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SUMMARY 

Computational methods for simulating, and ^l^oS^« XSS"^ 
1n fiber composite structures are Presented. These^tn^    m„chanUs 
a computer code of modular form. The modules mc      v      ^ to computa 

fracture. 

INTRODUCTION 

action of progressive fracture oj^^ «»5^/!^^ 
to developing the mechodology *" J™*^\\^ducting fundamental theo- 
and reliability. NASA Lewis ««""J^""^^™ formal methods and pro- 
retlcal and experimental research Program« to develop ror       tUal 
cedures for determining Progressive c«po ^fracture        ^^ f^_ 
studies include the; evelopmenof COJP   Jnant fracture modes and asso- 
ure criteria, criteria for Identit integrated computer codes for 
dated fracture sur aces and the development      »      composites. The 
the computational simulation of progressive ™ ultrasonic 
experimental studies Include j^P™*^^ raciure initiation, damage 
C-«an of laminates under °fj" °Jdne ^/ents occur. The experimental 
growth and fracture Progression as these events oc       examination of 

rSure'Jurfaclst «SS 0Ptoei5e°nt1fey
thaOnddScfa alo^n^e fracture surface 

chara^erlsSs associated with dominant fracture modes. 

The theoretical studies previously mention«, lee, to the^^ZVL 
computational methods for «»"f "VSw SrtlS of the computational methods 
durability and damage tolerance). A major Portion        ,  fracture 1n 
development Includes the computation« ] »J«™*10^; Vulatlon Is described 
composites which 1s the subject of this paper  in and types of 
in terms of (1) the var1ou* c?mP"1*eales  2 an Integrated computer code to 
Perfrtre

d:?murattirn:Uanr(t3rrppliacaetUn(oJ the code to predict progressive 

laminate fracture. 

i 
D 

FUNDAMENTAL CONSIDERATIONS 

.   Pr„,ress1»e fracture 1. fiber -posltes Is a»nan c    ra -«-> physical 
process.    This process Is jn acc„™iat on of «l«^.^^ Z fiber com- 

pos StThe%a 1 us 5,r*Ä. >t «••«- '"'" (,e'elS' 1" jr 
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44.«     Tho ,Hffprent levels  include:    (1) sub-micro scale (1ntra or 
SthS"ons?   uert   nd'the^lerphase). (2) -1«™ scale (Inter-con- 

tural component). 

(2) defect or flaw format^- when one or more subzero scale fa lures^ 
malice  to form a micro scale failure, (S)  piy laiiure  »mc» ^ 

failure - when macro defects (transpiy crdtn^ l™1""      ..»,-»„ i.m(na<-p 
tn kness laminate defect or crack, (6) progr«^J^racture - when 1 m nate 

are collectively called laminate or ccmposUe damage. 

Computational simulation of progressive '"^""'"."^'"knowleoge"1" 
time dynamic event has not yet been loves gated to '^ author J *;««««J; 
Mso, computational simulation of progressive f™c*»™ " *" ;j"l,„Jell- T„e 
preens starting from the sub-mUro scale has not yet "«" J"^sJJf^ „ sJale 

Srr.^'Äl^^^J^. - $J e   a.;Vocess  .L 

Segrate! ?n Par!.The'events occurr/ng at the sub-micro and micro scales. 

COMPUTATIONAL SIMULATION USING CODSTRAN 

fiber composites. 

CODS™» is. modular program (fig. 1) that d?«X""'f'^Sl»™5 

t0 Pld,C\a„[^Vt;erofr0P?S"n "d Te "ml    n ™neSJurabHU,U.;,cr 
„os?"    •-»; andil h u?'de? c"   deurmmmg structural responses due to 

.*"" 

!'■■;■ 

,/,'■ 
JS- // 



y 

\ ■ 

,a„ure and fracture. The »»dojes conprls,,;, o?!Ä,es; iü £ ÜT*'" 

A?:': ^HnÄÄ^ nrUTcSJ^ -echancs Hodo.e; an, 
(5) the Fracture Mechanics module. 

The Analysis module 1s NASTRAN (rel-2) and Is usecI to «Iculate^both^^ 
near-field and ^J-fleld stress In a^lnlte element «o    ^        ^_ 
component or specimen, /he Composite *«";" J^s composite mlcrome- 
erates laminate properties f^r^ In^erlXar delamlnatlon criteria to 
chanlcs) and uses Intraply failure and interiamina       „ nan1cs module 
check ply and Interply failure respectively. The ra    fracture. The 
1s able to account for both P ^*1P J^%rTge^eral quadratic surface fit are 
modified distortion energy prlnclp }• «JftJ a«j; "\  .Q Um1nate level failure 

StS-r Ä^rÄ^Ä-S fand s! It 1s assumed to occur 
when all the plies 1n the laminate have failed. 

To computationally simulate progressive fracture CODSTRAN uses an Iter- 

atlve procedure whereby a load 1s applied JJ tn* "V"* t0 the load Can be no 
Structure being modeled  Th;; respons of the structure t «    ^ 
damage, damage, or destruction of an f^^d as follows: (1) 1f no damage 1s 
thUresponse. the load Increment * ^da^e^°edToad Increment; (2) If 
predicted, the load 1s updated by some PJe«JJJJ   ,  , fracture). the same 
elements are damaged or ^^rof^^^f^^tles assigned to the damaged 
load is re-appl1ed with educed material fWgl finite element mesh, effec- 
elements. Destroyed e^"*« •JJli;;

rflS1VSad Is «Intalned until equilibrium 
tlvely defining Progresslvefractureb^um s defined as the point where the 
1n the structure 1s achieved. Equilibrium is   ™     properties, can 
structure, with Its updated geometry an ■jJJ™f"};Sner Samkge. This 1ter- 
sustaln the applied load without the »«urrence^o fracture of 

figure 2. 

PROGRESSIVE FRACTURE - TYPICAL RESULTS 

coos™« », £« «-t. j^j^^ai^HsasViriS'sss » 
Ipoxi »irl* (T300/E). The '»'£•.'S"»»" Hit« «ra oaSedio frac- 

shown 1n figure 4. 

Progressive damage and fracture results obtained are }—'J^/1?^ 
5 at several load ^vels Indlcated^s a pe centa e the »jjetur.^^^ to 
damage Indication appeared at 33 Percent of tne o ^ fracture 

Ueratlon.caused the •«^0;7,nr^.n alamaSts to th. nght of the 
■JJ^^JiuK, ÄllK'SS.ttSSL, ritt so™ oendln, as shown 1. the 
last schematic 1n figure 5. 



CODSTRAN has also been used to study the damage growth and progressive 
fracture of laminates without defects, with center slits and with center holes 
(refs. 7 and 8). Progressive fracture results from this study are summarized 
1n figure 6 at zero load and at fracture load, first Iteration. As can be seen 
the progressive fracture 1s about the same for the laminates with the slit and 
with the hole. It 1s Interesting to note that progressive fracture Initiated 
at the center of the laminate without defects and advanced 1n generally similar 
directions as that 1n the laminates with the defects. 

CODSTRAN keeps records of all the modes that Initiate fracture at the 
macroscale (ply and Interpjy) levels. A typical output of these records Is 
summarized In Table I for the laminates shown 1n figure 6 and for different 
laminate configurations [±es]. These results provide considerable details 
with respect to weak modes 1n the laminate and with respect to Its structural 
Integrity and/or damage tolerance. In addition to records of fracture modes, 
CODSTRAN keeps records of plies destroyed, elements destroyed and nodes which 
do not connect elements. All this Information 1s necessary to track the damage 
(defect growth and progressive fracture) at the various scales within which 1t 
occurs. 

In order to assess the fracture toughness and service life of the laminate, 
CODSTRAN continued to track the crack or defect opening 1n either the local 
scale (between two adjacent nodes) or global (overall displacements) scale. 
Typical results for local crack opening displacement 1n laminates with center 
slits are shown 1n figure 7 for two laminate configurations. The results for 
the [+45]s laminate show unbounded crack opening displacement for the same 
load and, therefore. Imminent global (catastrophic) fracture once progressive 
fracture began. The results for the [0]4 laminate showed several Increases 
1n load were required prior to Imminent global (catastrophic) failure. 

CONCLUSIONS       | 

Progressive fracture 1n fiber composites can be computationally simulated 
using an Integrated computer code such as CODSTRAN. The computational simu- 
lation tracks failure Initiation, defect growth and damage, at the various 
scales 1n which these events occur. The computational simulation of pro- 
gressive fracture provides extensive detailed Information which can be used to 
detect failure Initiation modes, damage growth (magnitude and direction), pro- 
gressive fracture direction, and Imminent global fracture. All this Infor- 
mation makes 1t possible to computationally assess the structural Integrity, 
damage tolerance and service life of fiber composite structures. 
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TABLE I - FRACTURE MODE* OF [±e]s 6/E LAKINATES 
(PREDICTED BY CODSTRAN) 

r— ["Plv configuration: [ie]s; e In degrees 

Notch type 

Unnotched 
solid 

LT 

Notched 
thru slit 

LT 
S3 

Notched 
thru hole 

LT 
si 

LT 
S 

LT 
S3 

10 15 

LT 
S 

LT 
S3 

30 45 

LT 
S 

LT 
S 

60 

TT 

75 

TT 

LT 
S 

S 
LT 

I 
S 
TT 

I 
TT 
S2 

90 

TT 

TT 

I 
TT 

TT 

TT TT 

au * Longitudinal tension 

"I '  infrapTy'shearf °1> intraply shear occurring S « intraply snear.    ^^ ^^ t1p rfuMng 

progressive fracture 
2) Minimal Intraply shearing 

during fracture 
3) Some Intraply shear occurring 

near constraints (grips) 

I . Interply delamlnatlon 

X 
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Figure t - CODSTRAN computer code schematic. 
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E GUSS END TAB 

an 
figure 3. - Composite laminate test specimen geometry (IO/30W-30/OI2s). Cr/E: dimensions in 

inches. 
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•1 . / 
V — \ J^T^B**5i 
l>- -^ 
t>- -q . 

_—- ■<M 1. 
Figure 4. - Composite laminate finite element model (approximately 

540 elements. 450 nodes. 8,00ff). 
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Figure 5 - Computationally simulated progressive fracture at various 
percentages of the fracture load (15 402 It* Gr/EI0/+30/0/-30/0l2s>. 
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Figure 6. - Computationally simulated progressive fracture 
of laminates with different types of defects (Ge/E Iti51s>. 
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Figure 7. - Computationally simulated laminate behavior to fracture (Gr/EMIS). 
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