A Lightweight
Design
Approach for Journal of
an EMU Mechanical
=g | carbody Using 0.838 | 2016. 02 | THS AfAL SCIE
N a Material Science and| ' -
Selection
Method and technology
Size
Optimization
EAEERE
MEE 12 512
EM B35
== %’%é—#ﬁz& 71 A7tS 0.198 2016. 04 Eh= ARAL KCI
ol o|x|= s3]
Adek o
A Study on
Prediction of 5016. 06
o Overriding for .
= =
gy a Leading KSME 0.25 ol M= = ARAL L SCOPUS
Vehicle in
Train Collision
A Study on
Prediction of
Lateral and 2016. 02 &
o Yawing ey =
=2 k= =
=T Behaviors for a KSME 0.25 (_I_Z(D_I_K}HIH Th= ARAL | SCOPUS
Leading AMALE)
Vehicle in
Train Collision
Evaluation of
Failure
== | Strength on
aro | Composite—alu ISGMA 2015. 06 | Eh= AAL
=3 minum
Single-lap
Joints
A Study on
o Prediction St=2 & T SH3|
T Theory of StAHlTrl S =
gtg | Overriding for —.gE;LEHzl 2016. 05 | EH5 AL
a Leading =27
Vehicle

- 154 -



II.

T4 o o W M < R Ho K K r=) o LGN ol m_“_.m___ TN il mﬂ 3 M _,._, 0 M1 780
- . @< 2 o — TERl o o oF 20 _ K S I L S I
SHT opw wodaw D WO H T HRmm g Cma Mp@m B ° 3
K 1o = ol Tl 2 T W 5o T oalsr 0 wom om0 WA ok T K
0f ol ng . &= ] S o s W= = WNT TR =1
—omn o XX < T <H < e R e E =i Ty Kd
ol mi ¥ i Ko | To . — = I ou RO o K o) ol H o g =2 o Umm L KF o =
2 o T wi! © K © = Tl il b 1o m 4 et o S
P [P |5l 3 o W o L w W m R - S DI
N o) = Ho <F ol = oF = = 1ol W ® =K B ﬂuﬁm%o 20 K 3 s
= i |_.A|O ™ __o_l _.=._o oF __A_._._ _ ) _._._._ |__|_ < = o _ll_ < o TV T = Ir
B ol=ro  EKom N TE W W T, WX T AT o W X
S __%E_m__ko_o_:_ I oW o __%E_mpﬁ m _i;I_Au_.ﬁWE_r_ AT Ew_i___o
O O _ [ o X i 6 o S I O B Y M - OlF X H oF . 9=
K Al ol N % ok = ~ H z0 Z! ~ I_,.A0| K mv“_m_u_._ __m__._ <0 T NEEERES _ 1 e ﬁvu._ =] M.A:._ M.__h_ o i %0 i < H_VH._ ol __m__._
MagpaouX % 7 © _m @i W UEK T w TN R ETEE . W S Ry
oMo W ouw M T EH W R D s oW M iR 0 GT H %0
Mgl R HEg RIprouko Wopo TMHE T3 AR K IPHIKoWTS X MA W= 0oF=< Maumzm < op<dl
| | | | | | | | | | | | |
|__L||_ —~ o o o o o o o o o o o o o o
W=l 2 = = = = = = = = = = 2 22
i
o — S
<l oF o ol | ofl
- - E} il = ERERE]
- all il 0 il < |
il H iy s < o = i TR
~ @™ @ o _ - Al il gl < =3 - oo o
] = —

M| ™ H - L K 5 H H _— = K >l i | =
Gl SR S o ol < E o =3 LI
o < b2 il _ _ K ~ o =0 ol & ., 3 I R | K

o|~ EE EE - ol ol — _l_.AI O._ H_NH _ __o._ 70 o .
oz — ™ | own R @ 4 Al 2 3 T R0 7 R
B o ™ K R0 o4 01 LH S o — <L 70 = ok < | <]l

s S A_l o _ll_ _ll_ -1 La.o w K ﬂuu S e o -
i < . . n L b s = _ _ Kr oF oF < Tod Tod
Ealin ICIRNC o v u | K ol ol ol = o+ - a T T
< hrid il i N N 111 3 vy S I o

Bl K K K ~ ~ - oK - o o <0 K T |z

2l = = F K 3l Rl - LY A 212

I w0 o = ! T o mw |
KoK 0 = 0 < L

b il U E

K < L Al

- 155 -




180

LHOIA Ol O

i

oJ

H0

F

Ju

)
il

0

Rr
Al

=
1o

a

w0
K
H
&l

Ny
1)
B

J
o3
&

ioll
)

ol
(H0

loF
E

_uu_
I1e)
0D

NE=1=11Y

o)

2Ll

ol
3r

1
%
vl

-

]

o]

—_

oJ

n0
>

Ok

—_

0J

o)

Al

LH KTX

ol

oF)

=

X0
Il

A

LA

I

o]

IH

i

o)

Ct

T Ol A

)

nJ

- 2XFE

)

=X AT 224,

I

-/

X =HE

al

) 324 A

f—
=

"I Al e

0F o0

2.

0l

of Mechanical Science & Technology).

63

F= X0 142 I

S
=

- &M Scopus =Hl

i
ol

=X0 124 A

L

ol

rir
Mo

LA

- &M KCI

- 156 -

X

=Xl AXH 1240l

F

o
—/

- Scopus =Ml



&

3]s

)

1H& OILHOll

ot

A

o
[==]

teFE M et =

K

B

A dtE 2ot KIX A

230

S AFDZALR

el

I+
1o
=

o0

MHr
iy
e}
00
]

ar
&r

RO

<J

Ok
il
o

=

V. BSt4 AE (x =

ol
K

o)
KO
ur

Z2AHHES SIHotX

Al

off & & Al Ol

NE=1=11Y

A THS

AT | & Xido] HE Z1f

2.

o]
K]

o)
KO
ur

A EHUES SIHGHA

=2 ol S M

o al
— =

Al=Zdlold

ADTHE

off

AtEet OIoIE0IEZ

- 157 -



4wl *
TR % < r
K m ”Ila o o o C E._
rSUR &} _ =} ST © Kio
o G+ 2 = S 2 2 c
o o = 3 2 % 3 0
> H 3 =0 = ol
ol %) E > R P
o % * g T
W S & Gl < 1H ‘
w8 3 2 SR =
W - i g e
-~ ~N | ].=X 80< g
REREL IR LI e T . Az d
z W oN o ® oo = | o . R —
& 7R A0S TR YE e¥o
H 3 L Rl | & moRo3S ™ .
2 = | M LS s &)
&) = | | ” ol | I
2c a _ﬂ T o+ o o0 w1 9
|-______ =g , ” 1 T ofll Py D "
o = T o @ [l , NG %0
o || 3 - 58 N w | T A
=g X < 8 T R 5 %0 TS o
™ , Pl r & 8 K < =
<0 8l 1010¢J,:|”_nww%w ” Ww S K ot A Uy [ r/:
zll e tas | E 5 R g ok |3 T
I Kr S 5 3 2 88 ) Y o o T | @ 8.
= i | | w S S 8 = e o | i
S = ] | g %05 | © T N R b =
:l o 0 o] <0 |- Ql | H = i
e E v ” hi , m . W 7l M O —| X
© T R | _ o~ = O
1 , | | K oy 21 H
i H m,% 1 o T O .ﬂ_., o =1 o B
| RS- A - 2- 9 L & xnw XS i
2l 0 ._m_ Sllm T T T | Hm_ ol F 0 % o0 b
5 D 3 = W ~isisw NN S| R "
31 31 X R~ ? > S @ R 20 o o |fml a2 E K0
Gl AN T+ & o4 o © oo || o T o Gl
< X Ik & = 5 v £ 7 oF WY EK T ~ il o
_o_| o] o o o == (] < RO O—-
LS = Q &g « oE D o | _ N0 "
= " A i || X o TR 0
E) < o ~ 3
Tl w T8 Kl
ol Ih " N o o % W B <
E _.T H__..._ WA oK = 3 Mv.__l | Tojll m“_.. o —
= G o 3§ 5 M o W g N
il ol < Kk R o= X 31 H ¥ 0 . Al o7 .u_w._|.,
] = | - ™~ . ol = 2 ol U o < i
D 5 o N o %0 oo AN M|
© g &Y <) R s | ol aT B F 10
Kl = 4:1| I | T =
X0 ¢} N oW Tl
T = uH
fir "

- 158 -




. . =S| N E L SCl o &
5 =2y staxly | -3 g | 23 H 7 2
&% X = sz (soymiscy e
Theoretical
cross—wind J | of
speed against rail ournal o
vehicle derailment Mechanical )
considering the _ ZyE = gHal SCIE
cross—running wind | Science and
of train and the
dynamic technology
wheel-rail effects
A Lightweight Design
Approach for an Journal of
EMU Mechanical -
carbody Using a _ =¥ stal SCIE
Material Selection | Science and
Method and Size
Optimization technology
A Study on the The Korean
Effect of Changes in Society of
Chevron Rubber ociety o i
Characteristics on |Manufacturing| gH=r# KCI
the Vibrational Ride
Comfort Level of a Prgcess
Subway Vehicle Engineers
A Study on The Korean
Prediction of Society of )
4 Overriding for a y. UHER Chstol=s| KSME | SCOPUS | 2016.08
Leading Vehicle in | Mechanical
Train Collision Engineers
O 3l ¥ ZH s=3ze W&
HS 3|o| H& g PN SHE A pS =Y
International Symposium on
1 Green Manufacturing and =y 2015. 06 Zct ==
Applications
A Study on Prediction Theory of Jl=o 54 = st
2 Overriding for a Leading Vehicle =T 2016. 05 =T eh=
07l 2 32
ol 7ley 29t U8 7le s S5 s gg oz
Tl o|gd o A9 FHH AMRE MYl
FHo{7|& 2 && 38 [d, otH 2]
58 WA[HSEY|] 1) Y 2) UM 52t 3) JSKE 4) SEAT 5) HAFA 6) et
O EIAM g2
AE BaM & 1l 3=1] S8 WS
2015 =72 HA 78 10
2016 &5 H1M 8g 10¢

- 159 -



ol
—

mr

ol
of

R0
oy
=]

ofl

ofu
£
ol

ey
=]

__O._
Tl

Ko
b

O RIAIR A (

mo | su

=E

R~
8’
o ™
N

ol

7|Et

FXt

BHEUE

S HA

—
4

ok
S

Ha

__O._
Tl

dol, M 5)

LEE

O MZ=HA(

7l0i&

SRR

T
=)

Tl
Kr

—_

__0._
ol

O 7= Xd

__0._

&l

235 7|2t

ofl

|

oll
ofl

K0
oy
=)

__O._
&l

Klo
ol

b

ok

<

=7t

ulr

ol

Klo
od

0fo

Klo
ol

ol
3l

Klo
ol

by

Klo
od

@

Klo
od

o
I
Klo
ol

__0._
Il

1o}
Kk
H

=7t

=t

ar

& (x

A du

3.

=t
x|

H

NPT

It
=

O Al

—_

~
of
4

o
31

o
IH
00

4
K0

K
m

A HAHY

ol
Kl

!

EA/H

__0._

- 160 -



——
o

[\)
X0

ro

.I

At}

__OH_

< A

U

7|E} £x}

M| 27}

&l
o W0

w OF

AL

2

O Zl& 72 (ol™) &S

__O._
Tl

O At

__20

O Ald=t #

SRy

Il
0

<d

A

0.

td

3

At

x|

EY

29|

o

<x |

O:

T =T

m_na i
oo
3l m
D0
ol O

m]

0 of
=

KO

of0
E

A

o000d  OO00H

I
o0
K0
<l

oo00H

O000H | OOOOH

ar
Kl
oo

2

At

P

A A

iy

of
31

__O._
Tl

7ol

oo0o0Hd

oA

2}

2

At

O &H8d o= &1

|
=
ol

E

& Sch

T 3U

CH =

i

LH

o

]

110

——
1o

7|th

& (Zl&x )

ol
<l

ofl

ol

4

71zt

__0._
Il

- 161 -




| Mz}

4. Atz

ol

o
Eal

HE /N

4

e £

70
K

10

——
[

o

I

o
ol

) (ME/7HE)

olf

IH

?.
E/Al

HE (4

0fo

0f0
ol
®
KO

=2
S

E

X

g

(e}

0fo
ol

@

E2)

ot it
=]

|
=

(

d

(Al 2t/zHEY)

__0._
Tl

O dA Z[&/dGM(AMEM)/XIE/ehlAof Hhd

80

od

MA ZIE/-LEAM/

s

e EVE

=]
e

?.

(AF/70M)

=
S

i

__I.L

(HA 2|1&/-HHEM/

/2hli A )

%%

__0._

) ol
~ ol =
olr Iy
i E] 8l
0
o Ko
| NI
o) (o]
ofr 7
i El
0 ®
i My
w U "
=l <+ oy
© OFr 3
: R
0
w ~
™N o_u_u
3 El
/| or
@ —_
ol Aﬁ o -
3 = B
z W %
r M ofl
z0 | M o
H = H —
Bl © ° ._.Wu
TR LI =
ik ol | B0 2R
(o]
N il ol | k-
% M = [ ol
1S ~ “__._ - =
If I 8| &
__0._ - < __O._ __O._
T ERE! ERE

3t o

O =H

K ol
<<k
o 3~
of0 %@%
= g
H m,m
8l —
2. O
o0 -
T RO
ar
ofl —
Ho T "
pal Ko
3
o
oF ~
ol
ﬂ .
L
of 1
. T
™
L) .
4 B
=K
|
~ ur
Tl
(Y
e
wE |
% o or
0 —_—
oF W=
N
__O._ __O._
g O Tl

__o_o

ol

_s__o

e

of &

_s__o

__O._
Il

- 162 -



7l

L

I+

ol
H

ik
kio

__O._
Tl

- 163 -



AMEZG0o|MHE

o

[}

NN

E
ol

{Hl

ol
=
OH

el
KK

I+
[H0

E

ir

oF
0[0
Kl
{H

ol
=
140
E

L



M 1T, AP B A 164
T B RE TR AL e 164
9. B{E Gl Tl HO| s b s s 168
H 2Z&F, AFDRIE A|BE| O] v 172
1. AI%E“OMj E%Eél ............................................................................................... 172
2. A BHO|M AT e 177
A 3F, Il BA Gl HHEOE 189
T, I GHER] A e 189
o) [m]



H 1% Al &AM

A 14, A XA

1. A=AE7]

AN AzEgde BAA BEEE  “A02% (A LEAD7E 06:027F B
E AJAE & L

DA AE ZFAFEA

WA Aol AT8625(06:267)% Tk @Abo] Lhehvkth
= ENE wT 06:307% %vgﬂixﬂow?ji QAN ANA AT Ex,

td
£
o
ol
Lol
as)
2
>
fu
_l

4

A7t AL w Af@ol Yertrh DAk AUzt F ARSI 35
EPVRE: o] w

¥ He Ae
A ZHO1:18~04:24)0 AAH A Aol E wA 2ty Mie} #H

o]

tlo o

o
A

07:057 HJAAE A2 dL FHASAAAG L AR GoA A “AHEA 7}

<19 1.1.1.1> A04585 A =2X%7] PB N E2FAIE AW AH

- 166 -



258 4327 421 & AA @k,

- AR BANEY s
: & 5 glol BHAAY] Al EER Y A

AAAA 7] 67) F AT Ao
EE NN

b e

o

- PB AEEA 2] ANol 9oz WAY TAH Wgs me A, HAA And

o ARE AZAMGA AN o2 FHNAES W YA/ BAFHNZO
2 AZFQ o #AME S BASHAE [EY9X] 7} Yehg &2 F40] HA &
i, TAl I2E AYRAZEEo 7 TAAAL o] FTAFHE= [HA] o2 1}
YA E (78 111209 o] Az Ao ZAERLE ule(LAI)R, IBARE
QR ZZ Y X3 v A E =,

ot I

2. A% FY343}
- Andgxt= 116 km/h £52 FH A A2 = AFUAE7)9 90 km/h A TEAVF &
Z5 o] 7| A= AEAES FHFE 90 km/h7bA] ZH&53tEA Elg o2 23,

- A04585 dE2HZY] ZJAERE 86 km/h £52 T3 T AV dug AL D)

= bl
WEFo 2 AYshA &ar, (A3 BFez 9.

- A0458% ME2HRY] AB=AYFE ¢ 82 km/h £522 T3 F HAHARAZFY $SAES
e AAE dop AdA el VR de wEt AS ¥,

- 167 -



5105714 67] Aol HEARYS BAFUA THHE B, 145 FFe] A%
92 37hE w2dY HHO R stel =AU vt ALHYT 5B AR
A7k B W A,

el Augons AdEe ANY + Y Yol gadel 55AE EFE
WA 6] AkH o olg

55z ARzt Ve azy g4 NFgEs <29 1.1.2.209 2.

T1 ZEjoll A 23%3t B Fdsturt Bk

A AL B 3 date] AF B dHbAQl Al A8 8% E= <Od 112303 Z
o
.

;."7.";:7.).‘;5— e e e " . ' = “ = ¥
=& E X
Ly [mrEea] | . Az sE)
,—:._:.'- =l 5 - e B = = s (B
Ft'j(' - — —u - = e =

g o

—_— - .' s ‘77_-'— "
FEEym JiEdl | e
I BAFWSZ ¥ JCAIY UK S Hay I
= (crossing part) & €172 + X MQIAID B 2 - #I1DI(crossing part) B & 20| -
(R& 519 228 —_—mm—— BazE I
A HO0l =X ELXEFELES
EHem wa AS L =aaa |

(e &2 Wy Am)

FEE Fo REn

— WA — WL AT WIS IS4 A0 IS IR vt ——e U1 H A0 L XN WA, A% EISE W02

<19 11210 A% 4% 259 7t5a24 B3 s

| zau ncay

- BN — FYRY L VR HEYRY ASAE v - WEEHY L ZYF UV, AL ORE BEU)

<™ 112.2> 53 ARdiate] 7heazsd 24 HeE=

- 168 -



iC
i

=

-]

re

r=
0z
ﬁ]

A

>,

/ FOAS3 P08
Rasa 7 — At D@
T “ ox S
C Jifed ) o RSt
RIgEH A
<19 1.1.2.3> A3 LR 2%
3. AB/H LY BHANA F #AA
- AFRLEAE ThEa R B3 A #ASAETS =2dd P FE 9% Y 8l
of o3 &gko] MtEUdE HFo 2 BoFTE JO= 28
- AEe) %A AR sle] sled o] FLY TN ATA Ealw A
A Al
- AE/EYE AEEe NEFoE 4% a8 <OF 113 D% 2

15 = (Fe)

g ) g A =zl v (Fn)

AAste] FHEa =g

AlZtelE AlFos AAHoOR

AEnraE ) xlek il He] HE S

= AEl (Fw Fe)

)

AFH o]

M
il

N = ) 7}
l=ed e HESHH
283} =

13 g el

g dFel
ANPem 7t=dY

Me = 19§

2
lo & o
|0

b
|

W |

(Fg

g o]
282 ol

&elely

]2

F el sk
o] Al

ed el

=419 9
El 31 o

-
L

— 3 HJel= 3 HE 4] (Fw = Fe)
e Zledde]l duxle] #9355 AHo] MWW

b

o
o @HE Ao

i

- 9 7)) =W (Fw) - U] 44 Fl=ld yhEl(Fg)

¥ 113D 7HEass F3 F 2AsE 48/HY 28

MA=

- 169 -



PCI T1 T2 T3 T4 T5 T6 T/ T8 PC2

{1

o

1.2.1.1> At gEAte] 4

1 QWA (T4 ~ TN
- aF 1210004 TARE T7 AR E dwAs 97 248 saA dRe %
Aoz e <% 1212 ~ <1 121559 o] @5 Hepds g3} 283 sié

<Y 1.2.1.3> T5 25 9@y Bed 9 gz 2By gk

- 170 -



<18 1.2.14> T6 % 93 Beldl 9@ that 2EW g

<1¥ 1215 T7 %% 9% Bl 2@ g3 2E5 s&

2. 9742 (T8)

- gt gAe A At FHoR Qs 1Y 122108 o] 93 Hezle] 3

P

3] FaPoz 9l Eax}(PCZ)Q} —’F o] <19 1.2.2.2>9} z+o] End Frame

<19 1.22.1> T8 A= Hy Bzl 9 iz 2By uk&

- 171 -



<19 1.22.3> T8 #=F B& 9&

3. 583 (PC2)
- HAANZARQ FHoZ 25 FEHAANTYLE FEole] <19 1.2.3.1>3 o] End Frame
g3, <9 1.2.3.2>¢F o] Under Frame 3}<=.

- <9 1.23.3>3 o] Z+F

z
K
=)
rpx

- 172 -



<1¥ 1.2.3.1> PC2 A% End Frame 3}

<I¥ 1.23.3> PC2 A& FF 1<

- 173 -



H 2F. Anxs AlEE oM

A 1. AlEH A 2

1 8-99 Ao~ EY

- "eAEe A5 Fe] 23750 RedE BPein @3 9Ye] B wAY
zo B3 A oR NA °W TH HE

- AmAwe) 2xd -39 AH

2.1.1.259} o] W3 #Ye] welo

- Z-dd Al 2E e AlEdeld RdY 9 sjHo FPI Azto] a4,

<1¥ 211D 7FEH=E =4

<1d 2112 7FEH5e 9 84 24

- 174 -



- BEE Y Y AR BEF
o #-94 HHo| 2T A

1=l
=

<18 2.1.1.3> -#¢Y e o]0 ek ~xZy 2

Lateral force of Spring rail = —FH
<I¥ 2114 Baes x4 HAH HY

WA Al o] 83le] o] 3 kol o) 3

- ‘?’]9] H&]ﬂ—g—i 75];5-1] ﬁéﬁé] [efigte]
R cosa+psina)

%72 seHos B

- 9)e) g olgalel AU A8 HEY
AE Yehid <a9 2.1.1.5>% &

=
S
=

171 98l <29 2.1.1.3>, <O¥ 2.1.1.4>%} o] T3

o

]_

- 175 -



600

500

400

300 L\

200 \
3 . : r . .

10 20 30 40 50 60
Lateral Displacement [mm]

Lateral Force [kN]

<IE 2115 = W W] ot 29

Eirirt

y il

6 =60°

A wd

<E 211D BE HZE 276 B3 0|24 Az} vm

TEAE md S o]83 | 23 HE mdE o] 83t
gXHol|& Edol &
2743 101.1 ms 105.9
Climb-up
X635 Roll-over-L
Roll-over-C
sl A A1 ZE 1500 min 52 min

- 176 -



=
- B9 YA

7} Lot A0458 %

A

AZ2HA%r] B

o] A=

wee,

il

V71718 <9 212D, <F 2.1.2.1>% o] &3t mdld.

IS o] 83 mule <Oy 2122037 2L

2R @ FYE: H
CHO3SING END
SWITCH LEAD(1) LEAD(2) CROSSING B ART
. |
o O ]
<18 2121 31&87)7] B9A
<F 212D u&32717] A
CROSSI
LEAD | LEAD CROSSING
27171 [SWITCH NG
7 £ PART | PART END H] a1
A4 | PART PART
(D ) PART(1)
D
ZAol(M) | 68.122 | 25.740 | 26.862 15.520 11.034 -
Bl - 2.600 | 2.800 3.800 4.400 -
ZM)
F185 B2 - 2.800 | 3.800 4.400 5.000 -
ZZFton 86.7 24.5 27.3 22.0 - 71 ebA] 2:12.9

a9 21.22> 1&E77] €

- 177 -



3. Azt =mdg

ol

- <a¥ 213D 2

2dz .

14 2 dapA 4

Sk

e HAEA

H

- A 2aE

ahel 213,

2.1.3.2> g

<19

<19 2.1.3.1> vl

- 178 -



A 24, AEdNA AF

1 ATAF GHAT
4l 3 22113 23, AEHIAS 53
e ABE <18 22109 8 (339 QU BN Yoid fa2 Ao
Azlo] §lof <192.2.1.1>% 2 B¥FUE, A4 Asnc
93 Hgsol TAH] L)

ox g 2

m\l
ré.i
__)&I
2
r o
=
ok
1 o

- 53], T8(EdA4xh3 PC2FH 2= MF=rt Gt dolsty Zigzaggingol 2|3
Z &40l NS Aer AFHARN AA AnAFAME F oA SxAolz F
Eoll o7 &N A (AA AndRNA 2" AEE UEl] A7 B (o]

5 o] Fo|A A ¢Fot &G eHAFTE &7 oIH )

- Byel BA/FE BPATe) 49 AT F 7 Age) gaE wWel/slA sk AnAdo
e A N
Aol A% 2 g Re2 Pl

- <Y 221.2>9 AM3 28 <a9Y 2213 ~ <28 221.7074 L.

Y9 &« daHuuE FHE=
: il R |

1
o 2 3 4 5
¢ z 1 :
PC1 Tl T2 T3 T4
T5 617 T8 PC2

<9 2212 ANEHolAS T3 389 g4 A

<19 2.2.1.3> T3-T4 A A%

- 179 -



<9 2.21.4> T5-T6 A As

<9 2.2.1.5> T6-T7 A A&

<9 2.21.6> T7-T8 Al A&

<a¥ 2.2.1.7> T8-PC2 A A&

- 180 -



2. AuAF 459 AF
7t QAR T4 A
- 2o E tiate] HIAAGAR A AH FA o Uiz ~EFH9} g@s He
A, T E&F <
- <a¥ 22240904 YeRA T-Slot 9ol Hol-&2 232 [MPalz2 Aze] FEA=
215 [MPalE& dol 24w go] dAste] AA &4 FAL

- <9 222504 tixt 2EFH YAYHE Hf o] A5 AFAFE 260 [MPalE
dol v 8 FARolA adudo] walste] AA £47 fAL

<9 22220 T4 A5 24 As (A& A

- 181 -



<19 2.223> T4 AF &4 B9 KEHIA)

<19 2.224> (A) T4 == B2 (Von Mises stress)
%

(B) T4 =}

2

<9 2225 (A) T4
(B) T4




- gdow oAl MARA AT Pne] FA o o)A ~EHe} WH e

- <Y 2229004 LR T-Slot $9lo14 Hrlse Azel ARRE 260 [MPalE
dol sk B FuRelA agwudo] BAste A £ fAL

<9 22270 T5 A= 24 As (A& elA)

- 183 -



<19 2.2.2.8> T5 A &4 B9 (A EHol4)

<9 2229 (A T5
B T5

o Ak T6 2}

- wyow Yate] ugRAe A @wel FA¢ o) ux ~Eve @y He
AT & 9

- <% 2.2212>004 Ve T-Slot ¢lolA Au$Y 240 [MPalo2 Ago] P27
= 215 [MPalE ol aAwdo] WAste] AA &3k 4L

= dol e g F

- K% 22213004 that 2EH HAdE Ho) o] A5 AdAA=E 260 [MPal
3 2 ol 2ol Waste AR £43 FAL

- 184 -



<18 22212> (A T6 25 Ay B 45 38 £ (Von Mises stress)
B) T6 =& @3 Bzl &35 d7HY

- 185 -



<19 22213> (A) T6 g iz} ~2Ex &4 S8 B3 (Von Mises stress)
(B) T6 2 =z ~2ED =48 71y

- wyow Yate] HgRA A @uel FA¢ o) ux ~Eve @y He

- <9 222170904 YeERH T-Slot 9104 Ho S8o] A5 A= 260 [MPa]
2 Jo] ¢ @ FHPA AWM F o] dAsle] AA &4 FAL

=

- <ag 22218004t 2ES] wAE Ho) $o] Aze| ARAE 260 [MPal
= Jo] mhe 9 FuRolq a4wdo] BAste dA 43 fAL

=

<I¥ 2.2214> T7 2% @y Bl 9 iz 2EH dh&

- 186 -



o

7

.

<19 22215 T6 =7 & AF (AE#H A

Contour Plot

Stress(vonMises, Max)

Global Systemn

Advanced Average
2.2T1E-01
2.018E-01

S 1.786E-01

~ 1L514E-01
1.262E-01
1.008E-01
7.569E-02
5.046E-02
2.523E-02
0.000E+00

Max = 2 271E-01
Mode 25298278
Min = 0.000E+00
MNode 21919740

St voridses,
Gictal Sysiers
ASvinces Avirigh
2GTTE-DN
l 1BEE-O
1E1EDE
1 138580
115EDE
F2ER
SAREW
ASIEE
300
ATEDS
s = 2 077E-01

i = 0.000E <00
ot T3000196
Hode 25067728

<9 22217 (A) T7 25 9y Bkl A5 28 B2 (Von Mises stress)
B) T7 == @3 B2l &5 7438 Y




<18 2.2218> (A) T7 242 that ~EH &2 28 B¥x (Von Mises stress)
(B) T7 A2 2} 2EY &A4H 1N

i)

ot A2 T8 A7

- BRG] FPoz AF FYHIHPCAL FEste] <Y 222199 o] End
Frame 3}<=,

- End frameo|A] PCe} HEH R A5 JdAF= 260 [MPalS dol
2 3= gy,

o

)=
Fi2 o

End frame 9] o)A Eo|A AAH o] WAYZ o}, Zigraggingol

<1¥ 2.2.2.19> T8 =% End Frame 3}

- 188 -



1§ 2.2.2.20> (A) T8 A% End Frame 53 &3 (Von Mises stress)
(B) T8 =% End Frame &7+H ¥

nl, 8z} (PC2)
- HAHAAR] FPo =z Q3 FHAXNTYL F=st <28 2.2221>3 2] End
Frame 3}<=.

5t

- End frameol A H-<= 519 [MPale.&2 A9 FEAE 325 [MPalg dol A4
g HkAy,

- Roof frameol A Ho)<# 439 [MPale.& A8e9 ddEZAT 325 [MPals
3 Ay,

%
2
b~
oX,
g

- AhaL JRER=sl 2] Zigzaggingoll o7t A @] 2 WP }i%lE.

<19 2.2.2.21> PC2 A% End Frame 3¢

- 189 -



<198 2.2.2.22> (A) PC2 =% End Frame 23 &3 (Von Mises stress)
(B) PC2 =}=F End Frame <73

ofl

- 190 -



H 3% molfl =M

A 14, vsH A%

1 & 2 PTo) o3 &89 AA
-7 AlPenetrating Test)= Alga] Edo] AAT 2

A=
Zo] T2 A=< AEss YHY.

P i

(C)BNE 2% B! pyE|t
yR2E HFME|

(0=

Co)UmAE| \ . A
CAY@AIBIol ol8t ARzl
<19 3.1.1.1> AEEAHAF (Penetrating Test)

- T4 2] izt 2EH] Y T53EF2] T-slote) 4—@% toz HA 2l 7

- T4 =}eFe] T-slote 2493 0.064 [ /o] TGS SobAA o 2= 4
B7) e F7hH AW ZAAAE oledel dAste AL ALY

<% 311D T4 A= &4 19

?INE%I

Eerzgu g =

(e)piana|

T4 Z=FHL R A=}

T &%
ITHE
izt =&

- 191 -



<E 3.1.1.2> T5 #AF &4 79

TS5 A=H(L\E A2

g 0050 [ fe] @A3te] KFAAROZE YT Aeko] ofH] WF
W ZYHAE ol gatel WA .

WAl

<F 3.1.1.3> T6 =z &4 H9
T6 AFFH(LRE A=}

B

r

- 192 -



CE 3.1L14> T7 2 &4 29

T7 A=K AP
T &%
T
B |
|
- = 9jzro] AAWMFo] 0.069 [ /= A TAHAA
el T

E_/H }b]'
st End frameol| Al S E 9&ER9 =
AR End frameol] &AW
ot

T

sekow 400 8l 7bsd
Fol 0,031 [efe]2 A A5t
ol ol Eel 2112 AR =

SotA Ao 7
Al SAZAE o] &st AASE A&

E 393
| QF&}.
<E 3.1.1.5> T8 =& &4 B9
T8 2= (58 XD
End Frame
s g
dTHY




- 2o Aol 0.082 [ /o] HAER, F B SUoE AA &2l 753

- Roof frameol]l A4 Eo] 0.143 [e/e]lo2 T3 AAHEFH o] WAStY 8|oF 44
gl 7Hs g

- Side frameell &AW & o] 0.023 [efe] TSI St 2= A8 o] o7
2ol F7HAd A SAZAE o835t AAL

(F 3.1.1.6> PC2 e &4 129

PC2 AH(EE 2

End Frame
ERask:

Roof ¥ Side
Frame
3T

2. RTel 9J& &435-9 AAL
- WA E 7 AHRadiation inspection Test= XA e A4S AMES EAIA 23S

A=sheE WH.

- @A AR 9 wnE A S04 7P Aol w3 9 o851 e
AR B,

gyt e 4= a1 BFRFA LY 1-2%71A 2 & AgdS AEL 5 A2

- 194 -



- m A& #F<G@micro crack)e]yt @ =)y o] A (amination)® ¥v]<=

ek,

o
i)
i
ftlo
o

<I¥ 31.2.10 WA FARA AL

rlo

#2329 End frame3d} Roof frame W F-oA dojt HPLS SHHAA ofH 7] of
Fo RT¢ 22 yEHAE 2 ash

of B

| &g ol Az FHol 0.030 [ /e] AR 22 AAHEFo] TAYSTFHAATH
A= T4 ol A ZZ o] TAst= EA0] 7] wiEe] ZH ol o
3)

<F 3.

j=

’

1.2.1> T8 x}tF &4 29

T8 A#&(&H A=

End Frame

e

Contour Fiat

Min = 0.000E+00
Mode 481013

- 195 -



Roof Frame

Roof Frame

Contour Plat
Effective plastic sirain{Scalar value, Max)
Advancad Average
1.000E+00
I 1.000E-05
0.000E+00
Max = 6.261E-02

Node 481013

- 196 -



A 24, Ryt 2 F3 A

1 Quk AFTATT) Bt
- A9 AHTITNE FFHOE that 2E % Sole barel Al shé 2 F7AE B4,

- s F o AR Ee S F LAY & e A% 52 AL
- g e ARe <Y 32103 TS

- <FE 321D, <& 321259 2 WRow yERS Hg

- wgse A 7IE 4

ES =l - K ZAHQO)
RESEEERIPIEN x )
Eﬂtlf.’,?xfaf EJ,{HI 7/t_;_= I?_\';."g-”g]ﬂ o/ BEE Hoa HA
- Sole bar h (_ R o ~ ]
£ 3 o5 ofy 2t 8 | e mmasen |
M /HE: i 1
(AHH ZAHIG) ) l STFYR /2THIZ J

=]
vae |

N

- Sole bar 4229 &4
[=E589 & 7+ 2%
(B2 EZF/FH EH)

)
ol

7

>y
T slot 22|t
=dE HR

- Solebar {4 T 8T/ 3% - 8%

[Special Joint M# 3 AF]

oo
A

L

Hr
—
El

|0l AL

3

p

» 282
el Sole bar Z0IE
A £4E #S

<1 3211 Uk ARTATY) WE R gl Se we] "3

i)
i

A=

- Solebare] <= FHF-o uwlg} o] e A olE Caseldt Zo] tha ~E

o2 A FEsteE AS At

( —10
=2
rlr
wnn
(@)
@
o
o)
=~
il
e
2

2
o
ft

Abste] Case29} Z& &5

- 197 -



izt &y &

Case 1
(Sole bar ¥3& X)

Case 2
(Sole bar g 0O)

- Solebare] It FF-o] wiEl mhso] e Aol Caseldt o] T-slot &L 3=
= Ao Ao

- Solebare] u}£=o] QY= ZAFol+= SolebarE HEZ o7 Audsle] Case29l 7L &Fu]
F

¥ ZERAL Hedte sl Ag A

- 198 -



<3 3.2.1.2> T slot &4 #9 ¢

T slot 3}

Case 1
(Sole bar W& X)

Case 2
(Sole bar ¥& O)

J

-
‘- ..

FJWD -

AL Profile

v

:ll:i
%O 963

.
u....--‘

- 199 -



2. &9 ZAXNT8) Bt
58 KT8 Rear Endell A Frameo] zh<= 2 GFH 3 #a).

- et YrHPe] Yo met RE o =E A4 FUE 19,
- e F g AAE BEe Y F 2T S e A 58 A4k
- g el Aae (¥ 32207 2.

- (F 3221004 ¥AE End Frame A nAZ 3&529 BSG5 (F¢ 297 3HY
St W mE7kA] Qo] BE SFE|7) o g

- EER HAIE 2
(KI2+/8EF HA I|EA]
(PRI E ZAZIE F 8=

!

- 2yERg
B4/ SHEL UL

=R

_lfl_ -I'c'il'l

-RHWEMJeg$#{%H [_

1
izl

A 4

o BE ux A
=240 =7t

CEnhy g £

- Al ©E aA Y
HYH =7t
- xEg /= - A ZA QO
[_ SFE H|IH| ZA ]—)[ ;L';é'Ef 2Es g&{f%ﬁ-‘? Clhn]
A

<19 32210 &Y A2KT8) WE 3 d&HY s W da

1
\I

272 2HT8)= End frameol A T = 1 E wkay,

- Nales GFuE AEAZE e AAR FA o] U] Zo] A WAYSHA
v IRE e AL HA &) wjEo o] Q2 Frame?l Rear end frame AA S
nAStE wHoR St AE Ak

- 200 -



<& 3.2.2.1> Rear End Frame <4 %< g =4

=3 4 e ¥

Caontour Plot

Effective plastic strain(Scalar value, Max)

Advanced Average
1.000E+00
1.000E-05

- 0.000E+00

Max = 6.291E-02
Node 21205356
Min = 0.000E+00
Node 481013

Rear End Frame
s g g7y

Rear End Frame

A wA

I

e

3. FY2HPC2) B¢t

@ 2HPC2)E Side Frame$} End Frameoll Al m}s 2@ S WhAY,

A dFrE ASAR BSR AAIARE sHA= 2E QL 29
A Agoez UiF Ads A TAD + i, A&l w7] Wil e
= n4

sk AAE Biel £u F BAT £ s 2Y 52 A4

g e Hae <9 323D ZS.

{FE 3.2.3.1>0A4 #FAS Side Frame wA o2 &AM H G

H =

B

o2t 2

- 201 -



- G 3232004 e 193 o] SeAe] AAA WA wA.

b

2,
%
do

Side Frame
g 8 G

Side Frame
A

<E 3232 F9aF A4 F7HE A G

£ WY
E 2} 2HA]
%?%Ké oA

- 202 -



4. &% 59 B olF &g

7k AgHA
- 38 RHY Be g wA Ay A BT AFS FA%) A FAAAG §4
B9 Ay =9

o ts] AEFGHAAMDEY 2eaddAdAHUDE st 2
AHE AAske] ARy 5

L A% w3 A4
- AR Ak AAE e Akl dEow AgAe Ewolu ®w wE o
FNF A Fohle AAL

- AR WF ANE FARAL ABAE A%E R ARS FRIoH AY 2
o FRE HohhE WY

- AstE AEA gdoly 19 nuiE "o Aol EAst I F9o AV L4

7 AgA EHoE T, ofu A@AY ERd A4¥e ERW EAO
2 Feue A7 Felol Aol debiol Age 1, 27, ¥F @ WS F
2 A,

- AR S A AT bs® AT A8 5 la, AR R 9
oFst7] is) AR =S 9 Yol £AB slEol Basy, APAe EA U
=9 02 Pol EASE A¥Ve AE

i
248t

<19 3.24.1> AE &4 AHAA

oee

Q) =53 &7 AA

- 23 W A ARA R AFE AASHE EH P,

- ARAG HEAE AFSL FEANN 2298 FASE 2235 LA R
2 PEshel A9,

- 203 -



- 2UE st vehd A5 XS
HEote e AA AL, Y

-0,
:OLL_',
I
o
E
2
-
o
rg
ur)
=)
HU 4
me
Lo
iy
)
=2
o 2
%
(L

8 S olele GHE A U

BUE N -
/ e \H /

/ \

At o

<19 3242 2o e A

(3) AxKT4-T7) Solebar 8] * #
- Azp= B2 izt vlAARAC 3 Ho R 2Ete] T-slot @ thxt 2EY &,

- E3], Solebar HHo] o] WAlEo Y2 AEnF TaHUdZ ojH 4w
Ao gHBo] WAE £ 9= IS ZAH 9 o] AREBAHAAMT), 2o ve
AAAHUT) o=z F7122 Fr g
(Solebar= Aol sFe A Fays F U 714 AU dgo] I
2)

- 204 -



<19 3.2.4.3> A=} T-slot 78] & &

Solebar HEH 74

Ho
rO
junc)
>
HE
_>|~l_,
M
iu?

&R M)

‘I“Q..
. g .
| Ld .
» 3 o
r | %
" .
1 "
L "
. ¥
* 0| «*
e — o pUU
b »t
T e ggm®

AL Profile

(4) T8AXHT8) Rear end frame 48] & )
- Y 2HT8)e] Rear end frame> F3 22 dh&= 9 WHFPo] AAHoE A E o
= ° - o
Rear end frame AAE A S A7) W&o 7€ ZH I N=2& __Eﬂ?-j]a
AdstE S F HAE F Qe ZWES FAY 9} o] AEBAAAMT, =&
SFJEAAAHUT) 502 F7)3 #g I,

<198 3.2.4.4> H#8Mx} Rear end frame g8 & &g

Rear end frame x| SXAA D AEESHAF M)

- 205 -



() BYRHPC) 48 ¥ B
- ¥z Ae QYA AAE o2, YRE A o & Q= T2
2 FHof ol FAnIer ol A AR SHAMT) o2 F71H10 #
3.
- B3, sElE B9 Fue] gAY Aol &4 #e B
U et
- '{l:‘:q% i]'iﬂ ];‘l i]'z ]Oloﬂ ]:Htﬂ' :[’-‘_,_OH %a %_7& 1;11 ,E_)_\j _\—j_]i-H/_\_-]' %‘__% %
stel AzHel B=sw Wl 2 B
<19 324.6> 589 SHS o] &3 EFHEHI}

- 206 -



AlZ2old &

oA

[

NN

BN

n0
ol

E
ol

<l

ol
=
OH

Bl
KK

I+
[0

E

L

oF
0[0
KJ
<Ml

ol
=
0]
E

ir



)

AL

Hr

207

N Lo B =t

54

g ALTAE

=

M 1E.

209
209
221
249

|24 FHEE e

St O

<]

AlZEloldE #

51

AL XY

M 2%,

269
-+ 269

ol

AE-HE 2

1.

284
287

3.



8 Alg#o|M 2E

APSLXH

3

n0

A -

Hojof & AT The 2.
o)

=

=

1 AT ZAFO A E)

_/\].

o

5 BgATe A AR 245 DA Yol Byl go

D AtaRAF A
- 9l A

w

o
T
N

qr
T

o
ﬂo
T

o

mK

B

o

Ko

__OT

J

A
1

=]
hun

ANIA Foat 247 WY A

1

0]
yil

A 2dgdg o] &3

@ 2d3g oA

lo

o

Ao HQ3H

‘m,.o

o

%

o

=N
m

X
B

4
o

o

s 48)

Eo
N

A/ NA.

led Al AUl 2o wel AL AE A B o]

S

g
- 209 -

o

=

=4

HE|= A

].o] H

- ApEAbl A BRIE A AR Al E

- 349

@ ATAE 4 2 A2F 9




@ &% F37F 2 g8

- 210 -

3
E - ]_lv_ J.E
— % . _ o
AR i a o X oy il o R M
of _z_.a N B = =2 ) Eo L, l
oln ﬁ_.o . © K —_— [ — U..# J:Nn.._ 1 <0 —
| 1M i T A N ~ ™ ajo
oy D g sy 2 = B o3 %4
R | 1r1_, .5 ,_U/H mo = T n o ol N = = s @a
oy i s R (A KXW g0 o P o5 g | s o
oo TABe gt xR g Koo Xl H .
G _— ~L, —_ (D) —_— — gu.o ) —
U,lm @ m‘.w S EO i_._u ~O J:AIL & N K LW _ZT 5 =3 N U__A & ,m_ﬂ 2) ™ ,HA_I ml 1_._A._| oK
o TlpsEa P NT e r el wm oo Al Zge® Tg
— = = o VRO gl ~= o ~ T | < Ao o~ =
3 X AT - |'W T RO of T A & . o N < "o T 0
- B R w N RS TR U e B TR Mo Mo KRR R AR
K KBFERAIFZOINXTPESFRADTATITIAT|IXTIPGHFEETRRN
— & | | | | | | | | | | | | | | |
< N
= K
3 X
N o hs T
B o) =
A B les =
+ o ==
+= =
MR 0
~ N B O MM oK . L WAIn_ )
K K X %M HA;L o .E_HuT_ .W. .M_._._ Xﬂ
o o) x K ! =0 S 4 L & i) o
S A ° ) - - ! ~ @ mﬁ_ e =8 o
mo ] Kq LH [l 1 o B oF =
. < Al 5 0 = 4 5 L I =]
ﬂw ﬂ o e 5w o 0 :ﬁﬁ = Y 0 =
ol 72 -
Mr Wr E_u _u Ch M..M +_M_ 1L Wh_.__ +_|M_
o o O = =} i =
ol ﬂﬁ R ( s Mm (
. o K
T3 i _| > 0 les| &
T F m o i Fio
o+ o+ oy i =
X0 X0 o % = =
41 4 K
o
o qu__ N
N o oMo ot e e T W EK R o N BK B go




ke
il

=il

20| ¥S flet O|ER

o Al

| 2%, At xy

oA AmAA 7}

o] WA,

oF

wAO
4!

+

SERE

are] AHZg o)

5_]._

b

750l WS

WA A A

A

ol

3

E
=

A7)

7N Ekg},

oj= g

3}
.

Ao A1 Babo] LAl

ARE oo,

L s A

S
yul

ATA = olH

o] =ES s

A 1d. AF 3 d27]) S48 ojgxd

1. AFExrgF Aok 2E27(2mass - 1spring) o|&=xd

N,

m ) _W\/_ i?’!l

T=

%]

A

<19 2111 F

ol

- <9 3.1.1>%F Zo

=0

m %, + ky(x; — x,)

=0

myX, +k(x, —x;)

- Ao g Ua:

=0

.ok
¥+ —x,)

=0

.k
B+ (0 —x)

- 211 -



- &k sk
2 . k, ky
S°X, =S (0)—x%,0)+—X,——X, =0
m m

S?X, - Sx,(0)~ %, (0)+n";—1)(2 LR

2 m,

- 27124 dY:
x(0) =x,(0)=0
%(0)=0,x,(0)=7,
k, k k, k,

—L=q, L=p, 2=¢, 2=d
m, m, m, ms

(SZ +ﬁjX1 —ﬁxz =V

m, m,

—ﬁX] J{Sz +£JX2 =V,

m, m,

a,ozzﬁ:_ur_l L e
m m; m,, m +m, 4 o
|4 =(S2 +ﬂJ(SZ +£j—ﬂﬁ = 5 +S2[ﬂ+ﬂJ =5%(S* +,%)
m, m, m; m, m;  m,
sty By gy g Ry, Ky,
_ m, mo m, mo " m, m
X, = 2,2 2 - 2,02 2 T2 7t 2,02 2
S S " +w,”) S (S +w,”) ST+, S(ST+w,))
k k
—N +(S2+1]V2 52V2+£Vl +£V2 ﬁVl +£Vz
x. =M™ my  _ m, m -~ _ " m, m
2 SH S +w,) SH S +w,) S+ SUS*+w,])

- 212 -



-9 gEes & 4 Ao W
k
1 I/l + 1 V2 )
1 . m, m, Slna)ot
X :—Slna)ot“r 2 t—
o, a, o
k k
SV, :
2 . m, m, Slna)ot
Xy ——Slna)ot+ 3 t—
@, a, o

2}
k k
71[/1 _,_71[/2
: m m
X, =V, cos@,t + —2———1—(1 - cosw,t)
a)O
k k
71[/1 +—1V2
. m m
%, =V, cosm,t +—2——1—(1-cosw,t)
a)()
- 7 Ao VS =
k k
71]/1 _,_71[/2 . .
¥ =-Vo,sno,t+—= L —sinot=| -V, +—LV, Vo,
, m,
k k sinw,t k k
:(_11/1"'_11/2—1/10’02} =l
m, m, @, m, 1
k sinw,t k, sinw,t
g, ek sino,
m , m ,

LE =k -xp) =

- o2 W A%

100% =3t

kl VI_V2

[

m

k
—V1+—1V2—Vl[—1+

m

sinw,t

c<FE 211D FEXRAOE O|E#HH FX

< 211D F&x4d1

parameter value
V1 40  [km/h]
V2 0  [km/h]
ml 10,000 (kg]
m2 15,000 (kg]
k1 100 [kN/mm]

)

.,

L

o

()

o)
=

sinw,t

f

ol

sinw,t = —Lsinw,t = V./mk, sinw,t =Vme, sin ot

A1
2~

2

)l

B A

- 213 -



F1 (kN)

10000
8000 ]
6000 ]
4000 ]
2000 ]

-2000 ]
-4000 ]
-6000 ]
-8000 ]

-10000 . |

—— theory
———————— analysis

T T T 1
100 150 200
time (ms)

(19 2112 == 1dAe 9427 549 F1 23

2. FAAF Ao FE=

1

L

Z(Bmass - 2spring) °]=2d

my FAAMA 7 A ™

k

2

GwA=

- <9 212103 o] FE3H=

mx, +k(x,—x,)=0

myX, + ke (xy —x) +ky(x; —x3) =0

myXs +ky (X3 =x,) =0

X, +£(x1 -x,)=0
m

1

.k k
Xy +—(x, —x)) +—(x, —x;)=0
m m

2

2

%+ 2 (x, —x,) =0
m

3

i

1
212,10 Al AFe F=

Al 2peko] Aotk AES ek

W

Al
A

rlo

o}

- 214 -



- ZhEThs Wk

S*X, = 8x,(0) — x,(0) +ﬂX1 —ﬂxz =0
m m,
S2X, - S,(0) -1, () + ke Ky Ry g
m, n, m,
2 . k, k,
S°X; = 85%,(0) - x%,(0)+—=X;, ——=X, =0
sy my
- 27124 99
%(0) =x,(0) = x3(0) = 0
x(0)=V,%,00)=V,,x(0) =V,
ko ’ ﬁ_b’ ﬁzc, kb _,
m m, m, ny
(Sz‘*'ﬁJ 1_ﬁX2= 1
m 1
—ﬂX1+(52+k1+k2j LT
m; m; 2
—k—z)(2 +(S2 +k—2])(3 =V,
ms my
- YA 2 HE
sk L 0
m m X, 14
_h S? itk K X, =V,
n, m, n,
k, , kX)L
0 -—= ST+—=
L My s |
- Y Ak
s2 ik L 0
m m a b ¢
ko ekt k), f
m, m, m, g h i
0 _ky sk
L s s |
X, . ei—fh ch-bi bf—ce|V,
X, =71 fg—di ai-cg cd—af ||V,
| X5 | | dh—eg bg—ah ae—bd |V,

- 215 -



Denominator = |A| =a(ei — fh) —b(di — fg)+ c(dh — eg) = a(ei — fh) — bdi = aei — afh — bdi

— Sz+£ S2+M S2+k_2 _K_22 +£ _ﬁ Sz+k_2
my m, ms myms m m, ms

— S2+ﬁ S2+M S2+k_2 — S2+£ i_ S2+k_2i
m m, ms my ) myms my jmnt,

=S¢ +S4[£+M+k_2j+52( kik, n kik, " kyk, J

m m, ms mm,  mym; - Myms

=S5%(S*+w,”)S* + )

m m, ms
a)aZwaZ klkZ + k]k2 n klkZ
mym,  mymsy g
2
a)azzl ﬂ+k1+k2 +k_2+ ﬂ+k1+k2+k_2 4 kk, N kk, N kk,
20 m, m, my m, m, my mm, m,m; 1 m,
2
02=L £+kl+k2+k_2_\/(ﬁ+kl+kz+k_2] _4(1«1/@ LN klsz
2| my m, m, m, m, m, mm,  m,m; M,
1 . .
X =M{V1(el—fh)+Vz(—bl)+V3(bf)}

5 -
:L 52+k1+k2 S2+k—2 . kz +V2 S2+k—2 ﬁ +V3 klkZ
|A| i m, my ) m,my my ) m m,m,

1y S4+S2[M+k_2}(kl+kz)kz_ K2 }+Vzﬁszﬂ+ klsz +V{klk2 ﬂ

=

|A|_ m2 m3 m2m3 m2m3 }'n1 m1m3 | m1m2
I 2
_ U stp[fith k| bl fGrkk k) Rk kiks
|4 i m, m, m,m, mym, m,m, mm,
S+ S{V{WJJ{Z}L v, kl} +V fiks v, kiky v, kiky
my ms m, mynm, mm; m,m,

S2(S* + 0, )(S* + w,")
AS+B, CS+D, ES+F

2 2 2
S S*+o,” S+,

- #AF AS e F o ehFera

D, . Fo.
SX, =Bt +—-sinw,t + —sinw,t
[0 ,

a

- 216 -



P 2|:V1 kky e hiks klkz}

W, W, myms; myms mn,
1 ki +k, k 2 k 2
F=— | V| T, [+ - B,
0, —w, m, my m,

. D=V -F-B

- A B A4 dlalk

(AS +B)(S* + ®,”)(S* + w,”) + (CS + D)S*(S* + w,”) + (ES + F)S*(S* + ")
=(AS +B){S* + (0, +w,")S* + 0, w,"} + S*(CS* + DS* + CSw,” + Dw,”)
+S*(ES® + FS* + ESw,” + Fw,”)
= AS® + BS* + AS* (0, + ,") + BS*(w,” + w,”) + ASw,’w,” + Bw,’ ®,"
+CS° +DS* +Cw,’S* + Dw,’S* + ES° + FS* + Ew,’S* + Fo,S?)
=S {A+C+E}+S*{B+D+F}+S*{A(0, + 0,)) + Cow,” + Ew,”}

+S2B(0,> + @)+ Do, + Fo,’} + S{Ao, 0, ) + Bo, o,

S AT 4, +C +E =0 S C=_F
S*&AT:B +D, +F =V, — D, =V,-F, -B,
S*EAF: A (0, +0,")+Co,’ +Eo,” =0 > E (0, —a,’)=0 —E =0

_ ki+k, k k
S*@AAG: B (0, +w,”)+ Do, + Fo,” = I/][g-‘r—zJ-{-Vz_l
m, ms

- B(0, +0,))+(V,-F, - B, )o,” + Fo,’

k, +k, kzj k,

2 |+V, L
m, my m,

1 ki +k, k k
_)F‘Iz 2 a)2|:VI( l+ 2+_2_a)b2]+V2_1_Bla)a2:|
b

w, — m, my m,;

=F(0, -o,)+ B, +V o, ZVI(

S“%ﬁ]‘?:Ala) 2a)b2 = - Al =0

2
AR B, 0, =V{(kl+k2)k2 _k J+V2 kky |y, Kiky

mymy mymy mym; mnt,
1 k. k k. k kk
> B =——5 |4V, 4V, ==
w, 0, myn; mym; m;m,

- 217 -



X, = ﬁ{n (—di) + Vyai + Vy(~af )}

- L v, stk i+V2 stikl g ke +V, g2 ki ky
|A|_ my ) m, m, m; my, Jm,

|

:L Vl S2£+ﬁk_2 +V2 S4+S2 ﬁ+k_2 +ﬁk_2 +V3 Szk_2+£k_2
|A| m, m, m, m, msy ) my m, m, m; m,
_Uswyasir bbbyl bk bk ,kk
|A|_ m, my m, m, My my m; m, m,
S4V2+S{Vlkl+V{fa+k2J+V3kzj+Vlfakz+V2wz+V3m
m, m,  m, m, my my my my m, m,
S*(S* +@,°)(S* +®,”)
A,8+B, C,S+D, E,S+F,
- 7 T 2 T 2
S S+o,” S+,
- BAZ AS AY F 9 GEoaus
X, =Byt +&sina)at +£sin Wyt
@, 23
By=— L |y hik gy kb ks
0, w, m, my m, m; m; m,
Fzz% A L RN LR
0, —w, m, my g m,
D,=V,-F,-B,
- Xy, BAAS
S*&SASG B, + D, +F, =V, —~D,=V,-F,-B,
AT A, (0, +0,)+Coo,” + E,0,” =0 E,(0,” —a,”)=0 —E,=0

, k k k
S?& AT B, (0, +w,” )+ Dyw,” + Fo,” =V, ——+ VZ(_1+_)+V3_2
sy

m, m

- B, (0, +0,))+(V,-F, -B,)w,’ +Fw,’

k k, k k
=F2(a)a2 —a)bz)+B2a)a2 +V2a)b2 =V1—1+V2[—1+—2]+V3—2
m,

m;  my

k k
S F,=
o, — m, m;  my
SHFAGF: 40,70, =
. k k k k k, k
AR ATF B, 0, =V, -+ Y, L2y, LT
m, ms my ms my m,
1 k, k
- B, = O (Vl 2
w, W, m, ms

m,

I k k
ﬁ{Vl_1+V2(_1+_2_wb2J+V3_2_Bzwa2:|
w, m

2
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X, = ﬁ{Vldh +V,(—ah) +V,(ae —bd)}

_ 2
L A L A Y L LA PN P S el o
|A| | mym, m, | m;, m, m, m,m,

_ L 14 kiky +V2(S2k—2+ﬂk—2J+V3{S4+S2(ﬁ+kl+k2j+ k ﬂ

|A|_ m,m; my  my my m, m, m, m,

1 S4V3+S{V{ﬁ+mj+%k_ﬂm ks, Vk_k_}

m m, ms myms my my my m,

S, +S{V{kl+kl +"2J+V2k2}+1/1 kb Ly bk oy bk

m m, ms m,m my my m; m,

- S*(S* + @, )S* +@,”)
_ A,S+ B, N C,S+D, N E,S+F,
S? S’+o, S+,

- BAY AF Y F oo shEeheus

D F.
v 3 o 3
SoXy =Byt +—sinw,t +w—s1na)bt
b

a

2

By = 1 2(Vl ks +V2£k_2+V3£k_2J

0, o, mym; m; ms m, m,
E;:% I/3 ﬂ.’.u_a)bz +V2k_2_B3a)a2
(a)a _6017 ) m, m, ms
Dy =V, - F; - B,

- X3 BAA S 1

S HAT A, +C3+E; =0 5 C,=-E,
S*&ASG B, + Dy + F, =V, —D,=V,-F,-B,
S*EAT: A0, +0,")+Cs0,” + Es0,” =0 E\(0,” —0,")=0 —E, =0

_ k,  k +k k
S*& A By(0,” +0,))+ Dy, + Fo,” = V{_1+¥j+ v, X2
m m, ms

_)83((002 +a)b2)+[V3 - K _B3]wb2 +F3wa2

m m, ms

ko ok +k k
- R0, o)+ Byw, + Va0, = V{-WLJHQ—Z

ko k+k k
—)F3 = V3[—1+ 1 2 —a)sz+V2—2—B3a)d23 %
m,; m, my (a)a -, )
STAT: 40, 0," = —4,=0
} k. k ki k k, k
AFEAF B, 0, =V, 2y, L2y, L2
myniy my ms my m,
ki k k k k k
— B, = 21 S =y, L2y, L2
0, o, mym;, m, my m, m,




- A7) Po|WFEFAY:

o o,

a

S F=k(x, - x,) =k,[D‘ D sin@, + hoF sina)btj

v v 1 . 1.
=k h-v sinw,t + (F —Fz)( SIn @yt ——Ssin a)atj:l
@, @y @,

=k h=h sina)at+% 4 k—2+k—2—a)b2 +V, c<),,2—k2 —V3k—2 Lsina),,t—isina)at
@, 0, -0, m, m, m; m, | @, @,

a

1 k, k k k
F-F=——— || Z+=2-0, |+V| 0, -2 |-V, —=
W, —w, my my ms m,

Dy =Dy =V =B, =Dy =V, = F, =Dy) =V, =V, =(F, = F)

D,-D, . F,-F .
S Fy =k (x, - x;) =k2[ 2 Ssine,+ 21— s1na)btj
o, )

V=V . 1. 1.
=k, 2 3slna)at+(F2—F3)(—sma)at+s1na)btﬂ
1)

a)a a a)h

V,=V, . . .
=k, = 3s1na)at+% Vlﬂ*'% ﬂ_wbz +V; wbz_ﬂ_ﬁ Lsma)bt—isma)at
| o, o -0 m m, mm )| o, ,

a

1 k k k& k
Fy—Fy=———| V=4V | -0, |+V| 0, —— -
w,” —w, m, m, mm

D, - D; =V2_V3_(F2_F3)

- 0|24 MEAF L ol FE2AOL o By FXEY 4 A% wm A 100% o
%

<% 2121 =1 2

parameter value parameter value
V1 40 [km/h] m2 10,000  [kgl
V2 35 [km/h] m3 15,000 [kg]
V3 -5 [km/h] k1 100 [kN/mm]
ml 20,000  [kgl k2 80 [kN/mm]
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12000
10000 4
8000 -}
6000 -]
4000
2000 4
0
2000 ]
-4000 ]
6000 ]
8000 ]
~10000 -
-12000 4

F1 (kN)

100
time (ms)

<4 2122> 5=

27 20]412] AA7]

12000
10000 4
8000
6000
4000 ]
2000
04
2000 ]
4000 ]
-6000_.
8000 ]
~10000 -
12000 1

F2 (kN)

1(I)O 150
time (ms)

K1Y 2.1.2.3> FEZ 20|49 A2V 49

F2 A%

Hlal Al 100%

<% 2122 F&x1 3
parameter value parameter value
V1 40 [km/h] m2 15,000 [kg]
V2 40 [km/h] m3 15,000 [kg]
V3 0 (km/h] k1 100 [kN/mm]
ml 15,000 k2 100 [kN/mm]
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)
2t

O
o 1>

F1 (kN)

12000
10000 4
8000 -}
6000 -]
4000
2000 4
0
2000 ]
-4000 ]
6000 ]
8000 ]
~10000 -
-12000 4

T
100 150

time (ms)

<4 2124 5=

271 301412 AA7]

F2 (kN)

12000 —
10000
8000 -]
6000 -}
4000 ]
2000 ]
o
2000 ]
4000 ]
6000 ]
8000 ]
-10000

-12000

100
time (ms)

<Y 2.1.25> FEZ 3049 A2V 49

F2 A%

Hlw AF 3 okl T& 202 o83 FARD 4 A3 vla A 100%
< 2123 T=x71 4
parameter value parameter value
V1 40 [km/h] m2 15,000 [kg]
V2 0 (km/h] m3 15,000 [kg]
V3 0 (km/h] k1 100 [kKN/mm]
ml 15,000 [kg] k2 100 [kN/mm]
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12000 — analysis
10000 4
8000 -}
6000 -]
4000
2000 ]

F1(kN)

2000 ]
-4000 ]
6000 ]
8000 ]
-10000

12000 | |
0 50 100 150 200

time (ms)

K19 2.1.2.6> F=Z7 4oAe] 947 49 F1 23}

120000 . analysis|
10000 4

F2 (kN)

T 1
0 50 100 150 200
time (ms)

1 H54F £ 9 93 A%soverring) o|£nd

C.
) I,
) 4 \
)
T T e
. L 4 Fi=Vmwo, sm ol
P =K (-10) Fye =K, (v +10)

<19 2211 3F F ARAF 54 % 9Y A%
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- A7y FAYFle dwAoR G FAFARG de Fo| FEHBE FF A A
1

BAF. 0T AT 2AAE Tt 2

LF, =-k(v-10)—k,(v+10)+ F sine, —m,g = m,v
XM =kI(v-10)—kI(v+10)+ LF, sine, — hF, cose, = Iyé

m,v +2k,v=F sine, —m,g

Iyé +2k,1*0 = LF, sine, — hF, cose,

2—k’v— Fisine, —m,g

v+
m, m,
l-9~+2ktl2 _ K (Lsine, —hcose,)
IY [y

AFA dolrsr 548 A3 (2mass-1spring 23} Za1)>
k

h_ kb ko mmy
= —_ o Q
V=r-r, m m m,, m +m, & oj

n=v, . Vk, . . .
SF =k(x, —x,) =k la) 2sma)at:w—lsma)oz‘:V mk, sin w,t =Vma, sin ot

- &g
2
Zk[ :a)tz 2ktl :a)lz
n, . 1, o o

. 2
S2Y = Sv(0) — ¥(0) + Y = S| Ime | g
m2 ST+ 0)0 S

S0 - 56(0)-0(0)+ 0,0 =

I}’

Lsine, —hcose, Vma)o2
S* + a)02
v(0) = w(0) = 6(0) = 6(0) = 02 1

: 2
(52+@])Y = Svy +7, + 20| M |_g
m, S +Cl)0 S

. 2
y_[smaf rma’ ) o el 1
my \ S*+am, S|S"+o,

Vm a)02 sin e, 1 1 Sv, Vo g 1
- 2 I il R S R S Hpe] s
m, ST+, \ ST+, S“+w” ST+o” S\ ST+,

_Vma, sine [ AS+B  CS+D Sv, v g
- 2 2 2 R 2t 2 2 2 2
S"to,” S +o St S+t SST+o7)

m,
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- A Aln

(A4S +B)(S* + ")+ (CS + D)(S* + w,”) =
AS® + BS® + ASw,” + Bo,” + CS® + CSw,” + DS* + Dw,” =

(A+C)S* +(B+D)S* +(Adw,” + Cw,”)S +(Bw,” + Dw,”) =1

S3EAG(A4+C)=0
S*& A4 (B+D)=0

SEAG (4w, +Cwy)=0— Ao, —w,") =0

A5 AT  Bo + Do, =1 B(o, -v,’) =1

2 .
Vmo,” sine
Y = 0 1

Sv,

2 2
my(@,” —@,")

|

1 1
- +
S2+a)02 S2+a)t2j (

2
S* + o,

- o SEG2ME F A a9 A

2 .
_ Vmaw, sine (1
@

2 2
my (@, —aw,")

t

- A9 FAEE A,

. 1 .
sin wyt ——sin ,t |+ v, cos @,t +

" Vo _ g
S*+w” ) S(S*+w)

Yo

t

sin @t — % (I1-cosw,t)
t

. Vma)ozsine1 . i g .
V= ﬁ(cos Wyl — COSW,1)— Vo, Sin @, + vy cOS,1 —=-sin w1
mz(a’t — @ ) t
. 2
(s? +a)[2)®= Lsine, —hcose, | Vmaw, |+ 56, +90
I, S* + o,
. 2
O- Lsine, —hcose, Zma)o : +56,+6, : 1 :
I, S+, S”+w,
_Vma)oz(Lsine,—hcosel) 1 1 N S, N 6,
I, ST+ \S*+w’ ) SP+o’ SP+o’

S0, 6,

_ Vma, (Lsine, —hcose) AS+B L CS+D |
S2+a)o2 Sera)l.2

1

y

- AR Alral

(AS + B)(S* + )+ (CS + D)(S* + w,”) =
AS® + BS* + ASw.” + Bw,” + CS® + CSw,” + DS* + Dw,” =
(A+C)S* +(B+D)S*> +(Aw.” + Cw,")S +(Bw,” + Do, ) =1

S*&HA

—

T (4+C)=0

S*& A (B+D)=0
SEATF (Ao’ +Caw,’)=0 - Ao —w,") =0

/}}%‘—?‘2}74]—?:3@2 +Da)02 =1—> B(a)iz _0)02) =1

2 2
S+’ S*+o
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®=Vmaooz(Lsinel—hcosel)( 1 1 ]+ S, N 90
) S

2 2 2 2 2 2
1, (0] —wy") S*+w, S*+o ‘to’ SP+o

- 9 gEgadg 3 A9 9 g A
Vma,  (Lsine, —hcose,)( 1 . 1 . 6, .
0= o —— ) —sin wyt ——sin w;t |+ 6, cos @, + —>sin w,t
Iy(wi — ;") @y @ '

- AAe) NHEE AT
B Vme,’ (Lsine, — hcose,)

> > (coswyt — cosa,t)— Oy, sinw,t + 6, cos w,t
I, (0" —aw,")

.0

ol =9 T¥ olg4 A
-elgke A2 1y
Theory Vm (002 sin e 1 . . g
Sv(t) = > —| —sin@yt ——sinw,t |——=(1-cosw,t)
my (@, —wy")\ @ @, @,

ClAGA ANA ArE elltn-1) #k& 1)

2 .

Vme," sine,(t 1 . I .

= — i( ;"1) (—sma)0 . ——sma),tnj—iz(l—cosa)ttn)
mz(a’t — ) ) @,

Theory_update | -~ V(fa)

v(tn—l) + Lg(tn—l)
D- (xl (tn—l) —X (tn—l ))

e (t,,) =arctan

-el3ts |52 1y
(Theorylel A A4EE el(tm) gk 322)

Vi, sine, (t 1 . 1 .
Sv(t,) = 0 1(2’”)(—sm w,t, ——sin a)ttn]—%(l—cosw,tn)
mz(a’t — ) L@ @,

Theory_update2 o,

v(t,) +L0(,,)
D —(x,(¢,) = x,(z,,))

e (t,)=arctan
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my

<19 2212 AFAF B T 22 (e=0)

F 1 103(-500,3000)— = & ¥ S (xEL &,z 5 )

101-2 4T
v
F 3
A%
104(-20500,3000) 103(-500,300
my
106(-10500, 1500)
r'e
105(-20500, 0) v 102(-500,0) 101(0,0)
107(-17500, 0) 109(-3500, 0)
) 101
108(-17500, -1000) 110(-3500, -1000)
2o
- 1D A=
<Od 221DAFAE Baes s 2dle=009 dH/84 HH

- O|EAFLE AT F=E 20 2 A ¥ HY Wert DSt 947 HEFREY
B0 8 AF o223y X2d uud 14% o= dX3
(221D FE2AS5
parameter value parameter value
\ 40  [km/h] L 10 [m]
ml , m2 15,000 [kg] 1 7 [m]
k1 100 [kN/mml] h 1.5 [m]
kt 200 [kN/mm] Iyy 511,250 [kg*m2]
el 0  [degl]

- 227 -



theory
-----analysis_global coordinate
analysis_local coordinate

time (ms)

g F1 A3

AA7 =4

<9 2214 SEx215049

theory
-----analysis_global coordinate
analysis_local coordinate

150 200 250 300

time (ms)

0

<™ 2215 F==21 5lA9 A 2 | A3

—— theory

----- analysis_global coordinate

- analysis_local coordinate

0.0020

0.0015+

:

(peJ) uoneol

150

time (ms)

100

2.1.6>

<19 2.
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v+L*theta (mm)

20+

—— theory
————— analysis_local coordinate
~-------analysis_global coordinate

7 error: 14%

time (ms)

a9 221D 5=

229 9% FARD.

270 5ol M9l @] AR 52 el Az

m

a9 221.894F

A B E AR (e=5 ")

- olEAT2E AT = =21 % A3 v Ho dert EAste d27] AR
@ FARD vwdd 102% 22k TG (et o)+ el

(#2212 =216
parameter value parameter value
\% 40  [km/h] L 10 [m]
ml , m2 15,000  [kgl 1 7 [m]
k1 100 [kN/mm] h 1.5 [m]
kt 200 [kN/mm] Iyy 511,250  [kg*m2]
el 5  [deg]
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—— theory
10000 analysis_local coordinat

F1 (kN)

T T T 1
0 50 100 150 200 250 300
time (ms)

<9 2219 F=E24 604 d47] 549 F1 234

theory
04 analysis_local coordinats

T T T T 1
0 50 100 150 200 250 300
time (ms)

<19 221100 F=x1 649 2A +2 He] A4

—— theory
o.00104 analysis_local coordinatt

rotation (rad)

T T T T T T T T T T T 1
0 50 100 150 200 250 300
time (ms)

<9 22111 FE21 6949 A AAA4E A
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v+L*theta (mm)

theory EJ
,,,,,, analysis_local coordinats

4 ] error : 102%

time (ms)

<9 22112 =27 604 9] Q2a7] R 29 23

Hla: o W7 SAske A2

D)3 ARG vudds offol 2=

A

<2213 TEx247
parameter value parameter value
\ 20 [km/h] L 10 [(m]
ml , m2 15,000  [kgl 1 7 [m]
k1 100  [kN/mm] h 1.5 [m]
kt 200 [kN/mm] lyy 511,250  [kg*m2]
el 5  [deg]

a9 22113 T&x

A TelM el A FAWe Az

B71e)
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0.0004 4

0.0002 4

0.0000 —~

rotation (rad)

-0.0002

-0.0004 {

theory_update2

—— theory
—— theory_update
——————— analysis_local coordinat

T T
0 50 100 150
time (ms)

T T 1
200 250 300

<O® 22114> F==24 7444 =HA

o
N
b
iy
s

<19 22115 F=x4 749 d27] dAx4x eld 3

v+L*theta (mm)

—— theory

—— theory_update
theory_update2

——————— analysis_local coordinatg

time (ms)

0 10 20 30

<IH 22116 == 74 Q27 FHF3E 2 A
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< 22140 T2 TAA49 #2973

olgmde A3} M

v+L 6 first peak value
; . Relative
Time Displacement .

deviation
simulation 17.395  [ms] -1.3677 [mm] - (%]
theory 18  [ms] -1.6614 [mm] 21 (%]
theory_update 19 [ms] | -1.48059 [mml] 8 (%]
theory_update2 19 [ms] | -1.54273 [mm] 13 (%]

(2

{29 2221 AFarEe] Bl

og o =Y

T

F. =Vma, sin(@,7)

F, =Vmao,sin(w,r)
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\

ke, (xzm‘ X from hQ) ( )
ey (X =X,y —HO)J

F. =Vmao, sin(w,f)

k2v(zfaf‘ —10+ fo‘mif) ka(Z +16 + Zrear )

car

<Y 2222 BlaleE AAY AREAE

=—ky T —T front ho )
5, — 8y — )+ Frco3(ey)=
SF, == ko200 =10+ 2f,01)
= Ry (T F10+ 2,00, ) Fisin(eg)= Moz,
M=k, (ZCW —10+ ZmeLt)_ kol (Z(:ar 410+ zrm,)
+kyh(z,, — ront hO)+ kyh (T — T, — hO)
+ LEF;sin(e,)— hFcos(e, )= 10

car

k21—' {anr —16 +Zﬁ'on! )
4

kZE (xcar _xfrom' _ ;?8)

k
1 xﬁ'onz Zf?‘OHI

pand 3 P LT

kh—' zﬁ'o it

<19 2223 Bl E o2 fxte] A-5-EA)

SF, = ky(x

car xfwont o h’9>_ kll xfront = mbxfrant

XF, = k?v(z(xw‘ =10+ Zf'r‘()’rl,t)+ kl’u Zfrunt = Tnb:é

front

kZ‘l-' (anr + 16+ Zrear )
i,

"; k2é‘ (‘xca.r = X rear _ke)

3

rear

v < rear

{19 2224 Bl & HE tixte] A=Al
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= k?l ‘rmr 7 ear hg) kll ajl ear mbxrear
EF,; = k?v(zalr + 10 + Zrcar>+ klt Zrcar = me rear
[
+wy + wy , 0 0 0 Wy 0 wy, [X o 0
0 S wy, +w,, 0 0 0 Wy —wyl Zyor o
0 0 S wy +wy 0 —wy 0 wy, X, s e,) Vinw?
0 0 0 S+ wy, T wy, 0 Wy, wy,l Zoun m 2pw?
Wy 0 — wy 0 524 2wy, 0 — 2hwy X, sin(e,) Vinw?
0 W, 0 Wy, 0 S* 2w, 0 Zgy my  S'w)
[ w, —w,, wy w;, — 2w, 0 S+ 20w, + 2hw, (] Lsin(e,)=hcos(e;) Vinw?
| 1,/ S2+u'3
o 7],
_ ky _ky Ry kg, Ry _ ky, kgl _ kyh
I s Wy = s Wiy = s Wyy = » Wy = s Woy = s Wiy = s Wy =
m my, my, my, my my y 1,

- PP L AU AR A3 19 w1,
- Xol| gis) AHelgk 3, St 9IS Hole Ao Awo g o= THI Y
e 2 iate] Agel HE Ao Wy
X B
c=1L ' A7'B}

o] B2 & HAF37] Yol o) FYF T 23 mde (1Y 22253 7S
ol2rndsz AlEHoH mde vluHr}t 7] Y <&
Bl 12 E AdA M 83 A AT 4571
2.2.2.6>9F <3 2.2.2.2>¢] Hlw H7}3

o] 2D Al E#old A Hf HAF 0.3~0.5% olHE A F

2 HYE O™

f£ o
R
=2
>
fo g
)
L‘

=

X—=Y

g,

<I¥ 2225 BHILE 23Hd d¢ B
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CGE 2221 BuoE wd Y g

Parameters Values
34,500 [kg]
My 56,876 (ke]
m, 6,922 (kg]
, 2.075x10%  [kg - mm’]
L 9,510 [mm]
! 7,000 [mm]
h 700 [mm]
174 11.111 [m/s]
k, 10 [kN/mm]
ki, 30 [kN/mml]
Ey, 40 [kN/mm]
ks, 20 [kN/mm]
Ky 20 [KN/mm]
Ly 10 [kN - ms/mm]
Coy 20 [kN - ms/mm]
450 . L
=== Simulation(only Spring)
E Simulation(with Damper)
_S_ 300 —/— Theory ij
% 7
% 150 //:
2 | TN 7
S 0 ==t =2 %‘3’/ = N\ /
=
2 N\ /
3 150 A S
3 - M
-300 : : : :

o 100 200 300 400
Time [ms]

<19 2226 o|2243} 231 A EH o)A Bl E Ay v|w

{FE 2222 o223 2314 AlEH o)A Bl s A} v

. Relative
Times Values o
fied [mm] deviation
[%]
Simulation
) 179.1 91.1
(only Spring)
Simulation
) 179.2 88.6 0.3 ~05
(with Damper)
Theory 179.0 90.1
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oJE4 S 334U ABH F A=A A
4 AlEHeIA a2 (a9 222703 &

Coupler vertical displacement [mm]

<19 2.2.2.8> o]&43 3xHd AlEdolAd B

<G 2.2.2.3> o] 47 3ad AlEH oA

S
E .

A dzte] FHxet T 23k AUpAA BB
Zgog FAEFI, 1z AAR] RELS Jlojlt A~
3 3R] AxZFPo g LA,

Bl AsAA 71 Fa3 XA AT

g 2.2.2.8>9 <3 2.2.2.3> vl 7}k

o] 843 3D AlEdold 23 Hd HA 3.3~3.9%

Ko
| .

H

L

3

o
Sl

] Ll
OE

&7 AR A 2

o= LA

450 ! !
=== Simulation(only Spring)
—o— Simulation(with Damper)
300 —/— Theory [
150 //
0] —3——@(% /,‘]
-150 N /
-300 T
o 100 200 300 400
Time [ms]

Bae s 23 val

} Relative
Times Values o
(ms] (mm] deviation
[%]
Simulation
, 180.7 80.1
(only Spring)
Simulati -
>HMUIAton 178.4 78.3 33 ~39
(with Damper)
Theory 179.0 90.1

> 1>
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. FAFe] 4 9 9H AF(overriding) o]E=2Y

A

b _
Fy =K v=10)  Fy =K (v=i9)

(I 223D s& §F TAF 4 8 9A As

AAFe] B AA7] FAG0] PPYFOE A BULE AT ZANL

I 2

of

oo

]

F = —k (v —18) — k. (v + 16) + F, sine, + Fsine; —myg = my ¥
Z M = kl(v — [6) — K 1(v + [6) + LF, sine, — hF, cose; — LF,sine; + hF,cose; = 1,8

my ¥ + 2k, v = F, sine; + E sing; — myg

I}.g + 2k.[%8 = F, (Lsine, — hcose,) + E (hcose; — Lsine;)

- SRR do|wek 2 A9 43 (3mass-2spring A3} Fal)

Q . .
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2k Fsine, F,sine
Ly, 4 (I 2

-
m, m, m,
2k 2
K _ 201
m;
. 2 (24] ﬂl o, ﬂ2
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k, . . k
0+o 0= sma)t+£sma)b —L(Lsine, —hcose)) + &sma)aH&sma)bt ~2 (hcose,
o, 1 10) w, I,

- 2=~k

. k
§20-50(0)-60)+0°0 =| — A+ P 1K e ~heose
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+
2 2 2
S +o, S +o” ST+a,’ ST +o,

+[ a, 1 g 1

+
2 2 2
S+, Mo’ SP+e, ST+o,
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parameter value parameter value
\ 40  [km/h] L 10 [m]
ml , m2 15,000 [kg] 1 7 [m]
k1 100 [kN/mm] h 1.5 [m]
kt 200 [kN/mm] lyy 511,250 [kg*m2]
el 0  [degl]
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V1 40  [km/h] L 10 [m]
V2 35 [km/h] 1 7 [m]
V3 -5  [km/h] h 1.5 [m]
ml 20,000 [kgl lyy 340,833 [kg*mz]
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<9 223260 5=

({2235 TE&

27 116149 2711 ARTF3E 54

i A3

A 1A A Rd o]grd o] Ayt val-1

v+L ¢ first peak value

) ) Relative
Time Displacement o
deviation
simulation 19.395  [ms] 16.068 [mm] - (%]
theory 18 [ms] | 12.70519 [mml] 21 [%]
theory_update 19  [ms] 18.144 [mml] 13 (%]
theory_update2 19 [ms] | 16.86848 [mml] 5 (%]
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<A® 22327 == 11449 42712 HF73 2] 23

(F 22360 FEZA 1149 Fxrds} oj2rdo] Ayl Hln-2

v+L ¢ first peak value
i : Relative
Time Displacement .

deviation
simulation 19.395  [ms] -22.96 [mm] - (%]
theory 18 [ms] | -17.3224 [mm] -25  [%]
theory_update 18 [ms] | -27.3853 [mm] 19 (%]
theory_update2 18 [ms] | -24.8357 [mm] 8 (%]
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XF, =~k (w=19)—k, (w+1¢)+ Fsine,, =m,w
SM =k, J(w—Ip)—k, I(w+Ig)+ LF,sine,, =I.¢

m,w+ 2k, w=F sine,,

1.4 +2k,I’¢=LFsine,,

ot 2k,,w _5 sine,,

m, m,
i+ 2k, /*¢ _ LEsine,,
IZ IZ
- A

NEakey Dok 243 A3 (2mass-1spring 23 1)

wZZﬁ_lirlﬁ m = M
V=n-v,, 7 m m; m,, m +m, & uj
V.=V, . Vk, . . .
DB =k(x —x,) =k —L—2sinw,t =—Lsinw,t =V mk, sinw,t =Vma, sinw,t
o,
o o

. 2
S2F — Sw(0) — w(0) + @, W = S u! Z’”“’O .
m, S+ @,

. 2
S2D — SP(0) - §(0) + , ' = LM | Ve
1 S? + w,

w(0) =W(0) = ¢(0) = $(0) = 0%
sine,, [ Ve,

m,
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0
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Y= ML [ Sy Wy |
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- A8 Al
(AS +B)(S* + @, )+ (CS + D)(S* + w,”) =
AS® + BS? + ASw,” + Bw,,’ + CS* + CSw,” + DS* + Dw,” =
(A+C)S* +(B+D)S* + (4w, + Cw,)S +(Bw,” + Dwy,”) =1

AT (4+C)=0 —>A4=-C
S*&AG:(B+D)=0 —~B=-D
SEAF (Ao, +Coy, ) =0 Ao, —w,") =0 —5A4=0-5C=0
A5 Bo,’ + Do, =1 B(w,” —0,") =1 »B:%—mz%
w[w —0)0 wtw _wO

W Vimaw,” sine,, 1 1 Sw, W,
Y= 3 > PR o st — 3
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- o BEasus F oA Pue) AR

2 . .
Vmao, sine, [ 1 . I . Wy .
=———"—| —sinoyt ———sinw,,t |+ w, cosw,t +—sin o,

= 2 2
my(@,,” —a," )\ @ Wy, o

- Z}Zﬂ 5{: - A J—q_/\l
Vimew,” sin e
RN 0 wl : 1
SWE———— (cos @yt —COS a),wt)— Wo@, SIn @, + w, COS w,t

. 2
(s + a)iwz)q) _ Lsine,, Zma)o
1 S”+w,

z

2J+S¢o+¢o
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z
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- 2 2 || @2 7 |t T2 2
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z

Vmaw, Lsine,, [ AS+B  CS+D Sé, b,
- 2 2t 7|t +
1 ST+w,” ST+ao,

R S?+ a)iw2 S*+ a)iw2
- A AsHa
(AS +B)(S* + 0’ )+(CS + D)(S* +w,) =
AS® + BS* + ASw,” + Bw, +CS® + CSw,” + DS* + Dw,” =
(A+C)S* +(B+D)S* + (4w, + Ca,")S +(Bw,,” + D, ) =1

AT (4+C)=0 —»>A=-C
S A (B+D)=0 —~>B=-D
SEFAF (Ao, + Co,’) =0 Aw,’ —0,")=0 —5A4=0>C=0
. 1 -1
1_ 601_7‘1]—["' Ba) +D(00 —1—>B(0) a)02)=1 —)Bzﬁ—)l):z—
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' Vma, Lsine,, 1 1 Se é
..(I):[(&)02_0)2)'(S2 - 2J+ o+ 0
z w 0 w

-9 g
B Vmw, Lsine,, ( 1

(il

dous & A 29 4% Age

Al -
i
= ) 2 —Sma)ot——sma) fj+¢0 cosa)t+—sma)t
]z(a)iw _(00 ) 0)0

- A 2YAEE AR,

L= %(COS Wyt —COS 0, 1) — By, Sin @, + ¢, cos w,t
- OJEHSE AT TE 24 ¥ AF ¥ HY ‘ﬂ%’%ﬂ WA st= dd7] AR
ATARZ AFY olE#G7HA] olErd)H} FA Y Hlu A= ot o
< 231D T==x1 12
parameter value parameter value
V 20 [km/h] L 10 [m]
ml , m2 15,000  [kgl 1 7 [m]
k1 100 [kN/mm] h 1.5 [m]
kt 200 [kN/mm] Iyy 511,250  [kg*m2]
el 5  [deg]

<Id 2312 =7 120148 27 549 F1 23
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<Id¥ 2313 T==x4 1249 A sHAHS A3

a9 2314 T=x1 12049 A adas A3}

a9 2315 F=x1d 1249 d27] HA4%E el
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<Y 2316> 2224 120049 A7) #x73t
L CEE!

<E 2312 =27 120149 FA R ojgrd el 23} Hlal

v+L ¢ first peak value
i ; Relative
Time Displacement o

deviation
simulation 20.195 [ms] 5.6597 [mm] - (%]
theory 20 [ms] 4.9305 [mm] -13 [%]
theory_update 20  [ms] | 5.907134 [mm] 4 (%]
theory_update2 20 [ms] 5.74105 [mm] 1 (%]

2. tiAE 13 A Aa2AAD =L

F ¥

Py =K, Gr-ig) Fpr = Ko (v 4 19)

19 2321> 25 F A5AF] £9 9 29AE

- 256 -



AA Y] YA EE WAL ORE sin )=, cos(g) =1 2 THY

$E thto] it ARFEAEE <O 22239, 5% o] Uizt AFEAEE <I¥

2224002 BdH.

ey

COCIIILL I | g k .’.. ..... o k| F=Vmo, sz'n(mgf)

{13 23220 MERpEFe] 21417 o2 nd

F=Vmao, Sin(mct)

kz}(yc — YV +Z¢c)
kz;(y; —Vu _Z¢c)
<13 2.3.2.3 A 2A Y AFEAE

=k, (acc — xbl)— ks, (acc — xb2)+ Fcos(et)z m(,a: .

T

ZF;/ = ka(yc - ybl - l¢r)+ k?y(yc - be + l¢c>_ FSin(et>:_ mcy(;

kol Yo =y — 1) ko (y. — ypo +16,)+ LEsin(e,)= L ¢,
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& m, Le m, Ty ) Th2 m,
: k, 2 k, sin(e,)
+2 Yy — Ly, — Ly =
yc m(’, y( C bl m(f yb? m(,’
. k, IS k, [ k, 1 Lsin(e )
Y 2y 2y _ t
¢(:+2 ]Zc ¢c+ ]Zc ybl_ [ZC yb2 - Izc F

ky, (e + 5,8,

k. ("%1 — b, ¢y )
kly (}’51 + bz¢51)

kEy(}.c - I¢c)

ke, (xzn + bw¢51)

Fery (x51 —buPy )
kly (J’al + ba¢’51)

Y kly (,"51 - bi¢5l)
<9 2324 A2A7 A& izt AFEA=
F, == 2k, (21 — by )~ 2k, (@ + by )+ Ko (2 — 2 )= My,

ZF y 2k1g/(yh1 - bl¢bl)+ 21“1;,(%1 + bz¢1;1)_ ka(yc Y M)c):_ mhi& bl

. klx k2z k2x
Ty td4—a, +—xy ——x,=0
my, my, my,
i AT TR ¢ =0

- Y Y
Yn T4 Ut U~ ¥,
" my, " my, " my, ‘ my,

ki, (xaz +b,0s )

Ky, (xaz —b,dy, )
ki, (var +b,852)

kly(yaz *baﬁjaz) ka(yc .t 14,)

k?x(xc _xéz)
X!—l

Y kub’az —bs¢5z)
<9 2325 A2AZ HE thzte] AHr=A%

ki (xaz +b,.¢5, )

ki, ("’faz — b, ¢y )
kly (}'52 +biy, )

EE = Qku(% - bu;¢b2)_ 2k, (331;2 + b11)¢1))+ Ky, (xr: - %2): mb‘;j: b2
EE, = ley(ylﬂ - bz¢b2)+ 2k1y(yb2 + bl¢b2)_ k?y(yc Y T l¢c>:_ mbé)bQ
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e, =tan €y
T I x?)
=tan" ' LY. e
1 0
L—  sin(wt)V
T,
7] A, AA7] =7 Ael, , dAV] =7 4=

-z A mERAAS A4telrl 998 Runge-Kutta HE& ARE
Runge-Kutta®] 7} 2+e+3k ef&= Talyor A7RolA x5S 1x9F 2354 sto] o

y z+h)=y(z)+y (@)h = ylz)+ Fa,y)h

- 1z} Runge-Kutta %=+ Euler W& <19 232603 Zo] Ad ox7F Y& =7] uj
Fo)| 42} Runge-Kutta WS AHE

l

y'(x)

R N

B e

Z
X x+h

<I¥ 2.3.2.6> Euler e Adkext

- Runge-Kutta®] 4z} (fourth-order method)& 22} (second-order method)# o]
Taylor A/ 232E 44 42} Runge-Kutta W olE o8 7FA7F QAT 1 FolA 7}
& wol AHgEE WHE t A Ze
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hE x,y)

K=hFa+" +K1)

2 2 YT 9
K

[gtha:—l-%,vaT?)

K, =hF x+h, y—i—[g)

1
ylz+h)=1y(z)+ 6 (K, +2K, +2K, +K4)

<19 2.3.2.7> 4=} Runge-Kutta =4

MERge] eEWAAL ol gate] 47} RungeKuttas] 247158 Fel2 ABs o

z,(1) =z,(2)
cos(e . ks, ks,
z,(2) = ( t> (Vmwosin(wot))—Q 2 (D)+ 2 zy, (1)+ i:L“lﬂ(l)
mC‘ mC mC mC
y.(1) =4.2)

., sin(e,) _ ky, Ky, Ky,

2) = -2 7 1)+ — 1)+ — 1
yc( ) m, (Vmw081n<wot)> m, yc( )+ m, ybl( )+ m, be( )
¢(1) = ¢,2)

., Lsin(e,) . ko, 12 Ky, Ky,
#(2) = I3 (Vmwos1n(wot))—2 I ¢.(1)— I ybl(l)JrZbe(l)
wm(l)/ = %1(2)

@ = 4 () 2, (1421
Iy\a) =— m, Ly _Wb%l + m, Le
ym(l)’ = yb1(2)

k. k. k ki |
Y (2) == 4Ly, ()= Ly, (D+ =Ly, (1)— —L6,(1)
my, my, my, my,

‘Tb2<1)’ = %2(2)
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’ klx
,2) =—4 m, 7,(1)
ybz(l)’ ybg(z)

A7,z (l)==z

2 2= Y (D=9 v @)=y, ()=, |

z(2)=z'

c’ C

- AlEdoldddA B-#<d

olg|gt AL siAastr] Hsi E-d

Spring model A}-&-.

Force [kN]

ozl e Po 9 WE nAT 5 9] Wl <% 232959 I
£EAUAE Tolod @ Al I WE 7

y{:oupler = y(: + X ¢c

o= alt)= [ fs?

1
K = 5 mo?
t
wlt)= [ al)= M)
I
1
K = §[w2
K=K+K

00

00

400

00

200

100

c

=0
HEE

v.(1)=1y.

v.2)=y, .
Lo (2)=

o.(D=9. ¢.2)=¢/,

—

|

| 40 50

Displacement [mm]

o

oy (1)= 4,
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(D

J©
2)

S(©) sin(e))

<19 2329 A FAFTAA A 288k

<GE 232D Hgd Z2EX7A ol&rdm AlEHold B
2 W9 23 v

Collision Collision Max. lateral Relative
angle speed displacement [mm] deviation
[°] [km/h] Simulation | Theory (%]
. 10 36.6 36.3 0.8
15 61.8 59 4.5
10 10 57.6 57.0 1.0
15 97.4 102.0 4.7
TE F GUo) olhs TEAAN A TE S 9 A=)
AZA7] FEAAL 3 WHele <F 232209 .- g4 FE21A
AlEdeld Bas vlud Ay Ho HAAE 0.6 51 [%] A %] g

(2322 24 s=xdA oJ&xdy Agdeld =Y 3
e Ayt vl

Collision Collision Max. lateral Relative
angle speed displacement [mm] deviation
[°] [km/h] Simulation | Theory [%]

5 40 193.7 201.5 4.0
50 218.7 228.2 4.3
10 30 167.9 176.4 5.1
40 192.9 188.39 0.6
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3. TAFY 3 2 8Y As(zigzagging) olE2=d

T N
ewl k ewl
F2 Fl
FHFE = K{'IF (11’. - Eé) FHFV = Kﬂf (1'V + ]¢)
K19 233D F5 % SAFe 9 2 84 AT
- FE AZE AATV| oA FAYo| A8l FAES A ATAA A AR
o= 2

= —kp, w — I@) — ko, (w + Ip) + Fysine,, + Esine,, = m,W
= ke 0w — 1) — ke Ilw + lo) + LF, sine,, — LF, sine,, =I,d

2.5
S

maw + 2kq,w = Fisine,, + Fpsine,,

1.6+ 2kpl*@ = LF sineg,, — LE; sine,,

- AT dolwre 49 2 (3mass-2spring A3} #a1)

SF =k -xy)= kl(ﬂsina)dt+ﬂsinwbt]
a, @y,
a, =V, =V, =B,
1 ky k 2 2k k

B :ﬁl}/{_sz_z—wb ]+V2(wb __ZJ_V3_2}

0, —o, m, my msy m,
S =k (x, —xy) = kz(ﬁsin a)at+&sin a)btJ

@, Wy

a, =V, =Vs=p,
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2
a)azzl ki | ki tk k_2 ﬂ ki +ky Ky —4 kik, +k1k2 +k1k2
2| my m, ms m, m, m, mm, m,ms M,
2
1| k  k+k, k ky, k+k, k kk kk kk
o) =—| L 5 A U SIS T IR a0 i S Lo B Lo
2| my m, m; m, m, ms mm,  m,m; 1y,
- T 22 A A
moW + 2k, w = Fysiney, + Fsiney,
I,§+ 2ky, '@ = LF sine,, — LE sine,,

. 2k Fisine F,sine
w4 twv: 1 wl+ 2 w2
m, m, m,
2k 2
= 0, )
m,
. o B ky o, b,
W+, =| —Lsinw,t +Lsinw,t |[—sine,, +| —2sinw,t + 2 sin w,t —sme "
@, @y, m, a, @y, m,
- GEeps
. k. a k, . a
S2Y — Sw(0) — w(0) + "V = —Lsine, L+ b +—2sine 2 4 e
t wl 2 2 2 2 w2 2 2 2
m, S“+tw,” S +o, m, S°to,” S +o,
Z 71 Z7w(0) = w(0) # 0
2 k. 04 k . o .
(S +w,, )Y =—Lsine L+ b +—2sine z_+ b, +Sw, + W,
tw wil G2 2 2 2 w2l o2 2 2 2 0 0
m, S“to,” S +o, m, S“to,” S +o,
k. a ky . a .
¥ =|—Lsine, | ——— 2ﬁ1 5|+ —2sine,,| ——+—+ 2ﬂ2 5 |+ Swy + Wy | 5
m, S to,” ST+, m, S to,” S +o, S +o,,
. a 1 1
y=-1 smewl( 5 ~+ zﬁl 5 2]
m, S to,” ST+tw,” S +o,” ST+o,
2 o a, 1 b, 1
tomsme,,) 2 2 2 o2 2
m, S"+ow,” ST +o S“+w,” ST+,
Sw, W,
t . 2 T : 2
S+, S to,

d
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-o Bk aus oA 8 W9 Ana.

k. a, sinw,t sinw,t B sinw,t sinw,t
w=—-sine 5 > - +— 5 -
m, w,, —o, , o, W, — @, @, o
k, . a, sinw,!  sinw,,! 5, sinw,t  sin @,
+—=sine,, > > +— >
m, Wy, — Oy @, @y, Wpy — Wy @, o

Wy .
+ W, cos @t + —sin w;t
1)

) . a yoi
— 1 1 1
W=—-sine,| —5—— (cos @, —cos m,t)+ — (cos @, — cos a),wt):l
ny @y, — @, @y, — Wy
+ k_2 i L( t— t) + L( {— t)
sine, , > > (cosw,t —cos w,, 5 5-(cos w,t — cos @,
m2 a)tw - wa a)tw - a)b

+ Wy, sin w,t + W, cos ,t

L+ 2kl = LE;siney, — LEsiney;

. 2k, 0 Lsine Lsine
+ =F wl _F w2
S R Al
2
2k,0 :a)iwzoal
1

z

- 2 a, . . k. a, . . ky . .
P+w, = [—1 sinw,t + A sin a)bt]—lL sine,, + (—2 sinw,t + b sin a)btj—zL sine, ,
1 1) [0) 1
o, w, ;

z

a z

- gEEks Ak

4

B ki oo o, By
+ > | Lsine,, — +

ko

—=Lsine
2 ) 2
S*+0,” ST+w,’ )1 S*+0,” S*+o, "

z

S*® - $4(0) - $(0) + @, ® =

2

%7127 ¢(0) = ¢(0) = 02 T

S+, )b = 2051 ~+ 2’81 5 ﬁLsinewl— 2052 >+ 2'32 3 k—stineM,,2+S¢0+¢50
S+, S +o, ), S+, ST+o7 )1,

a k ) a k ) : 1
D=||— 1 =+ zﬁl 5 —L Lsine,, — 5 2 =+ 2ﬂ2 5 =2 Lsine,, + S¢, + @, -
ST+, S+, )1, S+, S+, )1 S +aw,
a 1 1 k )
Q= : 2 o2 7t zﬁl 2 o2 2 I—lLsmewl
Sto,;” STtw,” STt STte, )1
a 1 1 k )
7| o2 : 2 o2 >t zﬂ2 2 2 2 ~%Lsine,,
S“to,;” STtw,” STtoe” ST+, )1,
LSk,
2 2 2 2
S +w,,” STto,
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- A 29

9o = =)=
o BEusEee ¥ A 29T A4
¢ _ o, sin a)at B sin a)[th n ﬂl sSin C()bt _ sin a)iwt
2 2 2
w0y @, Wy, @;, — @, 23 @y,
_ a, sSin (()at _ Sin C()iwt ﬁZ sin a)bt _ sSin (()l-wt
2 2 2
w,, —a, @, Wy, @, — 2 Wy,

N W, .
W, COS ,t +——sin w,t
t

e

&5

7

- =
‘ a
¢=| —51—(cosw,t —cos w,, 1)+ fl
Wy, — W, Wy — Wy
a
—| —52—5(cos@,t —cos @, 1)+ 2ﬂ2

a)i w

_a)a

— Wy, sin @, + W, cos o,t

z

k

Lsine,,
z
k,

Lsine,,

z

k.
~(cos m,t —cos @, 1) I—IL sine,,

k .
~(cos w,t —cos @, 1) [—2L sine, ,

z

- o &HFE % FAm
Vs V,
ms3 ny
e,,=5°
_ Holeigr
1D HE
<39 2332 FAE s X2 (el=5 ", e2=5")
-~
104(-20500,3000) 103(-500,300
m3 mo my

201(-21000,1500)

201

112(-20500,1500)

111

I -~

h

v

106(-10500, 1500)

111(-500,1500)

102(-500,0)

\ 107(-17500, 1500)

105(-20500, 0) f
108(-17500, -1000)

a9 2.33.3> XA}

84

1D A&
F BRLE FHE
AR

109(-3500, 15000

110(-3500, -1000)

101(0,1500)

A(el=5 ", e2=5 )2 #HH/




AEE A% 5 =4 9 2 v ok Al da9dvr dEE A2
A7 Asel o) BZHEHA olgrE)N} £ HmA}E ofst
< 233D T&Ex1 13

parameter value parameter value

V1 40  [km/h] L 10 [m]
V2 35 [km/h] 1 7 [(m]
V3 -5 [km/h] h 1.5 [m]
ml 20,000 (kg] lyy 340,833 [kg*mz]
m2 10,000 [kg] k1l 100 [kN/mm]
m3 15,000 (kg] k2 80 [kN/mm]
el 5  [deg] ktw 200 [kN/mm]
e2 -5 [deg]

12000 — h?‘lzc;_.rjsl& localcoondinate)
=
=
e (ms]
a9 233.0F==x7 13949 47 F249 F1 23
— l??'u?r?sls lcal coo n:lha'.e|

=

=1

B

Im e (m s

<Od 2335 FE5x1 13049 9427 49 F2 23
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[——TReary
——theory_update
. theory_update2
- analy sk _k @l coordinake
:] .
N e
—
E o
E
=
-4
=
= T T T ! !
M 0 100 150 00
fme (ms)

< 23360 S==x4 13149 A B3 A3

meory

——meon _updake
meory_updae?

- Analysls_kcal coo rdinate

00T —

ratation (rad)

-0u002

T T .
o =0 100 150 200
tme (ms)

¥ 2337 T2 13449 24 8 4= 234

—meory

— meon_update

04T meory_updatke?

218 4 - analysks_kcalcoordinate

ais
as ]
21z
a1z
211

ew! fad)

=R L=y

o |
s %,

o7 e

00s

0os .

tme (ms)

T
N

J

<19 2338 T=x1 130149 A47] A4S ewl A3

¢
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— meorny

—— meony _update

015 o meory_updakez

-~ anaksks_lkealcoordinate

IZIH-—-
l:l13—-
|:|1;_-
l:l11—-

=R Ly

1 . .. .-."-‘.. =
oos - \x_u_ |
- . -1

ew? [ad)

00 -
007

00

QoS

E_

. . . T . T T T
[ ] 20 30 40
fme (ms)

<Id 2339 =24 13049 947 AAAE ew2 23

[ th=ary
——theory _update

25 - theary_updatez
o] - AN ksl _koeal sondina s
15
10

—

E =1

E

= [ —

[=%

4 :

7 =

=
-0
BEE
-
-z . ! . r . T . T x \

o 10 2o 3 8 =
tme (ms)

<Y 233100 F=x7 10X d27] HF73 sHHe] A3

(£ 2332 T=x4 13949 AR} ojgrde] A3} Hlal-1

second peak value
: ) Relative
Time Displacement .

deviation
simulation 33 [ms] 14.722  [mm] - (%]
theory 30 [ms] 9.3703 [mm] -36  [%]
theory_update 30 [ms] | 14.56809 [mml] -1 (%]
theory_update2 30 [ms] | 13.25874 [mml] -10  [%]
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meon
meon _updake
o meorny_updatke
1 ------ @nalyshks local coordinate)

w-L*phi ()

r T T T T T T T T ]
o 10 20 30 40 ]
tme (ms)

<Id 23311 F=x7 13049 d27] HFE73F 2] 23

(E 2332 =27 13049 FX D3 ojgde) A3} Blu-2

first peak value
i . Relative
Time Displacement o

deviation
simulation 19.795  [ms] 11.653  [mml] - (%]
theory 18  [ms] 7.66798 [mm] =34 [%]
theory_update 18  [ms] 13.2962  [mml] -14  [%]
theory_update2 18  [ms] 11.6181 [mml] 0 (%]
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- AT F ARAF EF5Es AFned Bed
al =2

A A AEg-A= 2E

N

ok

]

1 2-4Y9 d93E =dd
FA3L7] 98 33Y A 249 7)8E FAPAEL o] 83t

- -9 e HEES
dEs TSI

- Y9 AELSE FAELESE LA, 7[EFHA F-Hd 1 5L
32 &l o] 29 Z Penalty method’} .

- 718 Mde Ay B A slave noder} master surfaceo] HAESAS S A== (contact
force)> AEHFY HAEAAHSZ FH ALtE, A= JAEFe] F7Hd vldste] HE
He =Sz =
g S7MskA H.

aly
o

Bs

N
ke
rr

3
o ar o 2
Mg e
- '
ar -
- :
& . D"l
r
T K2
L= =Ky

<13¥ 3.1.1.1> 7} master segment 9ol =YL uf,

contact pointe] ¢ %]

l=n;x[t=r(&,n)] <0

n, =mn, (gc ’ nc)
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- Least-squares projection iteration®. 2 FE Z7|X| & FA 5|11,
=0, n,=0,
7 VAV
Ir., Te ran] An}_ T {T(fz’,m)_t}’
§iv1 =& T AL mp =0, +An

- Newton-Raphsons iteration ©. 2 5-E] penetration coordinategE %
Ag }__ "¢ _
A5 | 1),

A€ — 7’75 O e T»&?
[M{An}— Tﬁn} [7:5 7’77]] + lr N ’]”"&7 O bl
§iv1 =&TAE mp =n,+An

- Master surfacedl] % %% slave node coordinate n Z%E HEFHFS 4A&E3H T3 4

I s
[=mn,;Xx [t—r(gc, nc)] <0
- o7]A] contact pointel|l 4] master surface®] normal vector=

n,=mn,; (507 T/(‘)

olal, ¥k slave node n,7} master surface s,ol HEFH =7o]H, contact force

vector f. &
fo=—lkn,; if <0
- nol AREES neEE, HEYe

fo=¢.Em)f, i <o

o] =™, master segmentoll X D+ FHZF7F/d(contact stiffness of master segment)2 o
=3 Zo] ALk,

" max(shell diagonal) or shell elements
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—

2 HESZAE g7 JdoA 7M. F&sHA 8ste AF ©
H(one-way contact search method)2} ek H=
method)°] 2.

2 AoH slavee] ¥ E2] FEE master segment (== surface)2]
Aold HHS V|EHEE APt AFFS A4tk AlAstor H &Y AlAitske

JP

I
HE i

Iy Fo=R

2 (two-way

1z

(@]
o
=
—
o
- Q
—+
n
@
oS
=
@]
=

3k Whek HZ=(one-way contact)S master7b Al Rda AX == F3y 2
o] ¥ (stamping) A E& o]l 2 gtat

wA Heksta Mg w4 (fine mesh)E zt= slaves} &2 w4(coarse mesh) ¥ &
Azt HEFAN=E 8%

71 dbo] 38 7153 2719 HEOZE beamF} surface T+ shell edgee} surface =

rlo
I

L
=

ofbel HEZEX(two-way contact search method):= master surface((== segment)2}
slave surface(®£+ segment) 7t IFZFS AMF7|vit A= ALbsle HEEE A

ek dnYES AT
PPF AL B Y FFEH RO H2Y A Qo] FED ANE AL
S Qe Aol gout AT F7HE A8 AAEEE tha b Bl e

s d4akAl 2El(computene] F 224X (CPU)S} HolEl Al
A3 AgANA 2 Folr} B e AR,
Mol ERA wE OMde] /Y E&Holv, & BF Pl =t

© 249 AEdelde tA 7
2. ZAY F= eI
TE F 2-d<d B Ase A¥ET] FAY SEste 209 AEdHCIAE A6
A=
FAE L E-Ed 3 AEA sl st ES AAsHy] fste] <a9 3.1.2.1>9 #Zo] &

© 25 ma»t« 57&% 2 592
Asrbolo] A HEHS welste] 9
P22, A&l 460 mmol

g =60°

<Id 312 24 Algdeldes AT Aug e M=
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7t 7EAE =Y AEHOA

<19 3122 FEHE »d

- FEAE mde <Y 31229 Zol Dol dY lelA FANBA AU FEA
%< A APshe =AY,

- FEAE mdlo] 7120z A ¥ FE AR @ A, <IY 312DAT
Yado] WAT AL B 5 STk (1Y 31208 25 ABdoMS Fa) A3l A
oz g%l A de AEHolA A

- < 31240004 BAZ ZAHE A4 = 95.2ms 7HA] fFA HAG I o] Fo&=

A= =i
131.4ms 7}A] Climb/Roll-over &< wt
ZAS WEE . gAlo] s H.

- 9 A3 dHolHE BY eddelde] AsAl TAst=H ols & =3kl f¥o)
]

I
ol
o
2
K
&
v}
alfe
—
w
o
=

wm

_}1
N
)
o,
&
<

D

T

(@]

3.1.2.600 Bl ZAAHH HGAE =
- 71 o]3o= <" 312704 Bz A
A4S TEsha, <O 3.1.28>A 3 F3tel Roll-over-C %7 .
2549 A3E vlus)] B g4 X512 AIZE
2 5.9ms zfol7} val, g4 F32 AAAEIVT Evr HIEH o EE Roll-over-CE

[e)
T
rou} Fzbo] BE BA fEol AT

“
- gae] HeAR Aol ThEAl YEhls A4S 839 24 o|ERde HER 1%
L fa

ox ol

It yawing A T& ABSHA @i, AlEdEolde HEF s EI yawing
b 5ol agd Adolx 71 =)zt 10% o©l
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=
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(E 312D o3 AEdold 23 Hlu

TEHE 22L& o83 TERS
2ol & A& o)A
2743 E 101.1 ms 95.2 ms
Climb-up Climb & Roll-over
ERRR
Roll-over-C Roll-over-C
2000 - ) 95.2ms 1314ms1380ms ,
— R
15004 ——R 03 43
9 Clinb&RoII-ov]rI .
——d T 4 ¢
—_— R l-over-C §, 5 E
i 1000 prory l ﬁO.Z% . I"E
5 / | 5] B
{9 _}’\Au
o 500 015 41 §
L \' g ©
] & . g.
ANAAAAANIAA AN AATAN 0 2
0 - - L AL L oo2 |0 &
D 30 jo ﬂo 120 150
-500- 101 4
Time [ms]
<19 3124 75315 229 24 73
800 ~ R.
— R
600 R
<. 400
8
2
200

0+

Time [ms]

<Id 3125 7F5HF =2l |, W, W, 2%
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400 _ 101.1ms

— R
— Ry
—R
300
=z
=
§ 200 Normal state
(o]
m /
100
et ——— =
0 . . . T \ .
0 20 40 0 100 120

Timetms] °

<1d 31260 T7EHE oA o84 < ol &3 AEH =4

2000 - R, - 200
—R
15004 —— 9 150
E
= 1000 100 =
i 1134 ms / =
N
S 500 T _,/ o e 50 8
-/ ] / 1 3-
N]
0 = el : : =]
| oo —
110 120 40 150
-500 - -50

Time [ms]

<Id 3127 7EHSF RN o]&4<& ©]&3 Climb-up =4

1

1304 ms 136.8 ms
20004 _ R - 04
{ ——R, |
15004 ———9 0.3
Roll-over-C
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= 1000 02 8
X, )
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£ 500 I— 01 ¢
o 2
1 1 v
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0 S : 00 X
—He—— 120 30 J40———_150
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Time [ms]

<19 3.1.2.8> TEHE oA o]E24 2 o]&3F Roll-over-C =74
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U vnddE 2d NEH)A

<1® 3129 Vg S =g

MnEdE mee <1y 31299 ol dol HY felA HMsA ¢a A
W93 MnY 45 U AWsts w9l

MuPAE wdo] 71gold AA W FE ABdld @ A, 1Y 3121003
9 gilo] WA AL B+ AL

{(Id 31212 S= AEdolde 3l A7HEAE F8ll &5 deH= W,
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o
o
ofo
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< 31220 FE8HS =
o] Ay vk
2435 By FEHE 2dE 10Llms 7HA BARAEHE FASH7E o] %4
Climb&Roll-overe} Roll-over-C 23S 73}
nngdE 29 108ms 7HA] AAAHE §A 87 o] Roll-over-L 271&
=3t
g9 g AHFAIE AZE 6.9ms ztol7b val, €4 §3-2 A dHY
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<F 3122 7835 223 vndfdS 2do o84 A3
=1
TEAZ 29 & nnPHE 2dS
o] &3k o] &3t
gl & ol &
7874l 101.1 ms 108 ms
Climb-up
2SR ae: Roll-over-L
Roll-over-C
| — Ry
—R
300
=z
=,
§ 200 Normal state
]
LL.
100 —
e e e et e e Nttt e et S N N
0 0 20 40 _ 6Q . 80 100 120
Tlmeo[ms]

<29 31211 vnaAHSE oA o]&24E o83

2000

1558 ms 157.7ms 161.8ms 172.2ms

- 08

1500 —0 0.6
i
Roll-over-L Roll-over-L
g 1000 M\ \ L\ 0.4
. /
: N
500 02
L.
44@1/ N E
] . ]
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~. ]
~]
-500 d02
Time [ms]

<18 31212 "nHAHE &

dof| A o]22]-& o]83k Roll-over-L

Aopde 23

Rotation angle [rad]
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) 24 HE 2d A EH oA

- HYe <IH 312133 o] HAY 3, 8 SA4S Est AR 229
o2 RAYsAS

- #HYY e Yzl o g Hertzian contact &9 F83] & Zto 2 2MN/mm A
33 o ol HET A 94y FAHd mE FFAHol HojXe ddo] HA
skl 22 ALkel] oF 2AHE Fol7] f18te] IMN/mm o2 #8335

Lateral force of Spring rail = —F,
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A lightweight design approach for an EMU carbody using a material
selection method and size optimization "
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(Manuscript Received June 10, 2015: Revised October 9. 2015; Accepted October 9, 2015)

Abstract

This study proposes a weight reduction desigm approach for urban transit carbody using a material selection method and size optimiza-
tion. First, the material selection method, which uses specific stiffness and strength indices to predict the weight reduction rate. is set up
when the materials of the under-frame and roof structure are substituted. The CFRP was chosen as the best weight reduction material in
terms of the material selection method but was not appropriate for application to an urban transit carbody as a thin panel because of out-
of-plane deformation. Therefore. we applied CFRP-AL honeycomb sandwich composites to the under-frame and roof structures. and the
size optimization method was subsequently applied to derive a lightweight composite hybrid carbody design. Finally, the proposed ap-
proach was applied to an urban transit carbody. i.e.. a Korean electrical multiple wnits carbody made of aluminun extrusion profiles. The
weight of the optimized composite hybrid carbody design was 29.0% lighter than that of the original K-EMU. The resulting composite
hybrid carbody design satisfied the design guidelines of the Performance test standard for K-EMU according to the corresponding FE

simulations.

Keywords: Urban transit; Material selection method: Size optimization: CFRP sandwich composite; Composite rybrid carbody

1. Introduction

In general. various design methods (ie.. applications of
lightweight materials or design optimizations) are necessary to
deliver weight reduction in rolling stock carbodies. The
weight of the carbody is highly important in the weight reduc-
tion of rolling stock because the carbody accounts for a major
share of the vehicle weight and is located on the upper posi-
tion of rolling stock structures [1]. If the weight of a carbody
is reduced. those of the other structures. such as bogies. sus-
pensions and traction systems. become lighter subsequently.

Most of EMU carbodies are currently constiucted of Alu-
minum extruded (ALE) or Stainless steel (SUS) materials.
Until now. most of the weight reduction has been achieved by
material changes (i.e.. from carbon steel to ALE or SUS). but
it has become necessary to apply other lightweight materials
(i.e.. Ti alloy. Mg alloy. or composite materials) to carbody
design for additional weight reduction [2. 3]. Composite mate-
rials are widely used in the aviation and automotive industries
because of their excellent characteristics in specific strength
and stiffness. and in the rolling stock industry. major manufac-

‘Corresponding author Tel: +82 2 970 6878, Fax - +82 2 978 6878
E-mail address: koojs@seoultech.ac.kr

TRecommended by Associate Editor Jin Weon Kim

© KSME & Springer 2016

turers in Europe and Asia have developed selected composite
carbodies and boges [4].

Several studies were performed for weight-reduction of roll-
ing stock carbodies. Specifically. in Korea. the Tilting Train
Express (TTX), which is a hybrid-type carbody built from
composite materials and SUS. was developed in 2007 [2]. The
under-frame of the TTX was made of SUS, and the roof struc-
ture and sidewalls consisted of composite sandwich structures.
Additionally. no material selection method was used to find
the best material combination among potential carbody mate-
rials in the TTX structure design [1. 5]. In 2011, Han dis-
cussed the weight reduction of rolling stock carbody by topol-
ogy and size optimization process without material selections
for the best materials application [6]. Similar results were
reported for a rolling stock carbody by Lee m 2015 [7]. They
proposed to design the shape of the rib and the thickness dis-
tribution of the aluminum extruded carbody using a design
process based on structural optimization. In 2012, David per-
formed a sandwich panel substitution process to reduce the
weight of corrugated sheets in the floor and roof of rolling
stock carbodies [8].

Hence. for more light-weight design of carbodies. it would
be necessary to perform the material selection method and size
optimization at the same time.
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Theoretical cross-wind speed against rail vehicle derailment considering
the cross-running wind of trains and the dynamic wheel-rail effects

. . - . . ¥
Myung Su Kim, Geo Young Kim, Hyun Tae Kim and Jeong Seo Koo
Department of Rolling Stock System, Seoud National University of Science and Technology, 232 Gongneung-ro, Nowon-gu, Seoul 139-743, Korea

(Manuseript Received October 16, 2015: Revised April 18, 2016: Accepted April 18, 2016)

Abstract

In this paper. a theoretical fornmla was proposed that predicts the derailment index due to a cross wind applied to a rail vehicle consid-
ering the cross running wind condition of two runming trains as well as the dynamic wheel-rail effects. The recently developed derailment
theory on a wheelset was applied to this new cross wind derailment fornmla. Contrary to the conventional formulas. this new derailment
formula was derived considering a dynamic derailment coefficient (Q/P) under normal running. the friction coefficient between the wheel
and the rail. the wheel load variation. the cross mumning wind effects. and the cross wind. Using this proposed formula. the derailment
pattern and the critical cross wind speed of derailment could be predicted for various cross running wind conditions of two running trains.
Finally. for some typical examples. the results of this proposed formula were compared and verified with those of the conventional for-
nmlas and the numerical simulation of multi-body dynamics software, Recurdyn.

Keywords: Derailment; Cross-running wind: Cross-wind: Single wheelset: Wheel load: Critical cross-wind speed against derailments

1. Introduction

The train is one of the best mass transportation system that
operates on the ground. A train runs along the railway without
any disturbance from other means of transportation. and thus.
it is able to travel at high velocity and arrive at destinations
punctually. Furthermore, the train is well recognized as an
eco-friendly mass transportation system, which is important
considering the circumstances of global warming and increas-
ing natural disasters. Despite these merits and good safety
performances. the train is at risk for potential hazards (which
can even be triggered by an accident) that can result in severe
calamities, leading to mass fatalities and property losses. As a
result, many research studies have been performed to improve
train safety [1-8].

Derailments due to a strong cross wind become an impor-
tant ongoing 11sk to tramns because trains are becomimg lighter
and faster, in spite of the trend of stronger cross winds due to
climate change. Several derailment accidents caused by strong
winds have been reported [7-9]. Therefore, it 1s important to
develop methods for the estimation of the critical cross wind
speed in terms of derailments for operating trains. Note that
the conventional derailment formulas [10. 11], which consid-
ered only cross winds, cannot address the dynamic effects

“Corresponding author. Tel: +82 2 970 6878, Fax.: +82 2 978 6878
E-mail address: koojs@seoultech.ac.kr
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® KSME & Springer 2016

caused by wheel-rail interactions and vehicle dynamics during
operation.

To address the above-mentioned deficiency. a new derail-
ment formula must be developed that considers the dynamic
effects as well as the cross wind for operational trains. In this
article, we propose a new derailment formula that addresses
the dynamic effects caused by the motion of a train and the
cross wind pressure effects, including the cross running wind
pressure effects caused by two trains passing by each other in
opposite directions.

In this article. we derive the new derailment formula con-
sidering cross wind that utilizes the new derailment theory
recently developed for a wheelset [12]. Apart from the con-
ventional derailment formulas [10, 11]. which ignore wheel-
rail dynamic interactions. this cross wind derailment formula
considers the effects of cross wind as well as the dynamic
effects between the wheel and the rail. The dynamic effects
were considered from the P/Q values measured along the 1ail
track under the conditions of no cross winds. The derived
derailment formula was proven using Recurdyn. a general
dynamics software developed by Function Bay Inc.

2. Forces transmitted at axle by cross-wind and cross-
running wind
In this section, we propose a theoretical model to estimate

the critical cross wind speeds in terms of derailments consid-
ering the vertical and lateral wheel loads under cross wind and
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A Study on the Effect of Changes in Chevron Rubber
Characteristics on the Vibrational Ride Comfort Level of a
Subway Vehicle

Nam Cheol Park’, Jeong Seo Koo™
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ABSTRACT

d o . .
"" springs. The suspension system is the

The suspension system of a subway vehicle is composed of 1% and 2
most important parameter in determining the vibration ride comfort. If the 1™ suspension spring is designed as a
spring with strong stiffness to improve the running stability at high speed, it causes vehicle vibrations. In this
paper, by testing and analyzing changes of the characteristics of Chevron springs, which have been the primary
suspension springs used for about 20 years, we study how changing the characteristics affects vehicle
acceleration and ride comfort. The lateral and longitudinal vibrational ride comfort index levels were lower than
the vertical ones. Therefore, as increasing the stiffness of Chevron springs has the greatest effect on the vertical
vibrational ride comfort index level, a countermeasure for vertical vibration reduction is needed when the
stiffness increases owing to aging. Finally, maintenance guidelines, including the replacement time for the

Chevron rubber, were proposed based on these findings.

Key Words : Chevron Rubber Spring(ME& 15 AZZl) Suspension System($47}EHX|), Vibrational Ride
Comfort( Tl s SAIZ}), Stiffness(ZH4d)
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A Study on Prediction of Overriding for a Leading Vehicle in Train Collision
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Abstract: In this study. we derived an theoretical equation about the overriding behavior of a leading vehicle.
which is considered as the main factor of frain accidents. using a simplified spring-mass model for rolling
stock. In order to verify the derived equation. we created a 2D simple model based on the theoretical model.
and a 3D simple model by considering the characteristics of power bogie. And then we compared the
theoretical results with the simulation simulations of LS-DYNA. The maximum relative derivations of the
vertical displacements at the coupler. which is the most important point in overriding, were 3.5 [%] and 1.7
[%] between the two results. Also. We evaluated the collision-induced overriding displacements using the
theoretical equation for a rubber draft gear. a hydraulic buffer under some wvarious collision conditions. We
suggested a theoretical approach for the realization of overriding collision accidents or the energy absorption
design of the front end of trains.
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A Study on Prediction of Lateral and Yawing Behaviors for a L#ading
Vehicle in Train Collision
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Abstract: In this study. we derived theoretical equations about the zigzag behavior of a leading vehicle. which
is considered as a most happening behavior type of train accidents, using a simplified spring-mass model for
rolling stock. In order to solve the equations of motion. we used the Runge-Kutta method which is the most
typical method in numerical analysis for differential equations. And the lateral displacement of wheel-set at
wheel-rail interface was estimated by using the kinetic energy. In order to verify the derived equations. we
compared the theoretical results and the simulation ones about various collision conditions. The maximum
relative deviations of the lateral displacements were 0.8 [%] ~ 4.7 [%] in the light collisions and were 0.6
[%] ~ 5.1 [%] in the derailment conditions. When an accident is reenacted. these theoretical equations can be
used to predict the overall behavior and obtain the off-set of the body-to-body link as the initial perturbation.
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