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ii) e urror + Expand the eMirror the mirror once )
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+ Expand the back mirror
. (After checking front left) .
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pop-up + Left camera . Camera
+ Left hand side camera
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Fig7. Test condition of Driving Simulator

HERFRBOHNT A ZELT 1 linch T4 A 7L A
(=L A77F) +8inchil@fih T4 A7 VLA (A= AT
b)) +7inch i 74 A7 LA V=535 —LAT7ThR) Z{f
HL7z,

SERY A7 GLFEERIZ, 2L YavBIRIAE VS
S IaL—FZHOEMEL 7, RS 2K 7 IR,

3.2 FHEAE

FHAf L LT, fEROMTAETHEMAI N T3 NASA-
TLXY Z\wre, Ffe, ERIETOLKEZ AN, HiEH D
STRGHEMEDW S I A FET AT 7Y v /Ty bre—" &l
DILL 7 DEREA RS 2 7z,

BT HER AR IE, RFEIREDOT — 8 L DA DD 5
RERFNMICRIT 2, SRR A L 2R IE & PR =
A RECED, DERPEZTLRLE, #HIZDSD I LIZK
ZRONTOIGEZE OB E =BT 5k E
%5,

FEESME L, AT 2R 20 ~ 600 B L 74
THEML7, SIS T B E T > 7813
fTL, Z2NZFNOETH I EICK T2 TEML 72, BT O#
TEStE 2 £ 217 T,

Table2 Test condition

Task Scene Speed
i) Map expansion Highway 100km/h
ii) eMirror expansion Highway 100km/h
iii) Side camera pop-up City road 30km/h
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Table1. Specification of bearings No.1

L-Link bearing Main bearing

Ubper Lower
= —
Diameter(mm) 42 52
Width(mm) 25 17
Width of groove(mm) 3.15
The rate of increase
of load 1.9 19
Sliding property Rotating Rotating
U-pin bush C-pin bush
l} = %}:}
Diameter(mm) 23 21
Width(mm) 16.6 18.5
Width of groove(mm) 2.29 2.29
The rate of increase
of load 1 0.9
Sliding property Oscillating Oscillating

Table2. Specification of bearings No.2

C-Link big end bearing Controlshaft bearing
[‘ (@) ‘] @P:#]
\ \
Diameter(mm) 35 40

Width(mm) 17 17

Width of groove(mm) 2.58 3.15
The rate of increase 0.9 0.9
of load
Sliding property Oscillating Non-sliding
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Fig. 5 Mechanical asymmetry of L-Link
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Point of load

Fig. 6 Principle of lever by multi-link

Inertia load

Combustion load \\/", Matching surface

&Fa

A\

Fig. 7 Load of L-Link bearing

Table3. Specification of L-link(conrod) bearing

t

Multi link [Conventional
D(mm) 45 47
t(mm) 1.5 1.5
L(mm) 25 16
Fr ratiox 1.56 1

! L
Total adhesion : Fr=2(1-t/D)(t/D) gL D & (N)

og: Stress in bearing circumferentional direction
3% Fr ratio = Fr value of each model / Fr value of conventional

Conventional Multi link system
v
o)
Height of crash relief

Fig. 8 The height of crush relief
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Fig. 9 Comparison of bending deformation
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Fig. 11 Local pressure of main bearing
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Fig. 12 Positional relation of main bearing
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Fig. 18 Local pressure of U-pin bush
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Fig. 15 Local pressure of C-link big end bearing
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Fig. 23 Thermal measurements of C-pin bush
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Table 1 Parameter of distance function

Flow field prediction Cp prediction
Bounding box 10.0mx4.0m*3.0m 6.4mx3.2mx2.4m
Grid pitch 0.10m 0.05m
Num. of erids 100x40%30 128x64x48
um- oren 120,000 393216
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Table 2 Optimizer, loss function and hyper-parameters

Flow field prediction Cp prediction
Optimizer Adam Adam
Loss function Mean absolute error Mean absolute error
Learning rate 103 10*
Epoch 5,000 2,000
Batch size 16 16
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Table 3 Errors of loss functions in velocity vectors, pressure and
Cp at last epoch of proposed model
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Table 4 Error in Cp of train and test
(b) Test case
0.006

1.4%

(a) Train case
0.002

0.5%

Std. deviation

MAPE

100 |a
MAPE_—Zl‘ vil )

K (2) ILBI2aiBLVYiF, 2R ZFNCFDFREREE
FITHEE LA R AR L TED, nl3EEr — A0 FE k1L
FANT—ADBELET,

12BXORATR TR — A0 (a) IFEEHER 22,
MAPE £ I3/ I BT ED S, T =% &y bEHEYNCY
BHTETLRIED DS, —H TAM —A (D) IZ2WTUE,
(a) ITHRCRAAE DR E CPUL R ICEE ) B %,



FC B NG I A2 R 2 Tl B0 0 a = R ETOVEFE

Error 0012 :
(Std. dev.) A Train
—0—Test
0.008 .\-\'
0.004
‘\A—’/_A
0.000
0 400 800 1200

Num. of train cases

Fig.13 Error history in Cp with increase of train cases

X 1312228y — A% B2 G A DR EDEAETRT,
BRI AE 7 — ZADETH D it 3 3% (BB ) Lo T
W5, ERT— ZADBDEZ BT T AN — ADFED
INEL LB ED DS, PALEERED IR RicmTEEE 7 —
ADMMDERNEHZZ 5,

0.50 .

v/ ® Hatch back
7/ 7
4 A Sedan
7§97
— w? SUV
[} A8/ L.
'g 0.40 A7 Mini van
E 4 A’AQ 4 ®  Pickup truck
- By .
o , Kei
4 ¢
Q K5 Error +0.000
S 030 {8y
= Haw = = =Error+0.012
~ o
/,
/7
v/’
020 7
0.20 0.30 0.40 0.50
CFD

Fig.14 Comparison of coefficient of aerodynamic drag (Cp)
between CFD and proposed model

K14 IR ETETVEHOTHEE LT AN — 2D CpfliL
CFD # oL Z Hchi e, et Le 7L ot
L7 CpfEiTd b Kililiid CFD TR L 2flich s, TAM —
A 6O HEIBEGEEN T 0D, WTFNOBEEIZO,
TOHREETT NV THEE L7 CpfEld, CFDASHRICHL T4
+0.012ICINE STV T EDDS,

HE RIS DRI 7 = — X TIFERD T A v LD 2 )15
fli%f79 5, OB TIEET A v EOBIREITREL,
CoDfibIREET N DEAEL, LICE %, > T W72 —
ATHIUL, KT AV RITHT 2% Cp fHD S BIR O FTEA
WREETVEZFAT2IEDRETH Y. CFD ORI,
AR ROHNE IR TE S,

3.5 BWZEETILOHERR
WEEFNVZMAT, BHRDT — A ADFES AT, S
DB IO CplEZEHEE T 2DICEL 2 £ 5 IR Y,

96

BELTHEMADCFDY 7 b =7 % AW 556108 9 S RE D
Al L7z,

Table 5 Comparison of computational time between CFD and
proposed model

Proposed model CFD
Distance function 11.4 min. | Mesh generation 40 H
Prediction of velocity, 0.1 min. | Flow calculation 20.0 H
pressure and Cp
Sum. | 11.5 min. Sum. 240 H
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Fig.11 Pitch Characteristics for Driver’s Information
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Bpitcn : Pitch Angle (Downward) [deg]

epitch =K X Osteer

gpitch =KX 9steer =3K

Osteer : Steering Wheel Angle [deg]
K : Proportional Constant
épitch : Pitch Angle Rate (Downward) [deg/s]

Osteer : Steering Wheel Angle Rate [deg/s]

EEBCTHESNIZFIANDE v F T 2 EF A4
(K10) &, KX (1) (2) TERL BRI T2y F 258D
K5, FIADEAEA 1deg TH X9 £y F2E)% JRHIC
ELHBIEBKDMEE KD D, K121k, FIALDE Y F2
BT BIEET A T LT, HBEBKEZ0~0.08% T
0.02 A ATZEHEL 7D, it 1deg THRAETIE Y FLA
FeEyFHDOEET Ry LTSI T7THS,

0.20
0.15

"o

O

=,

> 0.10

o0

=)

2

5 005

-9 . .K=0.02
0.00 X S

0 005 01 015 02 025 03

' Pitch rate [deg/s]

Fig.12 Pitch Motion by each “K” at Steering Angle 1deg
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Table 1 Vehicle Model Parameter

Parameter unit Value
Vehicle Mass kg 1670
Vehicle Yaw Inertia kem’ 2600
Vehicle Pitch Inertia kgm2 2300
Height of C.G. m 535
Front axle~C.G. m 1.08
Rear axle~C.G. m 1.62
Front Cornering Power kN/rad 62.5
Rear Cornering Power kN/rad 95.5
Steering Gear Ratio - 15.0
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Table.1 Variables and functions for optimal control

Notation Description
u(t) Input Variables (1,..., p)
X(1) State Variables (1,...,m)
ty !/t | Initial / Terminal Time
u, /u s | Initial / Terminal value of Input Variables (1,...,p)
Xg / Xy | Initial / Terminal value of State Variables (1,...,
f(x,u) | State Equation of motion (1,...,m)
Mt) | Adjoint Variables (Lagrangian) (1,...,m)
L(x,u) | Stage Cost p: Number of Inputs
J(u) Cost Function | m: Number of State Variables

Vehicle Motion Design
Stage Cost Function

Vehicle Model
State Equation

e

L(x(0),u(?)) (1) = f(x(),u(r))

% || e

Cost Function
J() = [ T0u00) + 10 - (Fx(0), u(0) ~%(0) Jar |

N\

Vehicle Motion Task
u(0)=u,
X(0) =X,

u(,) = u,
d)OX(t) =X,
Termir;;Ir\

Conditio_rE)

(ﬁtial

Conditions N,
k\/\_/ X /

ke e
1,1s) /’-‘»7/

[ Optimal Control Algorithm )

/

u(s) =argmin[J(u(?))]
(A(t)and x(¢) are obtained at the same time )

Fig.1 Schematic flow of the inverse vehicle dynamics
methodology by optimal control: Ride quality is reflected
to stage cost to describe motion design.
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Sy IE PR Rl o ek, BEije T (R
FER) 2. BEFEZE S (Adjoint Variables) % {#i > T Stage
CostBIE MBS 2, 7720, MERZIRHE 7 387 3
Bz, ETVEEROHIR2H 5, Zi, REHEXD
sl T, R (D) XTI (2) DXHIT, IREZEE x(0)
DB (1) A3, IRREZE BT <P (Explicit) > il Al g
B ThH2,

X(1) =f(x(1), x(1), (1)) .
X(1) =f(x(0), u()) .
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EICRBLT B7201c, EH SRS IC TR €T V%
BAFE L7z, R2EX 212, 1E0 T R ILHECH S % &
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7-Magic Formula iz, fERIREZAOIEEREDMA TS,
A (2) BADHMET LM TR " Z2lHsn 0,
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Table.2 Variables and input functions of vehicle model

Notation Description
X (1), Y5(), Zg(t) | C.G. Position (Ground Coordinate)
Vg (1), V,(0), V(1) C.G. Velocity (Vehicle Coordinate)
%}:;?ables Q@), o(r) Yaw Angle, Yaw Rate
X(1) D), P(1) RollAngle, RpllRate
0®), 8(1) Pitch Angle, Pitch Rate
o; (1) Tire Slip Angle
Inputs S(t) Front Tire Toe Angle
u(r) Acc(t) Longitudinal(¢&) Acceleration

Subscript i: Wheel Position [ Front — FR, FL ; Rear — RR,RL ]

Fig.2 Two track and body motion vehicle model conforms to
equation (2): Refer to author’s previous research®
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Table.3 Variables and parameters of passenger model

Notation ‘ Unit Description

State : Upper Body Roll Angle (Angular Velocity)
Variables cDB . (CDB([)) (rad], [rad/s] (Vehicle Body-Fixed Coordinate)

Temporal Xq(0), Y5(t), Zg(t) | [m] |Seating Pivot Point (Ground Coordinate)
Variables
Fyg(t), Fzg() [N] |Applied Force at Upper Body C.G.
Model Eu 15 Cs [m] Seating Pivot Point
[

Parameters (Vehicle Body-Fixed Coordinate)
hyeg m]  |Height of Upper Body C.G. from Pivot
Iy / my [kg-m*]/[m]  |[Upper Body Mass / Inertia
Ky / Cy |[Nm/rad]/[Nm/(rad/s)]|Upper Body Roll Stiffness / Damping

O(1), B8, 1), axt). Ve(0), Vy (1), V(1) are the state valiables of vehicle model”

+

3
Cefnter B
Goravity US
+

" & B

Seating Pivot
Point

Vehicle Body
Roll Center

Fig.3 Passenger seating point configuration: Passenger upper
body (including head) is simplified to a single inverted
pendulum, then affected with vehicle motion.
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WS 3ENGEMREE DN H 5 GEED/NSWIIZE)

X0 =V, 000 +V:(0)~n5- D),
Ty(0) = V() @)+ V() + & - (1)~ (S + Hpy ) 90,
Zgy =V O)+n -p)-& -0(1). ©)

Kiz, Gk EFERELAOERNERDZ, ZD7dIZid b
RELDONEEZECREDHBH, Jdudih FERSR TR
U7z EARELE (XY M7ZE+ EfEoo— VL8405
) D20 E L TIRE LR TE S, RI34LITRT L
EFAAANOEAE, MRERZENT 72K (4) ELTEM
35,

d’ .
Fyg(t)=my 'P( Yg(t) = hyeg -Sin (@ () + () ) ,

d2
Fzy(t) = my, 'ﬁ( Z(t)+ e - Cos (@ (1) + (1)) )

rmy-g. )

22T, BEERLA~DERT Fyg  Fzp ICk>TERY MC
LCa— Ly LikEE oER) A ERTE, X (5) L
%%, B, B VRPER XOEE I, EE S — MADM
AR 23 R R B e E OB R I & DTV,
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mizic, ERoEB HERX (5) ~X(3). 1) #fRAT3
2T, B u—VANEEE b, 235 (6) DX IS<EE> IR
75,

1
(g-Sin(@y(t)+ D)) hyeg My
— Ky @)= Cy - Dp(1)
+8in (D (1) + (1)) hgeg Mg -
(V;(l)+ﬂs -¢(t)—§s '9(0)
+Cos(Pp (1) +D(1)) - hyeg -y -
(Vf(t)-a)(t)+V,7(t)+§S -G'J(t)—(fs +HR011)'¢(’))
B My ()) .

by =

(©)

KESFEHEFNNA(6) 1T, FIEF M ORAEZ 5
DY RTHD Vy, Vi, 6, 0,0 D3E5ENTHS, Ll 3k (6)
ZydEh R SIRAE I A A L T £ 7L & X
UL, IREEAECER I (2) D ICINE S, T,
Jof et 3 3 A AT C P > B el LA o o AL BRI R T
Ed

3.2 REFFNEEOREEHIL

Pt CREE SN A RICIE, BRI D 2
PANEEL R ENEZOND, LEIHH, BIRETHNZL) I,
REEZH & ARG BRI A A A D T\,

MR 2 RERBAL T 2 FBE L Tid, R 72t
TEINZHEF RNz, oI L =Ry i
(jerk TIREEZELUL T ZICIZPURY) L2 THBITE S,
7efil, KRS ADI A GHRAM AR E (D, WiH i E
FEtEICEANETHS, 2T ARERA 7Y — " ZHVT,
Al BB AL A A o T BURE B2 K d 5 2 LI 5,

Angular
Acceleration
as(®) ka State
variables
INGAVNO)

L@, 710
k.

ar(?) mmp
Translational
Acceleration

Fig.4 Acceleration and jerk detection with soft sensor (physical
image of state observer) : Acceleration and jerk at the
attached body are approximated to state variables.

Hili O EEETF IV EADE TRIERIHE O E Mo 70
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110
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BEERD L ZHEROBMIL 2L o Ex, A a(r)
ELTEZS, s, 2O S RIEE DI
HPEE Jerkz ARAEZH (@), y () CELEE L CBINITES,

{

REEET U, X (7) Tld o, k BEETRES, K5
WIECNGDOREM 2 BT WA ICB T 5, A R B0E
TORMZRT, ERESGVERT S A L LIGEN7 7y b
BRHEIC R 5 X ICREMEZIEA TV S,

yO=cy+k-T®-a@,

L@ =y@). (7

=710 150 [Hz]
< s
<) 0.6 e.g. : 30[Hz] Y <100 fHz)
2 =267 . \|&—60 [Hz]
’ {M} 5 02 k=35300 ) 30 [Hz] =7 ..
a) gm 0 _ — 150 [Hz]
(/S SR N M ¥~ 1100 [Hz]
% —40
é %0 30 FHZ] ﬂ ‘ |~ 60 [Hz]
0.1 1 5 10 50 100
Frequency [Hz]

Fig.5 Frequency response characteristic of state observer:
Four cases of translational and angular accelerations.

22T, REERA T — ORI FE A s B YE B AR AT 12
B2 582 AL TE, XETHTWA AL —vFory
ZECE T, REERA 7 — 3% i HD s A E O RIS
RRAE L C, H ] EC SR & MU S R 2R RS R
6127737, Stage CostP%fitiz Bl &M% T
BIEIckD, RSO FICIZWEAEEIE D H 5 Z E D3 h
%, DF0 IDEFEBIETELL, REA 7 — D%
IHTERDY, ARSI RAEERELS (stiff) LTLEH, BiEzh
RClk, MELFREERMBOMN — P4 75 @IE0HIET
b5,

Z &
w
% Reference for = E 150 [Hz]
& normalization | .S 7o -
Z / . E 100 11z
S s
Q L L ] 151 O
S <
S 310 60 [Hz]
=} =1,
S 2 30 [Hz e
= —
g 0 50 100 150 0 i ) 3 i
Z Resonance Frequency [Hz] Time [s]

Fig.6 The degree of approximation of state observer (stage
cost is quadratic value of lateral acceleration): There is
an appropriate value for the resonance frequency of
state observer.
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Inputs
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Fig.7 Methodology to construct acceleration space

Designed Motion
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Configured Vehicle
Physical Property)
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Fig.8 Example of vehicle motion task: Lane change as a
typical transient vehicle motion scene.
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Table.4 Vehicle and passenger motion design specification:
Three condition to exemplify design methodology.

Stage Cost * Terminal Condition (Motion Task)
Vehicle Passenger
. Roll Symbol
Subject | Angular Control Plane Body
Acceleration| Input Motion Roll Motion
Driver | Vehicle Steering | Track Angle
. Angle & Yaw Rate . VO
(Vehicle)| Body & Angular |retur to 0 étraliletrary
Velocity | Lateral R1
return to 0 | Velocity of
P Passenger’s C.G. return | Angular
s Body Same Speed 10 0 Acceleration| o
as initial Set C.G. &Velocity
condition Position | back to 0

* Applied quadratic form of state and/or input variables

4.2 FEHCESKEEINEEZEMOEH

) OBEHERRIHE > GHREZITH, 22T, FEAEE
TN DOFRMEZ RS 205038 5 (R EORE I, FHEHS
DIEATIIE D I TRV ), HficREEF LA
DT, ETNVRHEDRE BRI X DB E A ERIRIZNZ N,
Z2T, TPRPEERMEMEELTX, B THE4.3 ficodiH
KERRHIF T\ 2 R E T 5, RBEIEREE 2[m/s”] fHED L
I Kp 2, BEBERHIRE S (1641) O3 %2 S5 I E
L7z, KIICEHBIZ RO IKICR T, FHREIE. AT A
ELBATTIAN) =T V7RO E v, BN EICE
JEZA 7=,

-
—pX

_1000
E
z
— 600

m
a Eace Face down

200 +Reading  Face up &=-09 75=05 ¢ =0.1
+Closing eye

Passenger body roll stiffness (box-and-whisker plot) and
other characteristics: Passenger model parameters were
fixed from subject measurement (n=15) and estimation.

Fig.9
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Fig.10 Steering pattern and vehicle C.G. path (with enlarged

view) to satisfy design specification of vehicle and
passenger motion: Inverse vehicle dynamics analysis
fixes both input and state variables simultaneously.
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Fig.11 Vehicle and passenger motion to satisfy the design
specification: Calculated results.
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Fig.12 Vehicle and passenger motion of actual vehicle test:
Every data curve was averaged (n=5).
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Fig.13 Passenger upper body posture transition: Earlier motion

generation is required for terminal posture control, then
needs quick initial motion, too.
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Fig. 1 Aluminum liner.

(a) Helical layer (30 degree).

(b) Hoop layer.

Fig. 2 CFRP layer manufactured by filament winding.

Table 1 Material properties.

Carbon fiber Matrix resin Aluminum liner Steel plug
Young’s modulus [GPa] 230 3.75 70.0 210
Poisson ratio 0.26 041 0.33 0.30
Elongation [%] 2.1 2.6 12 -
Table 2 Variation of CFRP layers of tanks for evaluation.
Tank No. CFRP lst layer | CFRP 2nd layer CFRP 3rd layer CFRP 4th layer
1 Helical £30 degree
2 Hoop | Helical 30 degree
3 Helical +30 degree Hoop
4 Helical +30 degree Hoop Hoop

(a) Tank No.1.

(b) Tank No.2.

(c) Tank No.3. (d) Tank No.4.

Fig. 3 Type 3 tanks for burst test.
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(b) Tank No.2.

Front face

Ch.1 Strain gage

Fig. 5 Strain gages on tank No. 4 set up.
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WA 2 AT - T FE AR SR OMEHIE 1%, 25 8a Ol Fd
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\
\

Center of cylinder

(d) Tank No.3.

(e) Tank No.4. «

Fig. 6 The tanks listed Table 2 after burst tests are shown. Both CFRP layers and aluminum liner are broken at center of
cylindrical part at all the tanks. The CFRP helical layer is broken at tank No.1. The CFRP hoop layer of inner side is bro-
ken at tank No.2. The CFRP hoop layer of the most outside is broken at tank No.3 and No.4.
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Fig. 7 Constitutive law of aluminum liner.
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(b) Tank No.2.
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(d) Tank No.4.

Fig. 8 Axisymmetric analysis models of tank.
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Fig. 9 Pressure-strain curves of axisymmetric analyses and experiments at the tanks are shown. The slopes are identical for experi-
ment and analyses in small strain region before nonlinear behavior of resin becomes prominent. They deviate in large strain region
where nonlinear behavior of resin affects much, since the nonlinear behavior of resin is not taken into account in axisymmetric analy-
ses. Predicted bust pressure by the analyses exceed the experimental results by 30 % because of inadequate handling of nonlinear

behavior of resin.
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Fig. 10 Meso-scale model for zooming analysis.
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Fig. 11 Meso-scale model of tank.
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Fig. 12 Asymmetric fracture model of matrix resin
for meso-scale analysis.
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Fig. 13 Anisotropic fracture model of carbon
fiber bundle for meso-scale analysis.

124

4.3 XA—ZV IR

3T o 7Bl B R € 71 IC X 225 8 DFRITHS >
SIS N BIHHE R T H 2 MR T D&M 52 X
VAT —VETNVDOERGEMHEELTREL A — IV R %
1ot BEHIE~OEMZBEL, FHEAMZRNT 57
O LUT DL FiE 2> 7,

1) 75 25 Dl o PR (4 € 7 V8T C 13 CFRP AR i

REL, XV A7 —)ILEFILTIIEIE DI B & Y
BT 7L E X OVR kA R 18 58 55 PR S (4R
e TN RRITICHAANS,

2) A (R, 2008) ICHIFUE, XV A7 —LET
IV DIERTARHTHS Rz filo Tl (e 7 OVIRITIC 7 « —
RNy 7 L CERIBIT R MED HRETH LD, Z1UIfTh
T R FRHEAAR T OVIRITRE R S X R — Ve T
WA=V TR~ DO— RT3,

ST TR LIRNTRE RS, WIS, AIRIRHH I E 2>
SHULIT EC40.0 mm OAZEISRN§ 2 KB o HULlTT
B EO T ADO VY E LU T O AO Vil S Y
TR KD, K 14ITTRT AR — VBTV T
ZHRIZENL Uz, -Uz, Uz, -Ur R B L7z, XV A7 —)LETIL
DREEIEN D BB L 2N ETR 2T 270, iz
frz 52 58Iy TRz 5.2 7, LTI Z
1 OFHREAPFELTLEI 7D, &S kiR
DFEIE (1412 F BT AL 2S5 171260.0 mm, /5 2
34.7 mm OFEIFOIMA) TIIBIEHE 2 TORVEL T, F
WOZEVT BN L, AT RIS B3 U 2\ PH T
PR R 2 R T %728 1.50x10* sec/MPa & 7=,

No fracture area . .
-U. = Prescribed displacement
-U, = Prescribed displacement \U, = Constraint

v
Uy = Constraint

X

Uy

= Prescribed displacement
U, = Prescribed displacement = Constraint
U, = Constraint

Unit: mm

Fig. 14 Boundary condition of meso-scale model
for zooming analysis.
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(b) Pressure of 10.8 MPa just after fracture.

Fig. 15 1st principal strain distributions of carbon fiber bundles obtained by zooming analysis of tank No.1 are shown for just before
(a) and after (b) fracture. Local strain concentration occurs to raise the maximum first principal strain in the vicinity of crimp part of the
helical layer. The fracture initiates at the point of the strain concentration, when it reaches to 2.1 %, that is, fracture elongation of car-

bon fiber.
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(a) Pressure of 26.6 MPa just before fracture.
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(b) Pressure of 26.8 MPa just after fracture.

Fig. 16 1st principal strain distributions of carbon fiber bundles obtained by zooming analysis of tank No.2 are shown for just before
(a) and after (b) fracture. The local strain concentration of the crimp part in the upper helical layer causes increases of the local strain
of the lower hoop layer. The strain reaches to 2.1 % at the moment of fracture.
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(a) Pressure of 26.6 MPa just before fracture. (b) Pressure of 26.8 MPa just after fracture.

Fig. 17 1st principal strain distributions of carbon fiber bundles obtained by zooming analysis of tank No.3 are shown for just before
(a) and after (b) fracture. By the similar mechanism of tank No.2, the local strain enhancement at the crimp part of the lower helical
layer causes increase of the local strain of the upper hoop layer.
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(a) Pressure of 36.5 MPa just before fracture. (b) Pressure of 36.5 MPa just before fracture.

(Whole layers view from outer side.) (Hoop layers view from inner side.)
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X

s

(c) Pressure of 36.5 MPa just before fracture. (d) Pressure of 36.8 MPa just after fracture.

(Whole layers view from inner side.) (Whole layers view from outer side.)

Fig. 18 1st principal strain distributions of carbon fiber bundles obtained by zooming analysis of tank No.4 are shown for just before
(a), (b), (c) and after (d) fracture. Both (a) and (d) illustrate by the view from outer side for whole layers. (b) is inner side view for hoop
layer. (c) is inner side view for whole layers. The local strain concentration occurs in the hoop layer caused by the crimp in helical
layer. The fracture of hoop layer fiber bundle starts when its local strain reaches to 2.1 %.
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strain [%] strain [%o]
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(a) Ist principal strain (b) 3rd principal strain

Fig. 19 Distributions of 1st principal strain (a) and 3rd principal strain (b) of matrix resin obtained by zooming analysis of tank No.4 are
shown by the view from inner side at internal pressure of 36.5 MPa, that is, just before the fracture. The maximum value of the 1st
principal strain exceeds 2.6 %, that is, fracture elongation of matrix resin. The minimum value of the 3rd principal strain is about -5 %.
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Fig. 20 Pressure-strain curves of analyses and experiments for the tanks are shown. The zooming analyses predict the burst pressure
precisely. The analyses yield higher strain than axisymmetric analyses for all the tanks because of precise evaluation of local strain
enhancement caused by the mesoscopic structure of fiber bundles and resin. The strains of zooming analyses exceed the experimen-
tal one at tank No.1 and 2, since effect of fiber bundle crimp in helical layer cannot be measured by strain gage. The strains of
zooming analyses become closer to those of experimental measurements at tank No.3 and 4 since the strain enhancement caused by
nonlinear behavior of resin is taken into account in zooming analyses.
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