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Chakrit Suvanjumrat 2009: Computer Simulation Method for Drop Test of Liquid-
Filled Plastic Containers Using Finite Element Method. Doctor of Engineering
(Mechanical Engineering), Major Field: Mechanical Engineering, Department of
Mechanical Engineering. Thesis Advisor: Mr. Tumrong Puttapitukporn, Ph.D.

103 pages.

The Computer-Aided Design (CAD) and Computer-Aided Engineering (CAE) in
cooperated with Finite Element Analysis (FEA) method are the engineering method that plays
an important role in designing of many products of the manufacturing industries. In
manufacturing of plastic bottle industries, this method can perform to analyze strength of bottles
before manufacture and test under drop test standard. This research was focus on the study of
impact effects of liquid-filled plastic bottles, made from Polyethylene Terephthalate (PET),
under the ASTM D2463 drop test standard using both experiments and the finite element code
MSC/DYTRAN. In FEA, the fluid-structure interaction (FSI) algorithms used to specify
appropriate boundary conditions were studied and evaluated their computational times and
accuracies. The new mathematical equation, known as the flow stress model (o, _sTP ) to
describe the relationship between hardening stresses and strain rates, was proposed.
Additionally, the new failure criterion to determine the failure height under the drop test
standard was developed. In our simulations, plastic bottles were filled with water to the full and
half capacities. Then, they were released from three different heights (0.5, 1.0, 1.5 m) to
determine impact forces and strains on the surface of bottle. With Coupling Lagrangian Eulerian
(CLE) and proposed flow stress model, we found that impact forces and failure heights obtained
from FEA yielded the accurate and acceptable results. The percent error of impact forces was

less than 11.49%. The percent error of failure heights was less than 9.27%.
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M3TouneuaA s INIZUNN (impact force) gagAnUTEazapeANIEHINg

9
%

Aunasvesmsnageunenaiums 1y uuusiaesnundu lnavesTaqs
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71 waaswamanasunvesihmelunuuiiaeswia 1nmsldosanaiugs
~ Aa = a = a =
0.5 183 N1381 (M) 0.5453 1N (V) 0.5468 TUN (A1) 0.5493 FJUN LAz (9)
0.5532 7110 73
72 LEAIHAAINATEA (strain) UTHUNTILUUTI0090I9 1nN15UaosanaIw
94 0.5 A3 NIA1 (M) 0.5453 31N (V) 0.5468 TN (A) 0.5493 TN LAz
(4) 0.5532 U 73
73 uAAINARNIAY (stress) DINUMTIUUTIa09UI0 91nMsassananuga
~ a = a = a =
0.5 A5 NIa1 (M) 0.5453 IUIN (V) 0.5468 WA (M) 0.5493 IUN 1AL (1)
0.5532 3u 73
v Y
74 waeamslTeumMeu s n AR AsIIINTZUNNALNYDIVIALTIUI 5
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4 1 ~ Y]
UA 910N IasANNIZAUANLG 0.5 AT 75
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strain) fIUIA1NYA P2 ¥0IVIAVITYPNNUNAATIZH FEA 3149U 8 197
4 1 4 %
WU 1AM IUaEANNILAVANLGI 0.5 1UAT 75
77 waaamalSeudsuserieaunasanunsea g usendd (hook
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strain) NUNIAINYA P3 Y99UIAVITYPINUNANATIEH FEA 31U9U 8 197
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AUNUINNVPIVOIVIATLHINAURTIVDININATOUNNNANUAURAGUDI
a { gl 1 J
MIUATIZY FEA 7199 P1, P2 11ag P3 veauaauiigitauanuglasenan
INANVGI 0.5 1A 77
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suuraesnudulia Rate Power Law
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Tﬂmumaﬁﬁq?ffyuﬁ n o al a9
dulszneuveeInaes body force (B)
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A ulsZnoVUBIINADT AT (a)

v

pYWUTLRY

Tarnosaud (divergence)
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Macneal-Schwendler Corporation
agegavesaluneluiady

percentage failure

dydnualunuwaiou

TwaInswau (polypropylene)

TnaeNauANUHUUUAT (low density polyethylene)

DM NUFITTNWIA (natural logarithm)
Fodnvalunumaiuaindn
ANUHUIUY (density)

anus ludiemaunu x

anus ludiemaunu y

anus luiiemanny 2

guuqN

second viscosity coefficient

a Ja o J .
ANDIUUUA (determinant)
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Computer Simulation Method for Drop Test of Liquid-Filled Plastic Containers

Using Finite Element Method
A

anaraangniiwnldedrumsnateludiadszdriv uaz lugamunssuane Tag
91 oA A4 o w A Y & v
1Hlumsvssyuoaral wu 1hay niesd1e19 iy vazaaai Wudu Tasm ldudrva
4 F4 1
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AMTUHER MenaInanvInIzgnguaITMIlsziugun e wIMATO LA INATEIY
o an & A ' & Y o
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a A a d a,
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1 M naueaumsANNANRU 5213 19ANUAUAIAIUIAT oA (stress-strain relation)
Tuggangunaradnuesnaadn (elasto-plastic) tWe 14 Tunssiassmsassanyin
waean

o = a s = a Aa o 1] 4 1
2. MimsAnyazIinsizingugwganssumslduiusseninved lvameluwia
a A 1 o 1 9 A 9 o a s
wanadn Nwadensiiaeinstlassanlaely CAE a1 auuui1aeanenoununasni
Yszansamlumsdiuim
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1. QMANTANINAVDIIER
= .
1.1 MISNATOUAN (tensile test)

ad vAa [ = 4 ] a a 9

'J‘ﬁﬂ'li’l’i'lﬂﬂ!ﬁﬂﬂ@l‘ﬂ'l\‘lﬂﬁﬂl'ﬁ]\‘l’)ﬁﬂﬂiglﬂWIWﬁm@i (polymer) YU WATEAON Ll‘(’liﬂ‘]f
ad = . = A L2 @ a 9 ax =
ATNMIAINATDU (tensile test) JJll'lﬁiﬂ'lul,WE]W'lﬂmﬁiJ‘U@]ﬂlEN')ﬁﬂWﬁ'lﬁ@ﬂﬂ’)‘(’lﬁlﬁﬂ'ﬁ@\‘l
152n0UA8 International Organization for Standardization (ISO) 527-1 tag ISO 527-2 U@
American Society for Testing Material (ASTM) D638 1iag D882 uaxﬁ?’%ﬁmuﬂﬂmﬁ NYANN

A Ay y = 3 A ' = . A v '

ﬂa"ll'é]\'iwa1ﬁ§5]ﬂ‘ﬂllﬂﬂ1ﬂﬂ1‘iﬂ\iﬂﬂﬁlﬂ'ﬂlﬂj'}ﬂﬁﬂ T¥NIN 1 94 500 mm/min Iﬂﬂlﬁﬂﬂi"lﬂﬂWiﬂﬂW

& & d? [ a Qy ~ 9
HUIEIVUNUFUAUDIFUNATOU (NMANUINT N1) 1JsenouaIe

mmzﬁ'umﬁmﬂﬁn (engineering stress) HAZANNUATIANIIAING T

(engineering strain) L4e¥ AR (ASTM D638)

W
A A 9 a . .
o o 19 ANUAUNNIAINTTY (engineering stress)
w Ao 139N 1989 (load)
A A A 9o A g 2
AO A WHUHNHUIAALTUAUUDIBTUNATD D
Al -1
ag £=—= =) )
lo lo
d‘ A = a . . .
U] £ A9 ANWATIANINIAINT TN (engineering strain)

2
I Ao Awenlas vesrunAaeUITLHINNMIEA
4 v
l, Ao ANUEIVBIFUNATDLITUA

A Y A A =
Al A9 ﬂ’nllEJ']TU@QGD'UVIQET@‘]JVILﬂﬁﬂuuﬂﬁﬂﬁnﬂ'ﬂ”ﬁﬂQ



D638)

uae

ANUIAUDITA (true stress) HAZANNIATIADT (true strain) HEAAIRIBAUMNT (ASTM

3)

A Y a
o7 A9 ANUAUIT (true stress)
w e usan1Fas (load)

a4 & 4 g9 Y A
A 79 Wuﬂﬂu1ﬂl®\1%uﬂﬂﬁﬂﬂﬂna11ﬂ 9

o -2 uf1)

A =~ a .
& D ANUATIAVII (true strain)
Y
| Ao Awela veeBuUNAADUITLHINNMITEA

2 A v
|0 ﬁ'ﬂ ANUINIVIIFUNATDULTUAU

ﬂ:mJﬁuﬁuﬁmam’nmﬁ'uummmm?8@fu':?ﬂ1uWﬂﬁmmﬂmmﬁ’uuazﬂmms«ﬁfm

°I/]Nl’3ﬁ]ﬂiﬁJﬁnﬂimLﬁ@Ngf’JﬂﬁMﬂﬁ (ASTM D638)

o; =o(l+¢&)= O{le (5)

0

£ = |n('°l+'J= In(L+ &) ©)

0

TnawesUszannanadn wu Tna Insfiau (Polypropylene, PP) Indtoiau

(Polyethylene, PE) waz Tnaenawmnsinian (Polyethylene Terephthalate, PET) DERY

a Ay v =2 v ° ' ] a I
WQGIﬂiillﬂllﬂ%1ﬂﬂ1‘iﬂﬂﬁf]ﬂlliﬂﬂ\i Iﬂﬂi"]ﬂﬁllﬂﬁﬂ1u3mﬂ1ﬂ’)1ﬂ!ﬂulm3ﬂ31ﬂlﬂiﬂﬂllﬁﬂ\ilﬂu

A a A A A ! sl o a . .
ﬂﬁWlumW‘ﬂ 1 Wa’]ﬁﬁﬂﬂ@‘Nuﬂgﬂﬂ’liﬂ@N']ﬂﬂj'] 100 lﬂ’f]imfu@] HAZNIANTIN (yleld pomt)

naaaliimiuldFanuy (Tai et al., 2000) Lia (Shinoda and Bathurst, 2004)



30 PP

PP/HDPE
PP/LDPE

Stress (MPa)
o

0 a0 60 90 120 150 180 210 240

Strain (%)

] 9
MNA 1 ﬂi'ﬁ’\lﬂ’)']m?sl)u (stress) AUIATEA (strain) ﬂ1ﬂﬂ1§ﬁﬂ%ﬂﬁ3@ﬂﬁ1ﬁlﬁ1ﬁ@]ﬂﬁﬁ']ﬂ‘]fllﬂ

30 Tai ez al. (2000)

1.2 9A5I1ANNIAT A (strain rate)

9
1 [

< = o Yy = vAa A a 1 A9
anuslumsasgnimua lniavuniuguautianIsgaveanalann 15y satioy
' ' 9Jq 9 v =) . .-l o 1
17120 (M 17 1¥9A51ANUATEA (strain rate) 0.1 min ' (ASTM D882) laga@1u1san1uIai

GlJ’E]\iﬁ@lﬂﬂ’NﬂJlﬂ?Elﬂ%’JﬂﬁiJﬂﬁ

&=— (7

A .o A v = .

1 £ 19 DATIANULATYA (strain rate)
<

V Ao anusalumsag

2 '
l, Ao ANVEIVOIFUNATDLITUAY

a a Y I A = <
wWaaanyUa PET Fﬂgllﬁﬂ\ﬂwLﬁuWﬁﬂigﬂﬂlu@\‘lu'm']ﬂﬂ'ﬁlﬂaEJUﬂ'J'uJ!i'Jﬁluﬂ'lﬁ

= ygd a1 A A 3 =< qy & o ~ 1 o q Y1
#N I@ﬂllﬁﬂ\?clﬁ!Wu')']liJ'E]lWNﬂ')'liJ!'i'ﬂuﬂ'ﬁ@\‘lﬁlWf:[\‘]"llu (’E]G]i’lﬂ')’lﬂ!ﬂifl@qxﬂlu) 5]31/]’]11’7?]’]

A

Y £ 4 =) = o . = =
ANUAUFIVUNANUATIAASINU (Suvanjumrat ez al., 2007, 2008) uaadlunIng 2 Ny

9
a =

nAdoY 25°C tazlinansznuiiiownanmsilasunlasasunssaiigungigaiu (Buckley



T Y
~

et al., 1996), (Vigny et al., 1999) 11az (Matthews ef al., 2000) ttead lun i 3 guunlgein

q

(90 °C) 9anTInUes PET ¢ liasing T¥idiu

250 : . . . | |
o 0.00167 st
T 0.03333 50
200+ & 01 ol |
O 0.16667 s?
g'mn- |
2
#
E 100t |
s
50 - |
EDDD DDDDDDDDDDD OOO i
i W
()
CRE LS SNt T
1 1 I I

1 1
n 0.2 0.4 0.4 0.2 1 1.2 1.4
True strain

d' Y a = a . = Qy [} 1
MNN 2 NUANMWAUTI (true stress) ANWIATIAVTN (true strain) INNITAIFUAIDYN

a

Waa@n PET 85 1IA38AANY) Ngaingil 25 °C

QU

131 Suvanjumrat et al. (2007, 2008)

14 T T T T -
12 +
?F;Tgmc £=5107s"
‘c; 10 Plane strain deformation |
o
2
v 8t
g £=10"s"
w
2
£ 6r i
@
2
= 4t
2 £=510"s"
0 . . . . .

0.0 0.2 04 0.6 08 1.0 1.2 1.4 1.6 1.8 2.0

Axial true strain, ¢
d' 9 a = a . = Qy [ [l
MNN 3 ﬂiW\Iﬂ’Jm!ﬂuﬂN (true stress) ANUIATIAVI (true strain) NN TAIFUNIDYN

Waadn PET 6A31A38AA139) Ngainigil 90 °C

31: Vigny ez al. (1999)



2. HUUDIADIANAUANNATLA (stress-strain model) ‘Ilf’)\‘ljuﬁq

HUVFIADIANUAUANUAT A (stress-strain model) N 1FLLaAINGANTTUMITBAVDS
] a gy o 1 a A Y] I (] A 1
Fegluanizgamgiiied (25 °C) Tasuianganssunsgavedidgeaniuaeisig Ao ¥
BAngU (elasticity) A2 FNNAITAN (plasticity) LAAIAIBETUNIT (Mendelson, 1968) Lag

(Chakrabarty, 2006)

E =&, +&p ®)
Ee, e<eg,
ay o= ©)
o, (&), E>e,
A A = 1 A o
o & fD ﬂ’ﬂmﬂiﬂﬂiu%idﬂlﬂﬂﬂﬁﬂﬂﬂﬂ‘ﬂﬂﬂ

A =) ] = ]
&, fD ﬂ’JWLﬂiEJﬂGluGH’NEquu
A = [} a
Ep 1) mmmiﬂﬂiumwmﬁﬁﬂ
A 1 v [
Ef® fAvo3dan lugde (Young’s Modulus)
A S A Y A 42’ A =~ 1 = ~
Oy (6‘) o W\?ﬂ%ﬂﬂﬂ’)’lﬂlﬂﬂLWNﬁi\ﬁlUlN'f]ﬂ'J’lllLﬂﬁElﬂll'lﬂﬂj']ﬂ'ﬂlllﬂﬁﬂﬂﬂﬂﬂ
. . A Y s I A .
910 (yield point) 1199 ANMAUIITARNUUN (hardening stress)

A a A
8y A9 ANATIANYANTIN

3. UUUE1899A510 (yield model) tazuuvIaaInMMAH %8 (flow stress model) V09789
[ a a = a =) a @ = ~ !
IaANAAANTUA PET MWQ@ﬂiﬁ3Jﬂ1§ﬂﬂlﬂﬁﬂuuﬂﬁ\m"m@@ﬂﬂ’l"mLﬂﬁﬂﬂ“l/llmﬂ@']\‘]

% o . z:; 9 a [ d'z:l a d'

DU HUVADIATIN (yield model) ﬂi“ﬂllﬁﬂﬂwq%ﬂiﬁZJGIJEN’JﬁYP]‘VINWE]GIﬂiillﬂ"li!,ﬂaﬂul!fﬂﬁ\i

. . 1 A ~ o = A 3 Aq Y=

VOIYANTIN (yield point) Illlﬂ\i‘ﬂ Taaasunasauoasinnunion HIen1105390 1%a3

v

LLﬁﬂQﬁﬁﬂﬁNﬂTiﬂ?ﬁJﬁﬁJWﬂ‘ﬁ
o, =0,(£) (10)

A A Yy A .
53] o, Y ATAUNIANTIN (yield stress)



(UVI1ADINTINYBY Cowper-Symonds (Li and Jones, 2000) gﬂms@"l%“lucmmn{ MSC.Dytran

HEAAIRITANNT
o g 1/P
oy :1+[_j (1)
Oy D

A A Yy A .

1o o, Ao ANUANTIANTIN (vield stress)

A Yy A Y] = A gy
Oyo A9 AUAUNYAATINVIIDATINITULATYALTUAU
A ! =
D, P A9 71NN

a A

puuSraeenuAulia (flow stress model) voiaggnilszangie lduaaingans sy

9

[ = a

= 4 ! s & A
61]fN']f:’fﬂ‘VliJWQG]ﬂ‘iii]"lJ’é)\‘lﬂ'NﬂJl?g]}ULﬁﬂﬂ’NillﬂgElﬂliﬂl.li!ﬂﬂiTﬂ w%mmﬁuaﬁmﬂuuwm

[

a = a A 2 = o a A
aﬂnmil,ﬂaflul,l,ﬂm@mﬂ’NMﬂiEJﬂ“I/lmﬂGULl llaglﬂaﬂul!ﬂa\iﬁ’luﬂﬁi’lﬂj’lulﬂiﬂﬂ 1io

I A

Y2 . ° A Y A o g Y
A1M52N 1989 (Banerjee, 2005) nuvirassniinnuAuasunasdnsaziinansdroauns
o, =0,(&,8) (12)
1o o, Ao aAnudnlva (flow stress)

o { v AamAa o d a 4 . .
suvsraen Ay anilenuis sz Il ludedmua (finite element analysis)

nazgnussy B luwevlns MSC Dytran Usgnaudie
11119949 Rate Power Law (RPL) HAAIAIBAUNT (MSC.Software corp. (MSC), 2005a)

O mp. = MAX(C,A+Beg"é™) (13)
HUV1ADIVDY Zerilli-Armstrong (ZA) HAAIAIGTUNT (MSC, 2005a)

O gp = (A+ Bgn)e[cm(s/.eo)] (14)
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LL‘U‘U%DTﬁEN‘IJfN Johnson-Cook (JC) Llﬁﬂ\iﬁ}’l‘c’lﬁilﬂﬁ (MSC, 2005a)
o e = (A+Be")[L+CIn(E/ )] (15)

A .ooA o a A 9
$V13} &y D DATINITUIATIALTNAU
A ' A
A UQE B AY AN
A o a
C,mllag nfo i]m’mi]iﬂﬂﬂ

w

4. YANNHAMSIVA (failure criteria) VoI Tag

(3

a

2 IaA 9 £ = . . = ~ @
Taaria Inawes NN 1ATIaI1UUUNINAN (semicrystalline polymers) UN13LTYINIVDI

Q

I Y] o 3 :1’ 4 o o @ a yq
Tuanaidlududise1 (chain) Wudounwudgue olusinsgi wwir ldTaaviaiinans

A o a o S o A o A g = s
BaRIMNNANIIVEWIINTE TaeldnyazmstadiuaadlunIni 4 Fuved Inawesee

' ] Y ]
ANBDON (MW 40 D9 49) tazinuannnuiis duganueveududve lunwi 49

(Callister, 2007)

(M

~ o A o a s A ~ o
MNN 4 Glluﬁf]uﬂ1§ﬂﬂall@Qjﬁﬂjwaluﬂilﬂﬂulli\‘]ﬂﬁgﬂ1

30: Callister (2007)
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M3IUA (failure) ‘lJ’E)ﬁJﬁﬂﬁ”lﬂJTimLﬁmll{:]}{?]l?8ﬂ13ﬂﬂﬁ@ﬂﬁﬂ§uﬂﬂﬁﬂﬂﬂum1ﬂ AN
Lf’]’uuazmmm?ﬂﬂ’cjﬂﬁ’mﬁﬁ’ammaaﬂmﬂﬁu Ao MANUAUITA (failure stress, o () 11AZ
MANASIAITA (failure strain, &) VAS1TAMIIITRVE I A (failure criteria) NTN3EATY
g Nnaaanveidg s aMHUAR IS 189 IIATIA3TAAT (constant failure
strain) Tagmvuamanuassadtiailuiadinamsiiavesiaeg (MSC, 2005a g Teng and

a1

Wierzbicki, 2006) iiomnnuAuiItataulasunaseglugiunaug
5. manaaaulasenn (drop test) MIULUIIYUBUHAD

14 Y 1 Aa o d A

ﬂﬂﬂi%ﬁﬁﬂﬂlﬂ\iﬂ?iﬂl%’?ﬁﬂﬂﬁ@UI@ﬂﬂ?ﬁﬂaﬂﬂﬁﬂ (drop test) HANNUNTUAN B UL
o [ . 1 1 4 a L4
GRIGNINIFRR (containers) I%U NADY N NICaADU ﬂig‘ﬂ’ﬂﬂ azuin Lﬁ@ﬁ@\‘lﬂ"ﬁ%ﬂi"ﬁﬂ
HANTZNUIINNTEUIUNITHAR 1FU ﬂmﬂ"IW‘lI@Q%ﬁ@]‘ ﬂmﬂTW‘U@ﬂﬂ”ﬁNa@] HagnN1IoanNiyy
ax o Y ) a [ 4 1 a [ ~ o A A 4
’J‘ﬁﬂ”l'iVIﬂﬁ@UVﬂllf’]IﬂﬂuTWﬁﬂﬂmmqﬂﬂaﬂﬂﬁﬂ@ﬁ§$‘ﬂ"lﬂi%ﬂ‘]Jﬂ’JﬁJq\WlﬂTWu@LW@’JLﬂﬁTSW

9
ANUNUMUADLTINTEUNND (impact force) é’nw%”umg:ﬂmuazmﬂ‘wmﬁ@ﬂﬁumimﬁau
UavsaniziiiinmsnaaeuTasldunsgiumsnadouves ASTM D2463 Lz The Society of
The Plastic Industry RPCD-7-1991 F¥eiITMsnaaevilasean 2 35 Ao 1. Static Drop Height
4 <3| o @

i1ag 2. Bruceton Staircase Lﬁﬁ]!']J‘LlLLLl’J‘ﬂ1Q1uﬂ15ﬂ1ﬁuﬂﬂ31ﬂﬂa@ﬂﬂfJ HAZAUNTNUDIVIALIAL

nszdlosdmsuussgueananiognii Il ldaw Innudusian

Y
o Y

73 Static Drop Height 11114 Tagniunadiuaunite wu 20 1o 9nmsgu vsspiwda

Q

1 1 4 [
ilih)aseliandaszainanugeignimiua iWeviagnnadeunsvua wai dazgniiila1d

U

Y H Y H
lumsmdadiuszriaussphinageuudnanaeviausspinlslumsnagon

k4
naviua Taefuauilu percentage failure MMNHAMINATOVLd0BANMINANANT
%Failure = (X / N)x100 (16)

A A o A Y
Lo X A9 UIUVIANNATDULA AN

k4

N A9 UIUVIANENATDUNINUA



12

1 Y
7% Bruceton Staircase 1114 Iagriuaadwauwiia i 20 1y 9nmsgu u3391war
) 1 a 1 o I A 1
ilihlaseliandaszainanugeiignimualiidluanugaiudu mnwagnnaaeundl b
Y A ‘3 2 = % [ [ ' 1Y
uanlinuanugeiu llenuilszaudmSunaaeuvanlude 1 minviagnnageundnan
Y = = [ 9 [ ! [ ' dy [ A
Taannugaudnnilszaudmsunagovvialuae li duguillisuasuswaueiaign

1 o

quihwmagen wamsnagevazgnih 1 19manugunfdevesnisuan (mean failure height)
4 o [ 1 I 1 H

LﬁﬂﬂTﬁuﬂﬂ?TﬂJﬁTNTiﬂﬂuﬂ’]u@@ﬂ?ﬁﬂﬁ@ﬂ@ﬂﬂlﬂqmjﬂ IﬂfJ‘].l@ﬂLﬂUﬂTﬂQWNq%ﬂaﬂﬂ'ﬁLL@ﬂ

VYDIVIA LAZAIANUEUUY (standard deviation) taad Iuaun3T19819N3 0UAI0E19NT

o d'
A lumni 5

h=h, +d[(A/N)£1/2] (17)
A i—k
10 A=) in, (18)
i=0
_ A2
ag s =1.620d NBN—ZA +0.029 (19)
A i=k
(1o B=)i’n (20)
i=0
Tay h fie ANwguRRENsUANYEIYIA

N Ao Swauwaignnadounduannie lduaniianugalumsildes
Anlae

F19n 90NN lan

o))}
()]

o 1 A 9 A
dunisveannugalas Taaisuauin h,

> o o
)Y
@

v v 9
Auvmiinnugedigavesmsilaesaniineaauaniaz Lunan

S
o))
[«0}

o 3 AqYo o o ]
mmm’mmu‘n%mﬂumummmmqq 0,1,2,...,0

@

o A Y Ay
ﬂ1u3um3ﬂﬂgﬂﬂﬂﬁ@ﬂlla3ll@ﬂ (nx ) Ltazﬂl’mm"hJLMﬂ (no)

ﬂ'wmmyﬁﬂqmummmmqqmﬁﬂmmmmmmﬂ

(n :
D) D) D)
(e}

@
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TABLE X1.1 Procedure B

Drop Quicome of Test
Height, (X =Tailure; 0 = non-failure) . i X P,

it 1T 2 3 4 5 6 7 8 9 10 M 12 13 14 15 16 17 18 19 20

5 0 0 0 0 0 4 . -

6 0 X X 0 0 0 X 4 4 0 4 0 0
7 X X 0 X 0 X 4 2 1 4 4 4
8 X X 2 0 2 4 8

Totals 10 (N,) 10

N) . 10(N) B(4) 12(B)

Ten failed and ten did not fail so either failures or non-failures may be used in the calculation. This illustration has been based on failures (negative sign used)

wow T T T

162)(1) ((10) (12)-(8) (8)/(10) (10)+0.020)=095 ft

MUN 5 AT NMIAUIUHIAIANNFURAINTUANNNHANITNAdO U aBIANYIA
131: American Society for Testing Material D2463-95

as d a dJ 1 a
6. 'Jﬁﬂ1ﬁul‘ll‘lvl‘l«!ﬂ!ﬂa!N‘]«lﬂsllﬂQf'n5‘Vlﬂﬁ@‘Uﬂﬁﬂﬂﬂﬂﬂ]‘b’u%ﬂﬂiﬁﬂﬂlﬂﬂ!ﬁﬁ)

ad a d Y ad S A J I ax 9 a
FMsuns a5 W ludedmua s nmamasveilgmimesdianssy
Tae14751F9@ 1% (numerical method) Tumsunilaymr amd 6 ugasununmagdnszuIums
a J a =] Y o o !
s Il lufiedud FiaoandosiumsirassmnadevlldosnnnirusussyUoIHa?

Taoisuduanilamimal@nd (physical problem) fidoandssfuanzmsnaaeulassan

]
=1

&£ o A A Y EZN @ 9y a o
“]NL‘]J‘L!Nﬁﬁ‘]JLuf’NiJ"ﬁnﬂIﬂiﬁﬁﬁN ﬂmﬁﬂﬁ@m@ﬂﬁﬁﬂﬂqﬁﬁﬂﬁ@ﬂnﬂ UINNTSHUNNNTISNIVUSHON

q

y A

Y Y

NSZNUAUNY An1ZY0IMIVTIPN HaZENIZIIARDNIU 15U gunglvmznadol Tag

4

o a o a J .
HJymmuamenmnanuaeiue lddareuuuiiaesnundliacmeas (mathematical model) wag 14
aa s a o 2 AnyY o A A A A A "o
35 il ludedmud lumsmwamas Fawamaoi Ideziluiunseteielinnumiudwena
maw Tagi lnSeuReuiuran ldnnlyminemeninvesmsnaaeuassan saninii

A a A @ Y 9y = o A 9 o
anuamanasununINazeensyla azdoalinslsuilge nSoud lunuuirananig
a 4 I {0 a ! o

aslasnaas wazdwin lanaduinimely 33msnldawnsash liwgamngau

(optimization) Ye9Tly11N1NIEAIN 1FU ANVHUIVBIVIA H503UT VBV AN 1@

ao )

ao a [ a 4 o a J a

QUIVYUDN BIATA (2546) LLAag FINNNILLATAL (2546) Igimsaaszd W ludied

o + on @ A o [ 1 £ A A A 9 [ £

wudveansziloalarinfuniesdmsumnaaeuassan Falinnuiuyene 1alusyduniia
A ao o ~ D, s a 7 a 2 .

ipannauIvensaealins 14 W ludedmuddluvadamans (static) LAZHNANATOUNN

A Y (& =} 1 ) a I A 3 +
ﬂﬁ“l/]nlclf!ﬁﬂifJ‘]JWIfJ‘]Jﬂ’JHJLUJu‘c’JT’UfNNaﬂﬁ?l!ﬂi”lzﬁiJ!,WfNﬂ’JﬁJLLEINLLN‘UENﬂﬁ$ﬂﬂﬂmﬂwaﬂﬁ
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' 1 QsJ‘ = ~ EZ = @ @ a o 4
nagovlassnnniiu TﬂEJﬂ"IiL‘]JifJ‘]JL“I/IEJ‘Uﬂmﬁ’iJ‘UGIﬂ"l'iﬂﬂﬂﬂﬂ"’llf]ﬂ’)ﬁ'ﬂﬂllﬂﬁ?mﬂgﬂuh/\l‘lu@

a 4
BANUN

- Change of
Physical problem physical |-
1, problem
Mathamatical model
Govarned by diffarential equations
Assumptions on
* Geometry Improve
+ Kinematics lt— mathematical e
« Meterial law model
= Loading
+* Boundory conditione
* Etc.
]
! Finite element solution H
! Choice of i
! + Finita elements H
! + Mesh density i
Finite ! « Solution parameters [+ H
element | Representation of !
soiution ! + Loading !
of H +* Boundery conditions Refine mesh, !
mathematicel | * Ete, solution parameters, | |
model i etc. !
| i L :
L]
}, Assessment of sccurecy of finite 1
| element sclution of mathematical model E
]
| s
Reafine
Interpretation of results }———-— analysis
| Design improvements

| Structural optimization

a a 2 ¢ a e
MNH 6 n3zIuMIATIEH W ludlodmud
4
NH1: Bath (1996)
7. tyrimsdudanaznszunn (contact-impact problems)

v . < J Y v Y =
MITUNTUAZNTLUNN (contact-impact) LﬂUﬂ§1ﬂ§]ﬂ'liﬂ!ﬂWQﬂWUWﬁﬁ’lﬁﬁi‘ﬂcﬁﬂ“If@u y

@ I KR

HalunszUIUMIHAR LazlinaApgATIMNITUMIONUUDNARN MA 99 IANMsaF 19U

e

o 4 a J [T @ @
%']aﬂﬂlﬁﬂﬂl%mluﬂ'lﬁ’(’)’ﬁ‘]ﬂflﬂﬁ"lﬂi‘]ﬂ1§ﬂ1ﬂ'liﬁ‘lJNﬁLla%ﬂi%!t“l/lﬂsll’f)\i'lﬁﬂsllu NIINISUNDNUUB

Q

Y
[ (% 1

Qy dgl o 9 o a S A 9) a 4
ANALLA 2 Glfl.!‘llull‘ﬂg]ﬂuﬁﬂﬁiNLL‘]J‘]J%”Iaﬂ\WINﬂﬂW]?nﬁ@]iL‘W@i%’iuﬂTiﬂLﬂiT%ﬁNﬁﬂigﬂﬂ

ADMIOBNIUUNAAN YT (Gilardi and Sharf, 2002) d1m5umsnadevlaesanilymimsdude
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1 Y
=

< a < 4 [ a d? A
ngﬂigllfﬂﬂlﬂuﬂﬂgﬁ'lﬂlﬂﬂﬂluiﬂﬂﬁiﬁ ‘]JiTﬂé;]fﬂﬁﬂ!ﬂ']'i’s’ﬁJWﬁllagﬂﬁgllﬂﬂﬁ]mﬂﬂ"l}u%mgﬂ‘lnﬂ

Y i
= s

1 Y
FaussPhnszunni Uiy uaziinsanszunnnsziigadude

4 1 @ Qy I Py A o
‘]Ji?ﬂ;]ﬂﬁmﬂ”ﬁﬂiglmﬂigﬂ’ﬂﬂﬁﬁf} 2 ¥ ﬁ?ll"lifluf’fﬂ\ilﬂuigﬂﬂllﬂGL“LJﬂTW‘V] 7998

v H —_— —_—
Bui 1 uaz 2 Yueuiva (boundary) °T wag °T? odlulamu (domain) Q" taz Q% w

9
Aay Y a a ] (% %

nausudu =0 INnadedanegiu 'x,, 'x, taz 'x, Wellusameuenuinsziiiagine 2

L gy A& 4dg o A o 2 A A &
Fuldhndounlengduina > o Tamuuazvouluavesing¥ui 1 uag 2 wnlaowily
'0L 02 wag T, T2 mud ey (Zhong, 1993) tite Iieninsanleszuuldde

4 { o a o ]
Usingmssin ldansouaaslddronuuiiassnensiasaas lugaanan [0, 71 Tamuuea

[

agiznoudlelTuiainielu (interior volume) azvouuga uaaslddroaunis

Q=N utr” e n=1,2 21)
1oy T'="TYUTTRUTY e n=1,2 (22)
110 Q" an Usuasmelu (interior volume)

9
‘T" Ao VOUIUANIHNAUDIIAY (total boundary)
‘) Ao vouwAMIIAAeUN (displacement boundary)
‘7 Ao ¥oUWANISUN5Z (load boundary)
t n A A A d v v .
I} fe veuwannailsngmssiduianaznszunn (contact-impact

boundary)

v 2
MUN 7 F2VUMITURAUAZNTEUNNUDIING 2 FU

la1: Zhong (1993)
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7.1 @NNEMSINAMITURTLAZNTZLUNN (contact-impact condition)

1 1 4
aumsmanaouveslymimsduianaznszunn (equation of motion) 3LYUN
X I o 4 g
nayauiuilymimedunamans (dynamics) annsouedas ladleaunsiiugiu (Zhong,

1993) 182 (Quin and He, 1995)

olea
0'x

Litp='p'a, Tu o (23)
j

TaglanmMIauRaLazNTZUN (contact-impact condition) ‘]J‘JSﬂf’J'U@Q]}TJEJ ﬁumimimqw'm
] v v
Y0930 (penetrate equation) Moo 1l ing 2 FuTanggruiu (Zhong, 1993), (Quin

and He, 1995) 11ag (Wang et al., 2001)
p('x,t) =0 o 'x e'T: (24)

Y

1 1 [ a I Y Y]
w?ai%}izﬂzwmzmwmq 2 Glmmemuﬁumimmﬁm:}zmiﬁuNmmzﬂsmmmjmmq
(Karaoglan and Noor, 1995), (Pollock and Noor, 1996), (Heinstein ef al., 2000) (a1 (Farahani et

Y d' [ ay d' [ ay d' =1 1 d‘ a

al.,2001) uaadldluninn 8 0FUN 1 (C) UaLINTUN 2 (T) NILISHN G (NINN 8N) ILLINA

. A o 3 9y [ A =
BIINTLUNN (impact force) mm@qmammﬂzmﬂu (MNN 89) TAgNaUNTUAAITNIIZAT

FudeazNIZUNNVDIING
“l tn
g>0 1T I 25)
d‘ = 3 ' [ Qy
1® g A9 FT8THNTTHINNIAY 2 HU (gap)
Jd a 4
7.2 aums W ludedwudvesilyminmsnszunn
o a g 4 { a @ . .
HUUSIDOINNANANTATVOIMTINADUN NOANTITUVOITAE (constitutive

equation) & ANZISUAY (initial condition) UALHN1IZVDULUE (boundary condition) Faang

a v @ vy ) Y J a Yy ax
MINANITTUATLUASNISUNNTINDYAIY f’fﬁJ"IiﬂlJ"liJ”lﬁiNﬁllﬂﬁIlwhlumﬁlmlluﬂ(‘lﬂﬂlﬂi]ﬁ
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MNN 8 TTUUMTATUNAUASATEUNA (M) L1UV1a84 continuum (V) FEM
301: Farahani ef al. (2001)

Largrangian formulation (Zhong, 1993), (Karaoglan and Noor, 1995), (Bath, 1996), (Pollock and
Noor, 1996), (Bittencourt and Creus, 1998), (Wang et al., 2001), (Cook et al., 2002) ita (Feng el
al., 2002) §1135UM31AT12 LD 11BUFY (nonlinear analysis) HAZIAANTIATOUAININ

(large displacement) 1M (23) awnsnadwaums W ludedmudlugiuuuia 118

qunNg
ofu}
M} = Q) {F )+ (R ) @)
Lﬁ’é) {I\/I Q] nm?ﬂ"llfNiJ’Ja (mass metric)

a I
U D LUATNUBDIAITNET D (velocity metric)

I

uja

{Q} An wATnveTINTZINBUBN (external load metric)
I
} @

a [

{F 9 WwasNUeAsInTERInelu (internal load metric)

{Fc 0 IWATNVDILTINTSUND (nodal contact force metric)
AuM3I (26) TAWAVANMIANNZANY Vosilyrimndudauaznszunnasoinminamas
18 waziiisnmamasuuy Implicit method (Stromberg, 2005) 1304V Explicit method (Hu,

1997) g (Nsiampa et al., 2008)

o o as .. Aq Yq Y s o ° 2 A 9
@ M55 Explicit 119 141 uaeudnas MSC.Dytran Tagmsfinuan s usuau

[

(initial velocity) Tiiusan (MSC, 2005a)

Q
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v v d
8. Taymmsianiiusszringvedlvanazlnssa3ie (fluid-structure interaction problems)

Ay o o ' Y . . . S
msUgduiusszrves Inanas Tnseed e (fluid-structure interaction) 111
L4 9 J 1 v W v @ v 9
Usngmsaimaunasmaasisunuiuiymmsdudauaznszunn uazianNudugouvoq
v o 4 q v a ¢ o Yy o
Hyrwnn myawuudaesieldlumsefielsingmssignihmaiiuilunuuiiaes

nuadiaenansie 19 umsinsziilynt (Mackerle, 1999)

o o 1 : 3’ =Y v o Jdo a J
dmsumsnadevldesanviadeusspihilianuduiusnumainalsingmsains
Ay o 1 : ' 3’
Ugduiusszninwes lnanaz TnseadaTagase deveslvalumsnaaenldumii uas
9 9 1 ] a 1 Aa 3
Tassad e ldunmisvesanaadniignlslumsnaaen Usinavesveslnadgaussgnelu

Y
%&ﬂﬂlli\iﬁuﬂi%‘ﬁ"lﬂ@Nﬁ\iﬂl’)ﬂWﬁWﬁ@]ﬂ‘llﬂwsll’mg]ﬂﬂa@ﬂﬂﬂllﬁ$ﬂ§$!,mﬂﬁﬂﬁu (Reed, 2000)
8.1 LL‘UUﬁWﬁ@QWﬁﬁ1ﬁﬁ{‘U@\1ﬂﬁqﬁa

MSANEINGANTIUMS Iiaved Inawila viscid flow 18 inviscid flow 923119
YO UWAYDINIANEIA8LTINATVeIved IHaidng (control volume) U 1ABIMS
Al EAs MV AATILHNgANTTIMS Iavesved InaluiiianTess e uin . y, 2)
Usznoudls aumseySnENIA (conservative of mass equation) AUNFOYSNH TUUAL
(conservative of momentum equation) QT Nﬂiiﬂiﬁﬂﬁw 84991 (conservative of energy
equation) ¥4iitaad11 Ohtmer (1995), Warsi (1999) 118 Lomax et al. (2001) e Tugauny
L‘ﬁﬁ]1";?}\1'1861'8‘?115‘V‘hﬂ’nmei’l}ﬂi]ll@g{ﬁllmﬁ Navier-Stokes d1151M3 Iau viscid flow tag
AUNI000IA07 (Euler equation) d1150m3 lwaui inviscid flow iilodanaiveaninudy

MU (7) 1azguugl ( T) voauns (30) 1 (32)

=i div[R]=0 27)

Haz [R]=[{F}.{G},{H]] (28)
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Yol
. pu
139 {U} o )
PV
petot
o
put+ =T,
{F}: ,OVU _Txy (30)
pVVU Ty
(petot +p _Txx)u _TXyV—TXZW—Zaa—Z
ol
P -7,
2
G}= NPT, a
oW —T,,
oT
(petot +p _Tyy)V—Tyzw—ryXu -1

PW
PUW—17,,
H}= PN Ty (32)
/)VVZ +P—7,
(mtot +tpPp—-7, )W —T,U- szv - ﬂ’aa_-zr

A 1 4 o v A 4 Aana
m'iﬁma!,naﬂ%zsl%}a'ﬁwamﬁﬁmﬁm (finite different) F1HITUUATIEUHTOIUA
a a o w . 9 v A d aa
(Anderson , 1995) wagslsumsdna (finite volume) AMUTUUATISHEINUA (Versteeg and

Malalasekera, 1995) Lﬁamwamaﬂmﬂﬁumﬁ Navier-Stokes Lmzaumiaaama{
Ay o o 1 9 . . .
8.2 ﬂTi‘ng/]ﬁ’iJWU‘ﬁizﬁ’JNGUENll‘VimmgTﬂiﬂﬁ’iN (fluid-structure interaction)

Aa o o o 1 9 . . .

miﬂgffiJ‘Wuﬁi;‘:ﬂ’JNﬂl’E]QUlﬂall,azIﬂNﬁ‘iN (fluid-structure interaction) §14150
o 9 ad 9y [ (Y 1 [ v A { 9Jq Y J J .

M ldvaeisaeiu uadsnasanunuITna 19 ¥ ugenanns MSC.Dytran (Mair, 1995),
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(Brown e al., 2002) 11a¢ (MSC, 2005a) Uszneuals m3lfuuusiassniandiamansves
AUMTAINIUIREU (Lagrangian equation, LE) M3 lFunusiasenendiacmansvesaunss
M-3R EU-p08IADSI58U (Coupling Lagrangian Eulerian, CLE) tazms 14uuudiaeanig
ANAREATVDIANNTOITINITAINTIUIREU-0081803 138U (Arbitrary Lagrangian Eulerian,

ALE)
8.2.1 M3lFuuuiiananendiamans veIaunIsaInI ey (LE)

Aa o Y] 4 1 o
m3lgduiussznives nanaz Inssadnlaems lduuusiaeans
A < = 9JaA o Y 9
ARAMAAs voIaNMIaINIReu (LE) 9219 muualives lvauaz Taseadeenunse
4 4 Y Aav Y a 4 A 2 4
waeun 1dTuNNAd1999 (X, ¥, 2) taad ladieaumsnaoun (23) MINasIgHms

nasulasvesguantiannuvuniuvesves lnave Idauns

A =p, (33)
OX;
uag J =det| — (34)
X
1o p A9 ANUHUILHUYDIV 1WA (fluid density) Nna1laq

P

Po A0 ANUANUUUUYOIV HaNinauTuAY

J A9 ANUATIAIUSUIAT (volumetric strain)

[

A a a

x. Ao Wnaveslsuiasvesveslia (x, v, 2)
A
fl

v Y a

? NNADINDIVDITLTUY

[ 4 1

a a o < o @ @
manalduiusseninved lvava: Inssafaduilymmsdudaaznszunnvesiag Tag

v v
§ v A a &

o Yo a =1 | Y Yy Aax o
mwm“lmmwwuuﬂumm'lwa LLﬁZN]Q@ﬂ%uﬁuﬂlﬂuiﬂiﬂﬁiﬁ AYIBNITNINUA

v
[ =

va Y < g’ o B2 o
auauavesved Inaldnuiagiiluves]va Gihuazeme) uazimuanuauiiavesiag

'
[ I

o I a Ay o dJdo
(material property) TnuiagmiiluTassad1e vedlvarzinamsUfduiuinulnseasiedae

Q

fﬂiﬁ?ﬁi&ﬂﬁﬂT}zﬂ”l'il’ﬁﬂfﬂifoflllﬁﬁuagﬂi%!mﬂiﬁlﬁlﬂﬂlﬁﬁll‘l’imlaziﬂi\iﬁ%}”lﬂ (Benson, 1990)

uag (Aquelet ef al., 2006) Msmramasldis 1 ludoamud
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o a 4 1 4
8.2.2 ﬂ"lﬁGl%LL‘]J‘]Jﬁﬂa@ﬂVINﬂﬂlﬂﬁWﬁ'ﬂﬁ‘U’ENﬁiJfﬂﬁﬁ’nJ NI TURYU-0ADTITUU

(CLE)

Aa o [ o 1 o
msUfduiusszrinvesInauaz Tassadelaems lunudiaeams
A o [ ~ o A I o Y 3|
ARAPNAASYIANNTIIN A1NTIUREU-DREIAD3 58U (CLE) 3219 simualive s Inailu
U511a5nBaaanUN (fluid domain) Tuinad1edevesszuy (X, Y, 2) vod lvavzinans
Aa o o &Y 5 4 [ [] Y]
UfduiusiuTaseadedromsadwaumsdsaunso oo aaiuns s (pressure) 130

< . A Yy & Aa YA
AL (VCIOCIty) ‘Vﬁ!ﬂﬁllNﬁﬂuﬁ31’?31\1%@\11‘”@!@31?’15\1?{5N %Qﬁuﬂ1§‘ﬂuﬂlﬂ‘]§ﬂﬂ qaunIg

N3 ﬂgjﬁ adulasu (operator split equation)

%4—0%: f

35
ot OX (35)

Il
o

nag #(x,0) = ¢, (X) it (36)

1ile ¢ o auuas (field variable) 19
A 1 A <
c Ao AAINVEIAINSING Ina

f Ao A9AUKaIRILn (source)

[ y o
Tagaums (35) szgnuiiaduassaumsiio 1 umsd i dsznoude

(37)

Iy —+c—=—=0 (38)

) [ 2 4 1 o a 4 1
aums 37) w2 l¥d sy Tnssaresalinaivesmasdiuia (1) Tnssadraeziimsmaoun

o

A A dy di 1 o a 9 [ di ~ 4 =\ [l
NI9UAYUUDINNUUAINUUATDAAIDINUANUNITNITIAADUN (23) Taenan E mgflu

:JI I S [ H [ 4 [ 5
AuMINIaed azunaindwhumsnlasunlasvesInsead waoileandaauns (38) ald

[ v = a Yy o =2 I [ dy v v
fTTI’Tﬁllﬁﬂ‘H"lWi]@]ﬂ'iillﬂTillﬂﬁ"llﬂﬂsllﬂﬁhlﬁaﬁ@ﬂﬂaf’Nﬂ‘]JfﬁJﬂ"li (27) ™3 (32) Whusutaduny
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Taaoamsdasizy (Benson, 1997), (Benson and Stainier, 2000), (Souli ef al., 2000) slag

(Benson and Okazawa, 2004)

823 ﬂ”I'i1%LL‘]J‘]JfﬁiaE’J\1‘VINﬂiﬁ@]ﬂWﬁﬁgﬂlﬂﬂﬁNﬂWiﬂW{ﬁ%W?aTﬂﬁ11.!!?]Elu-ﬂﬂﬂlfli’)io’

(o (ALE)

a o 4 1 o
msUfduiusszreves Inanaz TnssadalaemsIduuudiasans

a o A ~ = I k4 [

AUAFTATUDITUNITOITUMTIAININIURYU-DULADITLTIU (ALE) ﬂigﬂﬂﬂﬂjﬂ f"fllﬂ1§@1éﬁﬂy
[ o L]
1730 (conservative of mass equation) AUN1TOUT Y TN UAY (conservative of momentum
v ¢ o . . v o &
equation) HALHUNITOUINHWAIIIU (conservative of energy equation) Glugﬂtmummzmwuﬁ
< o <

YBIANNTIVRIVRd e MIANNSIvea1ATIa319 (Benson, 1992), (Casadei and Potapov,

2001), (Matthies and Steindorf, 2003), (Teixeira and Awruch, 2005) (8¢ (Kim and Shin, 2008)

op . op
—— = (=p)div(v) = (v, —u;)— 39
p (=p)div(v) - (v, ')axi (39)
ov, ov.
— =0, —pV,—u)— 40
P = O PV, ')axj (40)
oe oe
pE:O-ijgij - p(v; _ui)a_Xj (41)
A A < a
1110 v, Ao ANusvesved lualuiemialas

A < Y a
u, Ao ANNSIVEI InTeaT e lunanalag

= I~ o a o Aa o ) 4
NNAUMS (39) D3 (41) WutuviaemenaamansveIn sl duius
1 9 A d! Y v a d' v v @
3211719904 Iaas 1a59a5 19 ¥5e auns ALE $alsnuusnandudasuuosuss lvauas
1 { g ° 3

Taseads ludrndhuamzvea lvasesmualdaums 39) 81 @1) Tanuis1vod

I o 4 a E4 a ] g
Tﬂiaﬁ?mﬂuquﬂ (u=0) Lﬁmzﬂﬁqusﬂﬂiiumi"lwamawm"lwa waz luaruniummny

° 3 Y < { a J
Iﬂﬁ\‘]ﬁ%ﬁ\ﬁ]gﬂ']ﬁuﬂﬁlﬁjﬂ'ﬂuﬁ'lsll@\ﬂl@\iulﬁalﬂ’]ﬂﬂﬂ'ﬂﬂliﬁﬂl@ﬂiﬂﬁﬂﬁ%}'N u=v) Lﬁ@'ﬂlﬂﬁWzﬁ



v I
Mstaien (deformation) "’llﬂﬂﬂiﬂﬁ%lﬁfﬁﬂgﬂuﬂﬂizﬁ”l (Casadei and Halleux, 1995) 1iag

(Casadei et al. 2001)
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J aa
gunsamazizms
J
ginsal

1. ¥IANAADY N ANY 0.5 ANT shin 0.032 ATansu HANIN T8 PET (MW 9)
2. AR (force plate) Hazgilnaitiufindaana 3U OR6-7 ¥99UTEN Advanced
Mechanical Technology, Inc. USA. (mwﬁ' 10)
3. 1n3eadaimiin AnwazBen £0.01 N3 (MW 11)
4. m%ﬂ'mﬁﬂ‘ﬂﬂﬁ ®1 (tensile test machine) iq U H50KS U991U58N Tinius Olsen
(HOUNSFIELD), USA. (ﬂW\I‘ﬁ 12)
5. ndaaifuiinmmnden 'l
6. 1n3panENNIADS ALY ARAYUIBYTZIIaNANA Pentium TV 3.0 GHz
¥128n21191 DDRRAM PC400 ¥119 1.0 GB M3auaainaniiiennusiinle 128 MB
W0ATHLA 17317
7. 1n50eRuNYIA Laser
8. oAy CAD %’6 Pro/ENGINEER ¥09U5HMN Parametric Technology Corporation,
USA.
9. ¥aNALIT CAE G']:}’E] MSC.Patran 1aig MSC.Dytran VYOIUITHN MacNeal-Schwendler
Corporation, USA.
10. TuTasimes avina Anwaziden £0.01 Taamas
11. 61;@Q1Jm'a‘fﬂizﬁyiﬁugﬁa’j’ﬂmmmm?ammwﬁwmmﬁau Usgneudan
11.1 strain gauge f.j:u KFG-1-120-C1-11L1M2R ¥®3U3EN Kyowa Electronic
Instruments, Japan. (miuei’fmg,asl,umwwmﬂﬁ n2)
11.2 3A995U5 A9 299398 T Nl 12993 NTDININD (ﬂizﬁyiﬁum)
113 M3 A/D J1 PCL-812PG 043 HN Advantech, USA. (21wl 13)

v
=

4 a 4 Y v =K
11.4 “ﬁ@V‘ILL?ﬁﬂiZﬂ‘HﬁLW@i%’UUVIﬂWﬁfﬂﬁ“l/lﬂﬁ@‘ﬂ

vq ¥ < I P a ¢ =
mynageunina ld lgginsainaaey 9o 2 Haadwegluaazinemaasmsnm
UHIINABINEATANAAS MUWILEY MIAuIuMIAnT 12 1Fa0uiazginsaiveaniiae

a w Ao a o J a
TJQ‘U N1539YN1TDVNUUUNNNAUAT N NUN (MPDRL) 91715 6 1/97}6\1 6309-6310 N11AIH



a 4 a 4 a [ J [
'Jﬁ'lﬂﬁﬁillﬂ?ﬂﬂﬂﬁ AUTIFINTTUAITAT U 1INVIQUNHATAITAT VINVU Tﬂﬂ"lg]}ﬁ‘ﬂnu

k4
9 a o Aa o I a o w
aivayudulumsdewenlins CAE (P 9) mnusinilysimumarddn $1na

A I:'. & J i’ i
(n) (v)

4 y " o ¢ o
ﬂTWﬁ 10 Qﬂﬂimﬂﬂlliﬂﬂﬁzllﬂﬂ () UNUIALLTY (V) G]gﬂQﬂﬂﬁﬂlﬂ'J‘]JﬂlJﬂ']‘iéllﬂWﬂ YYIU

(amplifier controls)

] ¥ v F
MNA 11 1A399% 11D
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0
ul
-
i
]
z .
2
0
I

MWA 12 1AT0IAINATOD (tensile test machine) JU HS0KS Y0915 HN Tinius Olsen

(HOUNSFIELD), USA.

MW 13 M3A A/D JU PCL-812PG U9IUTHN Advantech, USA. 5118 16 Fosdaynnas tages

] [

14 2 Fosdaana
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a d
1. m‘sﬂizﬂygaumﬁ stress-strain relation

~Aq Y a

1.1 Mmsnaaeuussauiomguaniianenavesidanldnanvianadoy n
= . :? Y kY a . . .
NMINATDULLIIAY (tensile test) #1475M1501999910 American Society for Testing
Y v v
Material D638 1tag D882 Iagiaenaafunaaeay (specimen) USNUNTANUHINAN UTUDIN
Y
pisvIanagey n lAFuNAageUILIAANNNIG 8 Hadwas 817 110 Haawas taziiszesring
5Y1MINAIY (grip separation) 50 aamas uaaslunni 14 1HATeIRINATOY (tensile test
N ¥ A a 2 o Yo <
machine) As¥uUNagovIsalunamufsausunagouvia lasnvualiianusilums
= 1 9 Aa A = o d' = a =
e 4 A1 UszNOUAIE 5, 100, 300 LAz 500 Haawas/UIN MURIAY (1NToIAINATOLNAINITAY

A Aa A =1 y:? ) :? 1 & 3 =
gAPIFA 500 UARLNAT/UIN) uaﬂwumﬁaummu 5 ¥U @]@Wuﬂﬂﬂ]ﬂﬂﬂ'ﬂﬂ!i’ﬂuﬂTiﬂﬂ

\, Grip Separation = 50 mm \‘
110 mm

— - b
—
S mm|

1
1
1
" 1

414
—
i
—d- e

v Y i1
MNA 14 A19619FUNATO YD PET FIAANAITIVIANATOU N
¥ v s & A
1.2 MIATNAUMIANWAUSIT AU
1Y @ 4 1 1 a
AUMIANVFUTUTTENI ANUAY (stress) ANNATEA (strain) TUAIIMTAA

ANUAUMINNNFIBANGY (clasticity) 1T OANUIATEANINNIIANINATEATIYANTIN (vield
strain) Veananaansia Inaenaumisnuan (Polyethylene Terephthalate, PET) 4A1A21%

Y A A :g @ = A A a Y o c?u
AUUANNULINTUNIIRAINNVAITGARIYANTIN HIDIFTINMTINAANUAUAN UL AW

Y s 3 a . a < v o A
IAUBITNIAU (hardening stress) HAZANTDUTLABTAUMIUAAIANUTUNUT AD

o, = [O'y| + (o, —ay,)gg](1+ ae,) (42)

A A Y s I A
$V3} o, 19 ANUAUTITNIAUUN
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o, A9 ANUANTIAATINGN (lower yield stress)
A 1 ~ Y

oy f9 MAINveInNuAY Iva (flow stress constant)
A ' ~

n,a A9 AN

£, A0 AUATIANATAN (plastic strain)

v Jdou o

S & A o
1.3 ﬂ'lﬁﬁ%j’l\iﬁuﬂ'ﬁﬂj'uuﬁ}ua']iﬂl@]HU\jﬁaqu‘ﬁﬂﬂa@ﬁ']ﬂj']ulﬂ?ﬂﬂ (strain rate)

ANYUZNYANTTUMIBAUDI PET NUNEIAIAINAS IAINIRAATIN 11D

A < =K A Y s & A a a Y
Lﬂaﬂullﬂa\‘]ﬂ’l'lmi’lﬁluﬂﬁﬂﬁfJﬂ ﬂ'lﬂ’ﬂmﬂuﬁﬂi‘ﬂL@]HUQﬂSLﬂﬂﬂ']ﬁLﬂﬁEJL!LL“]JQWI"INllﬂﬂ’JEJ 1N

1 Yy A J 1 ~ Y a
TUNT (42) AVBIANWAUNYAATINAN (o) uaganInveInAY lva (0 ) WINANIS

A a A J Y 09/’ 9
wasuuilas I@IEJWf]ﬂﬂﬁiiJﬂ'ﬁ!f]JﬁfJuLlﬂaQEU@Qﬂ'\ﬂ')']ulﬂu‘ﬂ\‘]ﬁ@Qﬁ'nﬂﬁﬂalclfﬁllﬂﬁlﬁ“U’l’)Q

o P A H
HUVIADINTINVDN Cowper-Symonds (FUNIT 11) 3J11Ji$Egﬂﬁaluﬂ"lillﬁﬂ\iWi]@lﬂiiNﬂ'lilﬂat’Ju

1 Y tig} o A o ) . P
MANUAUIUAUMSIABUIRTINNNAT oA (strain rate) ]’lﬂﬂ\?f’mﬂ"ﬁ

aums (43) 1az (44) asluaums 42) o2 ldaumsanuduarsn@uii (o, ) suuulming

o .N\1/P
a1 (EJ (43)
Oy D
o . N\1/P
e —14 (ij (44)
Oto D

A [

& A0 BATINNIATUA (strain rate)
A Y A ' .
o, A9 ANWAUNYANTINAI (lower yield stress) 1a¢)
A Y A ' . A A v
Oy D ANUAUNTANTINAN (lower yield stress) NYALTUAU
A 1 ~ vy
o fD MAINveInNUAY va (flow stress constant) Glﬂo]

A 1 A Y ~ A g
cho o ﬂﬁl‘ﬂ\irﬂsl]'f)\‘]ﬂ'l']illﬂull‘ﬁ'aﬂi]‘ﬂlii]@]u

A1UDIAINNMAUTYANTING1 (lower yield stress) NATUA (0;,) UAZAIANUAY

; ;2 4 A 2
wagnla (flow stress) NATUAN (0_,) MAAUMT (43) taz (44) 1TurInai Al

v o Jou o o
ANVTUNUTAVIATINIUATIN W?@ ﬁllﬂ’]ﬁGU'ﬂ\TLL‘]J‘]J’ﬂ']aﬂ\‘iﬂ'l']lll?g]}uul‘ﬂa (Gf )
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1

o, = [O'ym +(040 —aylo)g;](1+ ae,) 1+(%)P (45)

2. MINAFIUMING
2.1 msnageavdasean (drop test) VIANATOL N

' F '
mnageunna laemsaoean (drop test) WIANATOD N FIUTIYINe1U 1IN0

@ A o 1 a Y { < A @

’JﬂL!i\‘l‘ﬂﬂ5$‘V]W]'E')"ll'JﬂGUﬂ!%!ﬂﬂﬂTiﬂi%L!ﬂﬂﬂ‘Uﬁul!"lN Iﬂﬂl!i\?‘ﬂg{@\‘lﬂﬁ?ﬂ ﬂizﬂa‘uﬁ’w 1IN

Y [l
N3ZRIINNU N30 UTINTZUNN (impact force) HAZUTINTEIININVOUHAIFIDTTINETY

2.1.1 MIAUUIINTZUNN

A o o Y Y 1w
mMinaaeumalausanszunnaNseiala lnsasalasldurudansa (force

Aaan Y a oy 1 9 Q' d' 1Y

plate) TI5MInagavalensaniinmeluvia nazmsdasslvviaanluiuiasnssaunny
Y [

790.5, 1.0 uag 1.5 was lagmsiiauldviaaeasaie ldduvianszunniumkuians g

- - 2 4 . 4 q 4
FeazPeavedlinasimgnussyluvianagey n uaziuiangnlsmadeunanuga

0.5 04 1.5 a3 uaadlumsnen 1

M3191 1 51002100AVDIVIANATOU N Gluﬂﬁ‘l/]ﬂﬁ’f)‘ﬂﬂd’f)ﬂ@ﬂlﬁ@’?ﬂuﬁﬂﬂﬁmmﬂ

‘]ﬁiﬂ@liﬂyﬂﬁﬁﬁ; HMITN e IANAT oY FZAVANNGINNUALIANTY 31U
(@n9) (N5W) (1un9) (lv)
0 32 0.5 15
250 284 0.5,1.0,1.5 45

500 510 0.5,1.0,1.5 45
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2.1.2 M3dausansginnveunaIdeussynielu

minadouieiausnszihmnveuralFeussgmeluvianadon i
@ 9 Y 3 =2 9 [ A v 9 Y
'CT']lI"IﬁﬂllﬂhlﬂIﬂﬂﬂiﬂ ANUUIIADIIAVTINNITYAUDINUIATUUDNUDIVIANATDU Tﬂﬂﬂ']iﬁi']ﬂ

A A o & a < ¢ v v v i Y A o
!ﬂﬁ@QN@?@W@ﬂﬁgﬂyﬁﬂTﬂQﬂﬂim D 11 ¥iu124 uaﬂ% strain gauge IANTIYAUVDINUI

YIANATD N 9NIINIAA strain gage I1UIU 3 62 diovIA 1 1) 1’7;1]@ P1, P2
1az P3 ﬁﬁzﬁummqﬁmmﬁ'um’m 11.70, 66.60 1@ 121.51 Haatuas Aua1ay (mwﬁ 15)
TaglFuas1u9u 5 10 1Az strain gauge $1U9U 15 77 strain gauge tAazdIRMTIRIAN5TA
mmNﬁ’wmmﬁaﬂuﬁﬁmqmﬂmammwﬁwmiuuumé’us@mqﬁﬁnmm&uq strain
gauge 1 §199QNABITINUINITUTAT (Wheatstone bridge) 1 2995 AT VEE 210 111
(instrument amplifier) 1 3999 uazmu’miﬂimﬁq‘@mmmﬁ' (filter) 50 Hz 80 1 2995 7995
v%ammggﬂ@iaimﬁ’mﬁaﬁuﬁﬂ 1 ¥oId I Faluaisod 14 °1m‘iﬂizﬁy§imﬁwm 8
Foadayaa (channel) nualinuoinvvesosdyanmisuan cho 5 ch7 uaas3lunmi

16

A % o Y . A 9 1 Y ' o d
ﬂ”liflﬂsll@QW‘lN"U'JﬂTl"IGl‘Vi strain gauge ﬂﬂﬂﬁﬂllagﬁﬂNﬁi‘l’iﬂ?ﬁJ@WQﬁﬂﬂ (volts)

a [] 1 1 v oA ~ =] a J 9
ﬂlﬂﬂﬂﬂﬂiﬂiﬂﬂﬂﬁﬂﬂa ?ﬂﬂ’)'m@]WQﬁﬂﬂ‘ﬂLﬂﬁEI‘L!LHJ'QQQﬂUuﬂﬂﬁQiuﬂﬂMW?m@i f38Y

121.51 mm

G600 mm

MUN 15 LAAIAIDENUIAAA strain gauges NITAVANNEGY 11.70, 66.60 taz 121.51 Hadwns

Jannduvaa (3@ P1, P2 1oy P3)
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d' adg a a A o = . o 1 o
HMNN 16 ﬂﬂ?ﬂ%i@!ﬁﬂjﬂiuﬂﬂizgﬂﬂjL“WE]'Jﬂﬂ'J']iJ!ﬂifJﬂ (strain) 9IUIU 8 ¥DI YUY

L= 1

" o oA a of o ' @
Tsunsuiuiinaianuandndnlseavgau Tasarugumsuasdyauiiumsa A/D

o { 1 1 v A w o o 1
(ﬂﬂﬂim "’lgl}ﬂ 11.3 71 13) Llﬁ$ﬂ']ﬂ')']iJﬁNﬁﬂﬂﬁ?ﬂvlg{ﬁ'm‘ﬁﬂu"llﬂﬂ'IU'JfMﬁTﬂ']ﬂ'J']iJlﬂ?ﬂﬂ

Q

v 4
(strain) NnaT1 1A IAense 91naums (Kyowa, 2008)

(46)

A A 1 v d a oA =
o E, A9 ANUANANIUD9NTVTATNIAsuLag
A A = A
Kg Y gauge factor YA 2.1 (iWﬂﬁzL@ﬂﬂiuﬂWWNu’Jﬂﬂ 20)

A [ o S Y o a I 4
E A9 anuaNaAngnaelinuiesusaaua 9 Thaa

qul A :l 1 1 1 [ ad
2aM9 5 11 #9AA strain gauge 92UTTPIUANAMNYPAYNADI WA DYAITOLAN TN
- PR r . . ay 2 .
unuaaslunni 170 89 nad 170 wazih ldides Itan lunuadsninszaunauga 0.5 was
Y [
drem3fanulnviadinse i ldduriaannszunnauuEUSALT (MWA 179) taziausa

Y 1
NSZUNANUVBIVIANTBUAVAINIINAT IATINIT IR
2.1.3 MIMIANANUZARAYNITUANVDIVIA
MIHIAANNGARATMTUANYDIVIAZ 193D Bruceton Staircase ANINIATFIU

ASTM D2463-95 Tatiaaduau 20 1o vssyriudunig udnih hillaeeldanluuunds

] k4 v v 9
e TiAuIANTZUNATUINANUFUTUAY 3.0 AT uaziiuaNugalumsiaesanszaudy
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az 0.5 was wamsnadeuszgniiuiin uazii lUldmannugundsmsuanvesuin wazen

anudeany Tagldaums (17) Daaums (20)

i 9 ]
MNA 17 aasduriImIaadansoiiodn Ysznouale (n) ¥IAAA strain gauges (V) i)
adg a A 1 A a SR A 4
29950180 INsin (M) msawm"lﬂmmmmq Q) INTDINDUNAADITHINNTA A/D

[ = J 1 4 LY
Melu €) 5TUNNLaAd JUsHNTUTUNAMANUANANY Liay (R) BHUIALLI
o \ :’ < Jd a J
3. ﬂ]‘ii]1ﬁlﬂ\‘iﬂ1‘i‘i’lﬂETE)‘IJTJi’lBﬂﬂﬂellENSII'Jﬂ‘lJ‘iii}u]muﬂﬁ]uﬂiﬂﬂq‘lﬂwﬂuﬂlﬂﬁﬁluﬂ

ad S Aa o 9 o 1 £ g a 4
ms W ludeamud lumsasuuuiasimsnaaeulassanduilumsiniiev
4 as 4 . awv dy 9 4
AWIFNNNAMTAT (dynamics) 191182 159501195 MSC. Patran 1tag MSC.Dytran 11
a 7 I s oA ° I a % .
MINATIZH MSC.Patran 1Wusondusnlglumsadrawuudiass I ludeamuud (finite
o [ <3 Qy § 1
element model) 130 HUDT1a09 FEM tiaz 19uaaswanionainmslszuianadisdu deoglu
qaj a 4 4 a A
UYUADU pre-processing LAT post-processing Gummzmumﬁamiwmmuvlml”lum@amu@ aIu
n’J‘ I P EY o ~ [ = £ [ 09/1 .
MSC.Dytran Huagiugorinsnlylumsiianiisand1uded degluduaou processing
a 4 4 a 4 1Y {
YoanszuIumsaa iU v ludeduud (MSC, 2005a iaz 2005b) TasSudoyanly
MSC.Patran 3ata3eu19 11314 MSC.Patran 4519110U%1809 FEM ¥93m3siaodnisdasean
oy 0911 ] ° < 1 Y v A [ A g < .
YIAVTIPIY ZULUVT1009 FEM ponidluaedaiuaiony Ao aruiidluveauda (solid)

1 Y
%350 1A39a319 (structure) tazaIuniluvealva (fluid)
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v v

msasuuuiesmstlaesanvesviaussyihldaseiumsnageunina aaufl
& < v v w a A 2 . Adg ) J
Wuveave Usznoudie via tag uHudansInsonuuYe aruniluvedva dsznevuaie 1in

o 1 [ 4 4

HAZDINA LUVT1809 FEM U9902aLastiuIansd 92 lau1a1nms 19 soulduns CAD
(Computer Aided Design) i Pro/ENGINEER @5 19u0ud1a0931n590anadon n uagunu
o I~ o 4 a o I 4
s Tasvzadratluuuuiiaeavoalium (surface model) uduilad lWa 1i5)u ' 1Wd 1GES

0111111911 MSC.Patran ¢io 1

) 4 o ] [
14 MSC.Patran 191 1W8 1GES taza$ 1901181809 FEM ¥9993aNadeUazin 9
A, ] 1 [] 4 I a d Aa 1
1349 Tagli3smsutalngas19a1vne (mesh) tioa1ailueamudytiauiy (plate 1130 shell
= a A o YA gl v Y [} 3’ 3 9 dl =
element) UANUHUT 0.56 HAALNAT (‘nﬂwnumuﬂmmumﬂ‘lumﬁ;m) Tududuivefnmn

Y
a J a Ay o J ' o w o
ll'ﬁ%’)l,ﬂ51514Wt]Glﬂ‘ii‘JJfﬂiﬂaﬁﬂJWH‘ﬁigﬁ'JNGU’E]\TLWﬁ'JW?'GHW NUAUIVDIUIA ﬂ%i%ﬂ?iﬁ%ﬁ\?

]
@ o 9

11191299 FEM w0dvandaanyauzndudouson 11l o liheaenmsldauiudanainu

v o J <

GU’E]\1ﬂTiLﬁﬂm'ﬁﬂf]ﬁiJW‘LJﬁ‘i%ﬁ’jN"ll’éNmNuaz"llmvlﬁa (fluid-structure interaction algorithm)

1§ ae FEM veduianaden n uasuruiausszianslunnd 18 uuuiiaes
FEM vosvaanadoy Useneudis 526 Triua (qaifouso) uaz 530 0amud uuusiand FEM
vouruIause Uszneudae 100 Tnua Qaifeuse) as 121 AWLA AuKUINTA1
LuUS1a0 FEM veswiauasiruiauss tieaanawasmaiudeyavazlszuiana 12919
viaIdegludwmisgendumuianss 10 Tadwas HaZA M UARISIMAA (initial velocity,

v,) linuuuudiaes FEM veuna lagldauns

v, =429(h-y) (47)

A A ¢ o v
1o v, in ANNISIAIAY
A 1 di 9 1
g Ao ANUTATDININUII N1 Tan
h Ao anwugenldlumsiaesnan

A dy A o A 9
y A9 ﬂ’JWiJQQﬂJ’EN"U’JﬂiﬂﬂWu‘lflmmim!jmluiﬂc]
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Shell elements — >

MNA 18 LUV1a09 FEM ¥099IANAT0U N LaglHUIALT
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M99 2 MNUANYUZV0ITA PET N0ATIANUIATEA 0.00167 D4 0.16667 s

. Upper Yield True Strain at Lower Yield True Strain at Young’s
Strain Rate, &
. Stress, O yu Upper Yield Stress, O vl Lower Yield Modulus, E
(s)
(MPa) Stress, €y (MPa) Stress, gy (MPa)

0.00167 17.2384 0.0178 7.5879 0.0807 968.4494
0.03333 24.8725 0.0266 8.5426 0.1213 935.0564
0.10000 26.8926 0.0320 14.8980 0.1549 840.3938
0.16667 44.8603 0.0554 30.4661 0.1706 809.7527

H U a va Y Aaowva LY { [
M3199 3 AANATEAILA LazANAUINAYDIIER PET N9A51A1MIAT A 0.00167 D

0.16667 s
. Failure Stress, O ¢
Strain Rate, & Failure Strain, & ¢;
4 (MPa)
(s)
Maximum Mean Minimum Maximum Mean Minimum
0.00167 193.5743 122.6087 48.3340 1.5041 1.2408 0.9400
0.03333 175.8233 148.3227 113.1903 1.3188 1.2508 1.1817
0.10000 204.5290 193.1297 174.3146 0.9933 0.9342 0.8920
0.16667 232.3326 201.2630 178.2339 1.3244 1.2589 1.1817
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1.2 Wﬁﬂﬁﬁ%ﬁ\iﬁhﬂﬁﬂ’ﬂmﬁju613‘14&@1!1!0
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NAUNT (42) Glf]f')‘ﬁﬁ')ﬂﬁllﬂ’]ﬁ (curve fitting) IWNDHIAN O, nllaga NNBATI
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aunN1s (42) wetSaumeunuramsnaaoy Iﬂﬂl!ﬁﬂﬂWﬁﬂ?i!ﬂﬁﬂﬂlﬂﬂﬂﬁlUﬂ'IW‘ﬂ 31 B3
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FUAUNYAANUATIANAULHUIANUAUNIAATINAN 0.08 LazuaaInanNAaIANa YU
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ANVATEA 0.08 D4 0.8 NONTIANMATEA 0.00167, 0.03333, 0.1 14AL 0.16667 s 1A 18.88%,

1.06%, -3.13% 1% 0.64% ANa1A L
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200
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Failure Stress (MPa)
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Ezperiment
500 Xp L

1 1 1 1 1
0 0oz 004 006 008 0.1 012 014 0.18 018
Strain rate (571

Ao @

MW 29 nslanuduiutssninanuAuITATUSATIANNAT IR B Tae PET 91N

MIAINAADL

Failure Strain

0Er —
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a 0.0z 0.04 0.06 0.0s 0.1 0.1z 0.14 0.1a 018
Strain rate (571
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Strain Rate, &

Flow Stress, O ¢

") (MPa) “
0.00167 15.1757 2 0.25
0.03333 17.0852 2 0.25
0.10000 29.7960 2 0.25
0.16667 60.9322 2 0.25

250

——0.00167 51
—— 0.03333 ¢!
200 —e—01 gl
—E— [.16667 ¢!
—— 000167 571
— —0.03333 57!
------- o1 st

— - = 016667 571

Experiment

Lh
=
T

l Curve fitting eq®(42)

True stress (MPa)
=
=

50 =c

i )
008 0.2 0.4 0.6 0.8 1 1.2
True stram
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fﬂWﬁ 31 ﬂﬁ?V\lﬂ’JﬁJﬁﬁJWH‘ﬁﬂ'ﬂﬂJlﬁjuﬂiﬁﬂ‘iJﬂ’JTlllﬂ?flﬂ‘l]ﬁﬂ"llﬂQ'Jﬁﬁ] PET tfSououseyiing

WANINATOUNUAUNIT (42) VOIOATIANUATON 4 A1
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NNN 32 s luaasnannuaaamaouilulesguannnamsunua luauns (42) v®3

100 =

a0k o 001667 st i
v 0.03333 ¢t
a0 « 01 st B
o 016667 st @
ant -
o 0g =
L o i
20 0 000900 g, o
& g ° 3 . - Wil zgemvv
e s - =X . .o O S ] u
& D_ooao o ;£°w¢§f<€°w%%&'oooooo B
b i
ank i
s i
ank i
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True strain
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J 2 A o o Jdou o
1.3 Waﬂ’]ﬁﬁ%’]\iﬁﬂﬂ1ﬁﬂ'}1ulﬁu‘6’]3Wlﬂuu\iﬁﬂwu‘ﬁﬂ‘].l’t’)ﬁﬁ’]ﬂ')’]ll!ﬂ?ﬂﬂ (strain rate)

VINEUMT (43) uaz (44) 1FIBunuaazaIuaus (curve fitting) Taelddoya

Y

= & ' = v £ 1 Ayw
NAITNN 2 1AL 3 INDMIAAINUBITUNIT (45) sznoudie Oy10>0 105 Duag P “]5\‘]?]11/]"1,@

uanaluaisan s

M50 5 MANNNMTEIVTUNMTVOITUMNS (45)

Oyio Os.0
n a D P
(MPa) (MPa)
7.5865 15.1730 2 0.25 0.1005 0.46

1 { 4 o 4 I A

Amnansan 5 e llunuluaums (45) ﬂz"lﬁ’anmimwmﬁ’uaﬁ@muuﬂugﬂgmmm
1 d' w =) 1 a w 7 =) . d! A
AAINLazYeIR Ll ANUAT IATIINATEAN (&p) tazaulsonsINNATeR (&) 9 Ao

aumsanudulva (o, =0, (£,€))

1

O'f=[7.5865+(15.1730—7.5865)85](1+0.256,,)l+( i ]0-46 (50)

0.1005

£
0.1005

2.17
o, = [7.5865+7.58655 [1+0.25z,) 1+( j (MPa)  (51)

o < <3| A = ~ Y
UITUNIT (51) ll‘]J‘INﬁﬂmﬂUﬂﬂV\ILW@Lﬂiﬂ‘UmfﬂJWa‘lJENﬂTS’d’mﬁllﬂﬁﬂ‘]JNaf‘lﬁ‘ﬂﬂﬁ’f)‘Uuﬁﬂﬂ

=

Y, A A 9 = Ao ' ) ' .
ulﬂﬂluﬂ']W‘V] 33 Iﬂﬂljil@]1!1/]%ﬂﬂ'ﬂllLﬂiElﬂﬂﬁ']llﬁUQﬂ'J']NlﬂUﬂﬁ']ﬂa'N (lower yield stress) 0.08

Q

A 3 ¢ I A ~ '
tazuaadNanNuAaIAnae Ul w3 s uveInNNAAIARNaU 11NN 34 A1ANUAAIA
AADUVDINAMTUNUATIUBIANUATEA 0.08 D4 0.8 NONTIANWASBA 0.00167, 0.03333, 0.1

1Az 0.16667 s W 19.68%, 3.45%, -4.45% Uag 0.31% MNa1AY



True stress (MPa)

250 T T T T T T
—a— 0.00167 g7
—=— 0.03333 ! Experiment
200+ e 01 ol EP EIUTED] i
—&— 016667 ¢!
— 0.00167 g7
- -1
5o — 3?3333 g " Curve fiting eq® (51) i
— - — 0.16667 ¢!
100
50
DP.-V 1 1 1 1 1 1
0.08 0.2 0.4 0.6 0.z 1 1.2 1.4
True stram
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Ml 33 nslanuduesanuanunsenseuesiag PET wlieuifleusznitwamsnadoy

AUAUNS (51) VBIOATIANUIAT A 4 AN

(%)

a A 3 /S o '
NINN 34 ﬂﬁ']‘i/\ll!ﬁﬂ\‘lwﬁﬂ')'lﬂﬂa'lﬂmﬁ’t’]uLﬂulﬂﬂil%u@]ﬂl@ﬁwaﬂ'ﬁuﬂuﬂ']Gl,‘L!ﬁ'iJﬂ'li (51) U

AT INNNATIN 0.00167, 0.03333, 0.1 iag 0.16667 s
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a0k o 0.01667 st 4
v 003333 51
NS + 01 gt .
o 016667 g1 o
4t @
o
=+ o
L o 4
20 o 0 oo D0 o oo o
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@ <>El>@5—|<>u¢m “ AR P A
ok |
Ank |
60k |
znk |
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2. wamsnageulassan (drop test) VIanagey n

2.1 HaMIIALIINTZUNN

' A o ] A A A Y Aa 9
ﬂﬁﬂa’ﬂﬂﬁﬂ!,‘WE]’JﬂLl,i{lﬂigl,mﬂi]%1%511WLﬂaﬂuUlW’JLW®LﬁE]ﬂGU’01qJ,ﬁVIﬂ 5 UBYAUD

U

Aad A

m3tdesan 15 A%q ﬁu&siathmmqq (0.5, 1.0 g 1.5 14A3) c?qmmaaﬂmﬂymmmﬂ
NATOU N VAULATLUNAAUUALIALTI LLALYEIATAD I INADIFUILIAY (vertical
line) 13i11An91 £3 09en (Asaudiuiaznaudiuuniin) namstfufinA1usInTzuNAYBIUIA
fan (llaimii;ﬁyn Udesanfiszauaugs 0.5 mas uaaalunnd 35 fmsudiedevevin
msgﬁyw 250 303 (12 vo4anuY) Jdesanninszdunangs 0.5 mwas uanslunwd 36 uas
wamiﬂ’uﬁﬂmuﬂﬂmmﬂmawmmﬁqﬁyw 250 3as Udeeaniiszdunnuge 0.5, 1.0 waz 1.5
was uaaslunnd 37, 38 uag 39 mud ey wleusuuanuduusanszunnmasueuss
nszunn lunsmluaazAinugaveImsaosnn é’hafhwamﬂmim’;w 500 An5 (1AUANY
9 Ydosanainszauanugs 1 wes uaaslunng 40 nasramsiufindusanszunnves
mssmiiﬁ;ﬁy"u 500 An3 UdosaniiseAuANNGL 0.5, 1.0 tag 1.5 w3 uaaslunnd 41, 42 uas
43 sy wdeusuuaauduusanszunnmassenssunnlunsrlveausasmanugves

n15laoean

250 T T T T

t

200t — Exp. 3§ .
—s— Ezp. TE
—a— E=xp. QE

150+ —— Exp. 147 ]

——— The average of Ezxp.

Impact force (10}

-50 | | | | | 1 1 | |
071 0712 0714 0716 0718 072 0722 0724 0726 0728 073
Tine {sec)

v Y
MNN 35 #aMIIUNNAMTINTZUNN (impact force) AunavesvIanageUal ("lumii;m)

YaosanIINANNG 0.5 AT
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T VP T R ] e
I kT |:.'-"-l."

() t=0.419 sec

i b ] i i L T
TR P o T T .

(M) t=0.353 sec

i Y 1
MNT 36 Hamsdaosanuianagoy n Ui‘iﬂﬁ1ﬂ§\‘lﬂ’]1wﬂqﬂaﬂﬂ%1ﬂﬂ’ﬂllq\‘l 0.5 tuAg

25']0 T T T T T T T T T
—o— Exp. 1:‘—;
2000 T Emp S .
—— Exp. &7
o
—a— Exp. 13th
1500 F —»— Exp. 157 .

—— The average of Exp.

Impact force (M)

_SDD 1 1 1 1 1 1 1 1 1
071 0712 0714 071 0718 072 0722 0724 0726 0728 073

Time (sec)

i 9 i1
MNA 37 Nﬁﬂﬁﬁu“ﬁﬂﬂnli\iﬂiglmﬂ (impact force) fof‘]JL’Jﬁ1511ﬂﬂﬂl’)ﬂﬂﬂﬁ@ﬂﬂiﬁgﬂWﬂ?\‘]ﬂ’NN

91la08nn91nAING 0.5 AT
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ESDD T T T T T T T T T
nd
—&— Exp. 2;
2000 7 Empo4 .
—s— Exp. 57
st
—a— E=xp. 111h
1500 —— Exp 13+ .

— The awverage of Exp.

Impact force (M)
=
=
=

00

SDD 1 1 1 1 1 1 1 1 1
071 0712 0714 0716 0713 072 0722 0724 0726 0728 073
Time (zec)

i Y 1
WA 38 NﬁﬂWiﬁuﬁﬂﬂHLiﬁﬂimmﬂ (impact force) ﬁUL’m1511ﬂﬁﬂ]’)ﬂﬂﬂﬁ'@ﬂﬂiiﬂﬁTﬂ?ﬂﬂ’ﬂﬂJ

y/aennaInaNuga 1.0 a3
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—=— Eup. 4;
2000 T Emp 5 .
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_ 1500} —— Exp. 13+ -
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[
bt
= 1000
g
(=N
B
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SDD L L L L L L L L L
071 0712 0714 0718 0718 072 0722 0724 0726 0728 073
Time {sec)

] v 1
MNA 39 Nﬂﬂ”lﬁ‘]juﬁﬂﬂ”llliﬂﬂigllﬂﬂ (impact force) ﬁﬂl?ﬁ1511’E]Qﬂl’)ﬂﬂﬂﬁ?)ﬂﬂiiﬂﬁ”lﬂ?ﬂﬂ’ﬂll

yaveanaInanuge 1.5 s



(M) t=0.453 sec

4 1 oy < '
JTIWﬁ 40 Waﬂ’liﬂaﬂﬂﬁﬂm’)ﬂﬂﬂﬁ@ﬂ N Uiiﬂu’ll@llﬂ?’lllﬂﬂaﬂfm’lﬂ'ﬂ')’]lqu 1.0 LtUA3

- (W) t=0.519 sec

25']0 T T T T T T T T
—o— Exp. 1ﬁl
2000 T Exp S .
—— Exp. &7
@
—a— Exp. 13th
1500 F —»— Exp. 157 .

100a

Impact force (M)

500

—— The average of Exp.

-50

D 1 1 1 1 1 1 1 1 1
071 0712 0714 071 0718 072 0722 0724 0726 0728 073

Time (sec)
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3 o ' o gl <3
cﬂTWﬁ 41 Waﬂ'ﬁﬂuﬁﬂﬂ“li\iﬂigllﬂﬂ (impact force) NUNAVDIVIANATDUUTIJUUAUAIY

91/a08nn91AAING 0.5 AT
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25['[' T T T T T T T T T
2000 - —7— Ezp. 4 4

1500 F —_— EXp 157 i

—— The average of Exp.

Impact force (M)
=
=
=

Lh
=
=

SDD 1 1 1 1 1 1 1 1 1
071 0712 0714 0716 0718 072 0722 0724 0726 0728 073
Time (zec)

v 9
% 1 @ o 3
ﬂﬁ"lﬁ 42 NﬁﬂWiUUﬁﬂﬂHLiQﬂﬁ&LV]ﬂ (impact force) NUNAUDIVIANATDUUITYIUUANAITY

ylavennaInANuga 1.0 a3

2500 T T T T T T T T T

P —&— Exp. 2
2000 . —F— Exp. 5 .
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1500 F ! ' — EX]J. 14 i
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=
=
=

Lh
=
=

SUU 1 1 1 1 1 1 1 1 1
071 0712 0714 0716 0718 072 0722 0724 0726 0728 073
Time (sec)
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@ 1 1Y o 3
flﬁ/‘lﬁ 43 Wﬂﬂﬁlluﬁﬂﬂ”luiﬂﬂigwﬂﬂ (impact force) NUNAVDIVIANATDUUTIJUUANAITY

yavennaInanuge 1.5 s
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2.2 Naﬂ'li’3@Lli\1ﬂi%‘ﬁ?%'lﬂﬂl’f)x‘]Mﬁ’J“ﬁ\‘]‘Ui'iﬁ)‘ﬂTﬂGlu
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].2'][' T T T T T T T T T
_9_
1000 Eﬁ' ; 1
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. —— E=xp. 5
= ——— The average of Exp.
w600
2
B
o
2 400
5
200
0

_2DD 1 1 1 1 1 1 1 1 1
D546 0548 055 0552 0.554 0556 0558 056 0562 0364 0566
Time (sec)
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2.3 Naﬂﬁ‘ﬁ'lﬂﬁﬂ’l"lll’c;fﬂlﬂﬁﬂﬂﬁllﬂﬂﬂlﬂﬂ‘ll’)ﬂ
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TaTunnn 49

M9 6 MTNLEAINANINATULapsANA8 33 Bruceton Staircase
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g

E TS s T Vo SNCR SN C I N e B B0t R A BB R B B~

3.0 (0] 0 1 - - -

3.5 (e} (6] 0 2 - - -

4.0 X O (0} 1 2 0 1 0

4.5 (¢} (6] (¢} (6] (¢} X (¢} X 2 6 1 2 2

5.0 X X X X X X 6 0 2 6 12 24
5 - > < @
o7 £ = 3
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v [ ' A Y 1 v
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° 1 M < Jd A d
3. wanmsdravamnageuasannvesuiaussgriudunnuglaaldlilunedimuue

HANIIAIIZH FEA Yeauuusaeamsassanvianadeod n cﬁ!amsq*ﬁ”uﬁnmmq
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Y
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Unit: Pa
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M99 7 UEAIAILTINTZUNN LASIAUNALTINTZLNN VBINTNATOUNING L1a FEA Vo4

9
o g
VIAUITYUUANNITNY

Drop Impact Force (N) Pulse Time (msec)
Height Exp. Exp.
LE CLE ALE LE CLE ALE
(m) (Average) (Average)
0.5 1188.6 885.8 1047.7 9943 5.5 7 6 6
1.0 1563.8 1087.5 1534.6 1433.1 5.5 7 5.5 5.5
1.5 1967.2 1281.6 1930.2 1788.5 5.5 7 5.5 5.5
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~ A ~ = = 9 v o J
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[ a L4 o A Y 1 3|
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PY A A A a JY axn
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U 1ag 14.95 110 AUA19L
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MNN 56 M5TeuReuAsINTZUNN (impact force) NLNIAITLHINAURAGNTNATOUN
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Unit: Pa
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M99 8 LEAAIAILTINTZUND LASIAUNALTINTZLNN VBINTNATOUNING 1A FEA V04

9 1
YPIAVTTPINTIVOINDING

Drop Impact Force (N) Pulse Time (msec)
Height Exp. Exp.
LE CLE ALE LE CLE ALE
(m) (Average) (Average)
0.5 841.6 510.8 920.9 891.3 6.0 9.5 6.0 6.0
1.0 1226.4 689.3 1417.9 1353.8 6.0 9.5 5.5 5.5
1.5 1451.5 847.3 1837.8 1725.1 6.0 9.5 5.5 5.5

2500 T T T T T T T

4%* Experiment
2000 1
—&— LE
—5— CLE
= —4— ALE
= 1500 F 1
LA}
a
2
e
. L |
g 1000
so0 k M/ _
D 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Drop height (m)

MWN 59 M3nfTeuisuAsINIzuNn (Impact Force) gaganuszezlaasnnizninn gy
Y ]
YIMINATRUNNNANUNT 19 FEA voamsilaesnnaianadouissqiing e

ANY
5. wamSeumMauANNUNUEIVBIANMS stress-strain relation
o v A a o2
aumsvoauusaesnudulva STP (STP flow stress model) AgnUszABFUY LAz

o 4 % A Y] (] a o
puuiaesluseias MSC.Dytran 9 ldununaauiinvesiag PET lugianaidan gniiin

nfSeusuiionaaannuusiud Useneudlenuus1aeaued Rate Power Law (RPL) model,
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Zerilli-Armstrong (ZA) model (48 Johnson-Cook (JC) model ANBINY VINNANITNATOULT
Aa TUIDIMAINYBIA NI YRS eI Inauaad 1a lua131ai 9 uazuaaans
= = J =S I Y ] = 3 1 =2
wseueuseriawamsnageunsulunsinvesn A u lugI9n A saAaa 0.08 D9
1.4 Y9AAUM VUL 1804 RPL, ZA taz JC Noasinnuasena 4 a1 1d1unni 60, 61 uag

o w A o o Y g/} U
62 Muday Wovhuuudiasannuay lvanavua (RPL, ZA, JC uag STP) 1115113
A5 IEHMsapeanNszAUAIING 0.5, 1.0 Hag 1.5 WAs AmsInszunniamszd agniimn
WFeueunuAImagYeINaNITNATOUNING LAAIIUAIND 63, 64 LIAL 65 AUAINL ANRAY
YOWTINTZUNNIGAINMINadev/dosannianafiszauanugaldesan 0.5 89 1.5 was
= = o 1 a 4 I Py a = A
nlSsumeuiuaveanansini gy FEA uaauiluns vl laluaim 66 ianaranasy

32.96%, 58.96%, 13.36% wag 1.303% 9115 ULULINa04U09 RPL, ZA, JC 1ag STP auaau

M3190 9 AAINVBITNNITATIN RPL, ZA, JC 1iag STP

Yield Model A (MPa) B (MPa) C (MPa) m n & s
RPL 15.37 138.93 15.37 0.58 2 0.00167
ZA 6.58 13.15 0.58 - 2 0.00167
JC 4.68 9.35 1.91 - 2 0.00167
STP 7.59 0.25 1.005 0.46 2 0.00167

a 4 1 A @ o
HAIATIZH M aeenNNTzAUAIINGN 0.5, 1.0 1ag 1.5 a5 Tasiuuaduny stress-
s & A A o = -1
strain relation AIYAUMIANUAUIITAAUTIL (AUNT 42) NOATIANWATYA 0.00167 s AT
Aa 9 ) =\ =1 o a A o o o 9
nszunniams e Idgmi S ouifousumadinzdidmuanuuiiassiag Taeldaums
upurassanudulva STP uazaundevenamsnageunna uaadlunng 67, 68 az
o w { @ 1 a J
69 MUAIAY NNA 70 naraansveLsINTZINARUNANTsUReDs NI INTIZH FEA
Taglduvusmesiagdrsaumsanudulva STP nazuuuaesidadroaumsnuAy
3 A 1 o 1 ]
g3 AUl Nszauanugelasean 0.5 59 1.5 was wuhaunmsanuaulua STP uaz
Y} s & A ] -4 A A Y
aumsanuduasamuinldaulesidudanuammniousinminadeunienalinios

171 1.303% 1ag 59.22% AUa191
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2500 . . . . : : , : .
2000 ——— The average of Exp. |
—— RP-Model
— — ZA-Model
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2500 T T T T T T T
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2500 T T T T T T T
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A o o
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(N) t=0.5453 sec (V) t=0.5468 sec (A1) t=0.5493 sec () t=10.5532 sec
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oo =A™ +C (55)

4 A = a oA .
14D O i 19 ANUATYIAIUA (failure stress)
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TYPE IV
Specimen Dimensions for Thickness, 7, mm (in.)*
. . . T (0.28) or under Cver 7 to 14 (0.28 to 0.55), incl 4 (0.18) or under
Dimensions (see drawings) Tolerances
Type | Type Il Type Il Type IvE Type V&2
W—width of narrow sections~ 13 (0.50) 5 (0.25) 19 (0.75) 6 (0.25) 3.18 (0.125) =0.5 (+=0.02)5¢
L— ength of narrow section 57 (2.25) 57 (2.25) 57 (2.29) 33 (1.30) 9.53 (0.375) =0.5(=0.02)°
WO—Width overall, min® 19 (0.75) 19 (0.75) 29 (1.13) 19 (0.75) + 6.4 (+0.25)
WO—\Width overall, min® 9.53 (0.375) +3.18 (+0.125)
LO—Length overall, min* 165 (6.5) 183(7.2) 246 (9.7) 115 (4.5) 63.5(2.5) no max (no max)
G—Gage length’ 50 (2.00) 50 (2.00) 50 (2.00) 7.62 (0.200) =0.25 (=0.010)°
G—Gage length’ 25 (1.00) +0.13 (=0.005)
D—Distance between grips 115 (4.5) 135 (5.3) 15 (4.5) 65 (2.5)° 254 (1.0) =5(=0.2)
R—Radius of fillet 76 (3.00) 76 (3.00) 76 (3.00) 14 (0.56) 12.7 {0.5) =1 ({=0.04)¢
RO—0uter radius (Type IV) 25 (1.00) =1 {=0.04)

“ Thickness, T, shall be 3.2= 0.4 mm (0.13 = 0.02 in.) for all types of molded specimens, and for other Types | and |1l specimens where possible. If specimens are
machined from sheets or plates, thickness, T, may be the thickness of the sheet or plate provided this does not exceed the range stated for the intended specimen type.
For sheets of nominal thickness greater than 14 mm (0.55 in.) the specimens shall be machined to 14 = 0.4 mm (0.55 = 0.02 in.} in thickness, for use with the Type lll
specimen_ For sheets of nominal thickness between 14 and 51 mm (0.55 and 2 in ) approximately equal amounts shall be machined from each surface. For thicker sheets
bath surfaces of the specimen shall be machined, and the location of the specimen with reference to the original thickness of the shest shall be noted. Tolerances on
thickness less than 14 mm (0.55 in.) shall be those standard for the grade of material tested.

& For the Type IV specimen, the internal width of the narrow section of the die shall be 5.00 = 0.05 mm (0.250+ 0.002 in.). The dimensions are essentially those of Die
Cin Test Methods D 412,

€ The Type V specimen shall be machined or die cut to the dimensions shown, or molded in a meld whose cavity has these dimensions. The dimensions shall be:

W= 318 = 0.03 mm (0.125 = 0.001 in.),
L =053 = 0.08 mm (0.375 = 0.003 in.),
G=7.62 = 0.02 mm (0.300 = 0.001 in.), and
R=127 = 0.08 mm (0.500 = 0.003 in.).

The other tolerances are those in the table.

© Supporting data on the introduction of the L specimen of Test Method D 1322 as the Type V spacimen are available from ASTM Headquarters. Request RR:0D20-1033.

£ The width at the center W. shall be +0.00 mm, —0.10 mm { +0.000 in., -0.004 in.) compared with width 14 at other parts of the reduced section. Any reduction in W
at the center shall be gradual, equally on each side so that no abrupt changes in dimension result.

F For molded specimens, a draft of not over 0.13 mm {0.005 in.) may be allowed for either Type | or Il specimens 3.2 mm (0.13 in.) in thickness, and this should be taken
into account when calculating width of the specimen. Thus a typical section of a molded Type | specimen, having the maximum allowable drafi, could be as follows:

= Qverall widths greater than the minimum indicated may be desirable for some materials in order to avoid breaking in the grips.

# Owerall lengths greater than the minimum indicated may be desirable either to avoid breaking in the grips or to satisfy special test requirements

! Test marks or initial extensometer span.

“When self-tightening grips are used, for highly extensible polymers, the distance between grips will depend upon the types of grips used and may not be critical if
maintained uniform once chosen.

0.005 in. max
(0.13 mm)

FIG. 1 Tension Test Specimens for Sheet, Plate, and Molded Plastics
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131: American Society for Testing Material D638



Gages for General Stress Measurement

B Typical characteristic curve of thermally-induced

Basa langth

apparent strain with KFG gage

140
120
100

1

Themally-incluced apparnt strain output jum/im)
=

140

Adhasive: CC-334

® Gage Factor Approx. 2.1

[ ] licable Linear %
JnlEggansion Cosfficients  5: 11: 16, 23, 27

® Self-temperature-
compenspa'rion Range 10to 100°C

Applicable Adhesives and
Operating Temperature Ranges
CC-33A: —196 to 120°C
CC-35: -30to 120°C
EP-34B: -55t0 150°C
PC-6: 196 to 150°C

Bl General-purpose Foil Strain Gages

The KFG gages use polyimide resin for the base approximately 13um thick,
ensuring excellent flexibility. Besides indoor measurement, the cutstanding
moisture resistance lets them effectively perform outdoor measurement.
Unless directly exposed to waterdrops, no coating treatment is required.

@ \arious lengths and patterns are available to cope
with multiple applications.

® Excellent moisture resistance.

® The thin gage base provides less resiliency, and thus
ensures excellent workability and easy bonding to
curved surfaces.

® Compensated temperature range is as wide as 10 to
100°C and thermal effect in a range of 20 to 40°C is
as small as +1pe/"C.

® Strain limit at room temperatures is approximately 5%
and fatigue life is 1.2 x107 times (uniaxial gages), mak-
ing them suitable for material tests.

® The resistance, gage factor and leadwire cable are
labeled.

® Delivered in an airtight package.

® Characteristic values are expressed in accordance
with the OIML International Recommendation No. 62,

@ Immediate delivery is ensured.

M Types, lengths and codes of leadwire cables pre-attached to KFG gages

Type | 2poliestereosted | Ipoesiiena™l | Viny-costed flat 2-uit cable Vingcostsc et S cabls | Middle-emperatue | Middle-temperature
£1,82,C3,C18.C1E, £1,62,03,015,C186, C1,62,C3, 01.0s, 01,04, C
01,03,02 DE, 01,0204, Cis.C1e D16,017, Dsm7, 3
6.017.028, 016,017,029, 030, bs.018, D28, 02,09.015, D28, 015,017, D19, D28,
Length [2s,03c D3 D39 D29,030 031,038 [Dza,030 29,090,038 [029,030,091,0%9
2cm N2C2Z N2C3
3 Nacz N3C3
4 N4ACZ N4Ca
5 HECE
10
15 L15C2R L15C25 LISCIR 11502
30 L3oC2R L30C2S L30C3IR R30C2
50 5002R L5C28 L50C3R Asacz
T L1nzA [REES LiM3R Linas AiMZ
2 L2M2A LEM2S LZM2R L2M3IS A2M2
3 LIM2RA Lanes L3AMER Lam3s RaM2
4 LaM2R Las2s LAMIR L4mas HaM2
5 LsMzA L5625 L5M3R LEMas ASMZ
& (B LENZ5 L6M3R LEM35 AEMz
3 LBMZA LENZS LBMIAR LEWAS RAMZ
10 L10M2R L1OM25 L10M3R L10AM3S A1OM2
15 Li5M2R Li5M25 Li5MIR Li5M38 HEM2
20 LZOMZR L2omM25 L20M3R L20835 HAZOMZ
3om L3oMzR L3aomz2s LIOM3IR L3pM3s RI0M2 R3oM3
Oprg. tanp. range 198 to 150°C 1010 8FC =100 t2 180°C
Remarks | Twisted for S0an and 1m kng fwih same evesption) L&; L8 fir 6m or longer I L-7; L-10 for 6 or longar L1 I L12

MWHLIDT N2 LAUTDYA (data sheet) VDA strain gauge 34 KFG-1-120-C1-11LIM2R

fa: Kyowa (2008)
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START

CEND

ENDSTEP=35000

CHECK=NO

TITLE= Jobname is: ChPET05SM

TLOAD=1

TIC=1

SPC=1

$ Output result for request: b

TYPE (b) = ARCHIVE

ELEMENTS (b) = 1

SET 1=1 THRU 1035

ELOUT (b) = EFFPL-MID EFFPL-OUT EFFPL-IN EFFST-MID EFFST-OUT ,
EFFST-IN TXX-MID TXX-OUT TXX-IN TYY-MID TYY-OUT ,
TYY-IN TZZ-MID TZZ-OUT TZZ-IN TXY-MID TXY-OUT,
TXY-IN TYZ-MID TYZ-OUT TYZ-IN TZX-MID TZX-OUT,
TZX-IN EPSXX-MID EPSXX-OUT EPSXX-IN EPSYY-MID,
EPSYY-OUT EPSYY-IN EPSZZ-MID EPSZZ-OUT EPSZZ-IN,
EPSXY-MID EPSXY-OUT EPSXY-IN EPSYZ-MID EPSYZ-OUT,
EPSYZ-IN EPSZX-MID EPSZX-OUT EPSZX-IN
EFFSR-MID EFFSR-OUT EFFSR-IN

STEPS (b) =0 THRU END BY 100

SAVE (b) = 10000

$ Output result for request: e

TYPE (¢) = ARCHIVE

ELEMENTS (e) =2

SET 2=1036 THRU 1236

ELOUT (¢) = XVEL YVEL ZVEL MASS PRESSURE FMAT FMATPLT

STEPS (e) = 0 THRU END BY 100

SAVE (e) = 10000



100

$ Output result for request: f

TYPE (f) = ARCHIVE

ELEMENTS (f) =3

SET 3 =1237 THRU 2537

ELOUT (f) = EFFPL-MID EFFPL-OUT EFFPL-IN EFFST-MID EFFST-OUT ,
EFFST-IN TXX-MID TXX-OUT TXX-IN TYY-MID TYY-OUT ,
TYY-IN TZZ-MID TZZ-OUT TZZ-IN EPSXX-MID EPSXX-OUT ,
EPSXX-IN EPSYY-MID EPSYY-OUT EPSYY-IN EPSZZ-MID ,
EPSZZ-OUT EPSZZ-IN

STEPS (f) =0 THRU END BY 100

SAVE (f) = 10000

$ Output result for request: force

TYPE (force) = TIMEHIS

CONTS (force) = 4

SET 4 = ALLCONTACTS

CONTOUT (force) = XFORCE YFORCE ZFORCE FMAGN

TIMES (force) = 0 THRU END BY le-6

SAVE (force) = 10000

PARAM,CONTACT, THICK,0.0
PARAM,FASTCOUP
PARAM,INISTEP,0.199E-06

PARAM,MINSTEP,le-7

BEGIN BULK

INCLUDE ChPETO5M.bdf

$ - GRAVITATION -----

TLOADI1 1 444 0

GRAV 444 -9.81 0 1 0

$ ==========PROPERTY SETS ==========



$ *w b*

PSHELL 1 1 .00056
$ *t £k

PSHELL 2 2 .01

$ * euler *

PEULERI 3 MMHYDRO 6

$ ========= MATERIAL DEFINITIONS ==========
$
$ e Material pet id =1

DMAT 1 1288.79  8.88413e+08 0.495

* 1 TRUE 2 +
$ ---m-- Material steel id =2

DMATEP 2 3960 3.7et+11 0.22
$ ---m-- Material water id =3

DMAT 3 997 3

EOSPOL 32.2e+09

========[,0ad Cases
$ - Initial Velocity BC vel -----
SET1 5 1042 THRU 1082 461 THRU 1041 1+

+ THRU 460

TICGP 1 5 YVEL-3.1006

$ - Contact : cont

$

CONTACT 3 GRID SURF 6 1 +

+ V4 TOP 0

$

$ Slave contact surface for cont

SET1 6 1022 THRU 1082 441 THRU 1021 1+
+ THRU 440

$ Master contact surface for cont
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SURFACE 1 ELEM 7

SET1 7 1093 THRU 1192

$ - TICVAL BC water _initial -----

TICVAL 5 YVEL -3.1006 DENSITY 997

$

$ - TICEUL BC region -----

TICEUL 6 +

+ ELEM 8 3 5 1

SET1 8 6361 THRU 6817 5780 THRU 6360 5199+
+ THRU 5779 4618 THRU 5198 4037 THRU 4617+
+ 3456 THRU 4036 2875 THRU 3455 2294 THRU+
+ 2874 1713 THRU 2293 1193 THRU 1712

$

$ - General Coupling: coup -----

$

COUPLE 7 2O0UTSIDE ON ON STANDARD+
SURFACE 2 ELEM 9

SET1 9 706 THRU 1092 125 THRU 705 1+

+ THRU 124

$ TABLES

$ - TABLE 1: fl -------

TABLEDI1 1 +

+ ENDT

ENDDATA



A
)]
a 3 ti'
INAIUN

A a
anIuning

152 3amsfAnsn

dumiailagiiu

anuNRINY

103

52 3amM3fAnE HazmMInau

WIBHINTA GITTUTA
13 AUATWUS 2516
BUNBINDI TIMIAUATAI TITUIY
9.0, AFINTTUATEING) NHIINRIAUAIUATUNT
9., (ARINTIVATOINA) UHIINGIRUNHATAIANT
J

919158

a d‘ a a 4
amaens sy IidunTeenamsnga anzdmnisumans

MW"I%VIEJ”IﬁfJLﬂBGﬁﬁ”IﬁGI{ UNU



	from-thai-5(head).pdf
	ใบรับรองวิทยานิพนธ์
	บัณฑิตวิทยาลัย  มหาวิทยาลัยเกษตรศาสตร์
	ปริญญา
	ภาควิชา
	การสร้างแบบจำลองทางคอมพิวเตอร์สำหรับการทดสอบปล่อยตกขวดพลาสติกที่
	Computer Simulation Method for Drop Test of Liquid-Filled Plastic Containers
	นามผู้วิจัย
	นายชาคริต  สุวรรณจำรัส

	ได้พิจารณาเห็นชอบโดย
	ประธานกรรมการ
	            กรรมการ
	            กรรมการ
	          กรรมการ
	          กรรมการ
	(
	)
	 


	 หัวหน้าภาควิชา
	(
	)
	บั
	บัณฑิตวิทยาลัย  มหาวิทยาลัยเกษตรศาสตร์รับรองแล้ว

	(
	)
	ค

	คณบดีบัณฑิตวิทยาลัย
	วันที่
	เดือน
	พ.ศ.








