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,;ﬁThls prujact 1nvolve5: the. comparlson:_af difﬁerant .fallureﬁgi;

U cpitaria’ “with experﬁmental results - for ~fibre . campmsiteL":w

f‘ﬁimaterials, and’ investigates the usafulnESS of acoustic emission -
ffin eompaﬁltejtestlng. Three sets of- speclmens were tested tof}:?
ﬁ__ﬁ;famlura in: tenamon."The speaimaﬁs had’ various. ply: orientat;ans_fﬁf
. and’ were: testad using* acbustic ‘emission  to - detetmine- plyfi
_ 1*f$failures,? carban and glasa fibre”'rainforcedﬁfepn; pre
ST impregnated spaclmans were used. The test wehine wag

afjtestang_Machlne, anﬁ £ Physical iff“f;‘”'”°'“ﬁ"“*?'

;fallure in"mu1t1~1a ered 1aminate3‘
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1.3 comonite materials

" '_:.Camposs.te materials .a-I:E' hamg‘ usad inareasingly :Ln‘ ‘Wl&e;:_-.-._'f

i wvariety of atxuatural appln.c:atmns The.:l.:r.‘ use in- the aircraft’_ﬂ

':.'_'_;_'-_"mdustry has, i.n particular 4 .mc:raase& raplﬁly OVer ’che pastl.
f_:decade, : because af their goad spec:.fic mechanical pxoparties..

'__Wo aspecri:$ a:r:p of: partmular importance, thesa hmng fai}.um_.'f
__.p:zedmt.mn anc"; r;on-destructive _testz.ng :f‘I.'hese “twa areas - are'_-.-'__'_::'.
nns.zdared :.11 -{:h:.s rapcrt. T e

Eecauae composite mater;ala are anisotropic and mn-humogeneous,__; |
_pecial consxderatmns must be taken mte;a ac:count when ﬁeszgninq_

with them.. There are- *.wo basig met:hads_'nf am alys ing campaszte'}._f |
e E .matermls, 1;&111&11’ mi;:ramar;ham.cs and ﬁagmmeﬂhanws' CIn
'.'-_--.._:"ﬁmmromechanms the individual fibre 'a-.nd' matr:.x properties are’_i}'_'
. used to- predict 1amina properties. In macmmec:nanics ‘the .
o indivmdual lama,na properties ave used o predict lamindta;r;.

" properties, this procedure being known as. ¢1a551¢a1 Lamination -
_ '_Theoryo Buth c:vf thea& arP used ta a ce‘r:taln extent in laminate:_"-'
o 'strength analys:.s‘ S ' RIS

'-'-':'--Whan pradz.ct:.nq Jammate strength, The state af streaa With:,n-:

”:“'_“_-"each lamina must be calenlated and cnmpared Lo “gome fa:.lure;_'-.f

o 'crlter::.on._ If th:.a lamma haa failed, than its e:ﬁfects on the.}':-_
e -overall lammata musi; be mtared aacurdingly before contmumg' g
._-_'mth the. analysis (1); S REREIR SRR




{'Duﬁegan Endevcsu : _._'-'Hértfard Stamn Baa.lem . Inspeltion .

L :Tﬂc‘hmlcgies. 'rhesa machines ‘can Heasure: t:he varicsus acaustic::.;

o _:.'-'-"'--:.émmﬂiﬂn parameters whmh ‘are: exa.mmeﬁ in m‘dar 'tm ' astablish g
e -:_f"-._""'}'...material behavmur, accmrding to 'raqumremants. 2

__:_.:.'-"’.Establishinq ifailure. modes nay be an 'mpurtant use for acaustiq.:_
.. emission, eapec:.ally in aampasa.ta waterials, Scsma work has bean‘_-__j_.
;_‘_"-_3carried out :Ln this ftieltl -.(2 3) . and reaaam:h is t:ﬁz‘ltlnﬂing,‘




12 z,amusm ' m isaion mcampnsmas s

__Acauatixz emss:mn {aE) :m m&teriala is thu strasa wava:.qen,__rataa--
L ""_'}ay -a material whan ai'l event such.__. __s a small volumetrm c:hange.f_
_oticurs ‘due to ‘the ‘material being sﬁhjec-z:ed to stress, Esch

.___;_mﬁusﬁ:w emss:.on &vent, or_ _gccurrenar—:, correspnnds-_to a smgle_--

point saurce nf mechanmalj deformation (4} - The “stressf "waw-

'_ l,}travels ‘te the surface of fthe material,: fmm where # BeNso

_picks up-the s:u;:nal The e:igna.l dan then e ampl:.f:.ed, n.t.tarea,

"an..,lysed an& _reeardezd;

A mataria:l mu t ava 'alasticlty tcl a,llcfw \:FLE stresa wave tn

_-'_'I.‘j'acmrdmg‘l% Therefore the wa.ve reccsrded byt""the transduﬂer 'LS S

S not lil:ely to be vary smilar tu 'tha wave" as s .Waa qenﬁratgd by
ﬁ._.'.._-'l:he soume espea:.ally :m FRP matemals. Attenuatwn l‘:‘f AE-_.' o
s:.gnals cquld ba dua ta fnatars such as par-}; qeometmf teg

- raflectmg surf&ces} . mode c:on\mrmon, enargy abqerptmn (whn.ch?f_

zncreases‘"'mth farequanc:y) and energy scattermg ag due tc:'r. i

f;inclusiang, vaa,da anu at. grain baunﬁarms.-‘-

Fihre reinforgeﬁ p}.astlcs ha‘sre high shress wava at‘heamatiwm )

{-'_J""__'__'l-r:ompared ta metals dua ta their non~hamoganaous nature.




L __"J.’he- _-___aaaustlc emisswn. sensor

-_'distance. .from the aena..r fnr: twc da.ffarent frequancy sensars__ in_'
'_a_ typic.al fibre campas:.te.__._ SRR : : ST

__pn_ezaelactric: type, _ cons:!.stmg_ _af crystal w:Lth a certain’-"
"rascmant frequenay. S;mce ‘the acoustia emission event. frequency_
_’spe,ctrum :Ls qer-erallv whi‘ce no:Lse (all frequencxas) the crystal o

| m numbr of unts is defired as the numbsr of threshold
) -.:;crosslngs during the pulsa and i:he e.nergy is propor‘tmnal ta the e
area .of- tha pulsa envelcpe. Tts units. in thls repcrt are as s

__ ._(Measured Area Rectifmd-” 31gnal Envelape)__'_] and are sgnsar :

Lack af homogeneity due to parasa.t:z or inc:lus:mns mcraases the
. o IAE rasponse ‘of a matertal {5),' and as such f:.bre reinforcedj:":_-'::"
. Plastws generally anerate 1arge amounts af acnustw enissivn

_IC:ompared to homogeneous materials like met. . This is because:

o of differinq st:.ffenesaes between constituent mater;als. Some.'___g;-.._";

© sources of . AR in ‘FRP are matrm c:raakingf fibreamatrixfi‘ L

- debonding, i f:.bm pull- aut, f:.hre fractura and mterlamnar:_'

_:abtaihed erm the AE machine_. Thﬂ ‘units are Qalléd M&RSE

' debonding. large amcn:mts of cracks may he’ fomed dn the. matrix_": -
i befure aign:.fa.cant maters.al famlura,_ El:‘hls can: result An dow
) _._'.____energy acuustic emlsswn e.vents may ocscurrmg typmally after--";_}_-
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f:i‘.'bre reinforcad plas‘hics. iE




"I*T'umeraua failure. criterza nave'___-haen propusan fm: Bumpusitg..:

materiaa.a, . since the varmus faz.lure modas “of camprSi-tQ
o “laminates  ave .difficulr to  predict and model with -simple
_:_.__:__j:-__-jmathematiaal fnmulae. : 'I'he c::iter:.a ara functinﬁs cf stresses
. ._ -. .and strengths a?ld are deslgned to use uniamal o s:.mple bn.ax:.al_”f
RS dara ta. cale:ula.ta when the- failure of: a atructurg oGours unﬂar":_:_'_
e multiwaxial 1aadmg cond:.tions.- Most Failure *I:.hecr'lea are_f_'_f__"_
suppor el by a8 very 1imited amount  of Experimental data, It
; | _- af‘t:en happans that a d\eslgner maY Obtain -* el i&bla mater:.al}_-
_ . -_._'_-pragsertles and nay analyse ma‘l:arial stresaea am “l*rains to &
L --high degree of ar,:curach bui: is farced -!:r: 'use a failuga:_{r:;:_‘-_.

.'__'ura,terwn of: doubtful xalla’m‘. kY (6) 'I’harefnre thare is aneed

.o Hor move rasaamh an axd, sting fa:.l».re “thearies to alluw__'si_'_f:
e !_-.'deaigx‘ers -t:ra chaase. a failure t.hecry with c:wnfidenc:e far each;j_; :

o 'ﬁfpar’ciaular casag PR




;"”3:Tr;axia1 lbadzng'xax'compcs;neq ;a'alf;icﬁit uw-uvnu%“?»&t&- hnfq:__
.3 : ff:Flane stress’ conditiona can ha achievad qumte éasily._mhere ara}"_'”
‘l:nréa practittai métthB-- L e R MRt T

- ”a;aff~axis tenaiia or ¢nmpressxve teating‘ whmch ia R
. the cheapest methud, but: has provad unrelmahle inﬂff PR
. some cases. (6} .. _'j'-- RS ST  --"_4. RS
?'Teating of a square plate typa Sp&Clmen oria
_, right—ang1ad oross spaciman in hiaxial tenalon._Far f L
©. the right angled cross spevimen the tadckness can’ notidaQ
e reduced in the- eentre, as is the case for metal
f;spanimens, 8o there are stress ﬂan¢ent£ation prablamsiﬁffi
Clat the junatimn (85 - -

ffg; jfi£iif

: g f;nterna1 pressu:e.(ﬁ]

Testing of tubular specimens in_tension with

B f “ Many criterla require biaxlal stresa ﬁata 1n ardar to avaluateﬂi;_
' ;ffgcertain equatian term.nceffinients. mnly'method (i) wag. used’ forf{?]ﬁ
__ij*mbtaining biaxial stress’ data expariméntally tor. this projeut,;x'_
1o since- tha aquipment requmrad is available ‘at wost tagtgf_ {
__ ff_,fa»1litiaa* The™ equipment and apecimans requireﬂ £nr testingf,}}
;“;fhjffaccnrdimg to mathads (ii} an& (did) - are empenaime and thafff
| ”[Qf_te¢hnique5 are difficult and campl;aated‘ e




o ".-"perpendinular

’"_”_""'F'igurea 2 1 and 2.2 show osuxlluscapé represantatwns a:E a
P '._.-..;ma'l-rix an‘i 3 delamnatian AE event respeatively (8)s: As aan be

':""-___-:swn,_ the twc signals are vastly different* and. i,hey may ba'

_'_...:L) fihre fracture e it
2y matmx frar:ture ‘parallel to the: fihres el

L&) delaminatioz

__'-2 .‘3 (Fihre hreakage 70 - an dB delaminatim 50 - ﬁa dB)

o _ﬁ:d,lstlnguishad frc:m eac:h other by thei:: resultant AE data. -_
g__-'_-similarly, A f:.hre event should be a very high amplitude
.- relatively low duration tima’ event type.. Clearly the main, -

'_'j.:}-f'distinguishing parameters betwaan failure ma&es mignt than ha'_” g
{---'-_-'ampla.mae and quration Lime. R e

>_Thera a:r:e basimally four fai:t.ura mades :..waived'_'_ﬂn 'compos:.tes

2y matwix fraature parpendmu:!.ar to tha fibres AL

7 There are two modes of fib::e fraatura n cracli Frvpﬂgﬁtiﬁn
S 46 the fihras, &nd the absenc:a c:of a. mntinupu--_'_‘-_'__;_"_
_:graek Wlﬁh iﬁblﬁt@d fi}:nf:e fz‘:a.r"l:ura, T B ' L

:f"rha energy reiease &apends on the stress lmral geomei:r,{ (eqf-'-_--_-_
L fibre. valuma frac:t.wn, fibra qz*ientations) and madu?.i aﬁ: the _'
':.'l,.;"fibrea and matrix (2) O SRR ST

_ It 5.5 cammanj.y aaaeptad {A} t:hat tha pea}:s nn *t:he a‘-nplii:ude vs;”f
- gvents plot relat:e to the three common failure modes, namely
"_mat:rix c:rack:.nm ﬁelammat:mn amd mbre fz:-amture. ’ﬂherta has:_' ':
L __rer:emly been soma; dispute over this. “The ' difficu]ty is in-_-:_
.-trying to igolate a typa.cal fﬁ:,lure whit:h is definitaly of onig -
 type. & tYPwal bimcadai. amplituda histcgram is shown in figura?_j_..’f
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_,. ,{mhe fnllowlng theary C2} has been_ggfi“ﬁ s
___:_:.-analysis;.; S SRR A

_ A log plot of threshold amplituda level *af vs cumulative numberi.f-_;:
. of emissions exceeding the threshold level gives a straight.
L ldnel msaontmuitiea in tha slnpe T may indicata aritwal‘i_:j}“._

":'--i-g'points ag " the amplitude spectrum ”'b_ __

'f-_ﬂ'-attenuatwn of aound 'in the materlal', __ if all amplitudea are_f':;'_.'_.”
'-3--equally attenuatad. 1& larga valua of b indicates a predom;nance_g-ﬂ*;'
L of  LOW. ‘amplitude events. A small value c:f e ‘indicates ‘&

S --_'_:_:praéammanse of enarqet;ic evem:s. o In rainfcmad piaatias, w

several types af failure can maur simultanaously, and a smgle}f'."._.:--_'-__:_

F 'z_:_.'xm;.que valu_"__' of b is nmt obta:.nad (2)

. ;_i__:Exper::.ments ware mar:cied cmt (3) tn finrl values of b far: S

:lS not. affec:ted by the

: -';f ._fﬁlfferenf fa,.lure mﬁdes and ri:n.f:ferent cnmpas:.te matarials. t!raf::k
e :propogatinn was induged in differant: directions’ relative to the -
I _--'{.':_'-,.'_fibra direc:‘i:mn, a:nd the a::oustic emissmn data reanmed. The';'-""

| 'ac:ms t in emissian pulses generate.d by a, particular failure mode_:_-;.:

were  found: 'l:a have a un:.que. ampl:.tude dlstr;_bu{;ign_'_-: N
-"'_-_l.charae:taristic of the. failure mode ‘angd " the . material. The -
| .characteristic signature . (b) ‘can be  found f£o¥ a particular'_

IR .fracture mode usmg the .’mg plat desr:m.bed abova. Thi s procadure

-,___:_._;_-enabled ‘reliable identa.fiaatwn c:i: the c:rack type wh:.ch

g init::.ally de’vreloped«

.'-_'It :Ls purparted to be pnssible to set the. threshom 1e\rel

R '-j_._suffic,.amly high suc:h that em:.ssions due tc: plastic deformai:ian
. of the matrix are not recorded and in this case one AE count can
_ B _ ;_'f-;"';’__be c:orralated 'I:.a orxe fibra hreakage (9) It ie: an acaepted faci:'-::'.-_._ff
o _-_-_._"-'_"l:hat filament fractires in ‘general generai'e mare enarge.t.ic o
" "-_f'-.';'.ﬁ_events than ather fa.zlura meahanisms. LS oL B




__.;7Annther commnnly raaarded trend 15 the lnureasa_af QE autivihy5 B

  f”0°rrESP°h6inq to the kinks Qf ‘the streaswstraln curve wh;cb is
,1;due to: “the increaaed numher af ply faxlure events ﬂccurrlng e

“such points. It agpears ‘that “the various’ damage mechaniﬁmstf;

'f_}fgenerate dlfferent frequency charactsriStm,s, hut.thera is verij5 

 ??*1imited spentral ana1y31s_data results._Thls could be & usafulﬁff;
'Q]ﬂarea far future resaarch{” R S ERE




f_fiffAcbusti¢ emlssian. has alreaqy' galnad~ wiﬂespraad1uaccaptancE¢ _5
;j 'averseas as a relxabla nannaastructiva fest method..Currentlyﬁj;j
7 thers is an ASTM standard nn tast;ng oF- composlte struatureac;j.
"_.."..:_;15}‘:.___.' N o | SRR

;-fiﬁGQuEtlﬂ emission may be used tu datect damage mechanisms sumhff’"
” ;-as ‘resin’ cracklng, flbre dehanw qg} fibre Pullncut flhraff=;
__;fjibreakage, delamination or hond failure in Dﬁints. ﬂﬁ&trasaed;_jﬁ
'**:jareas and paaaive aefects will nat generate aﬂoustig Emission, f;j;

'1 ]2;The basic functian uf an acoustic em;sslan manitnring system is-f;' 
_.., fﬁ"to deteaL locate’ and. - c1a$ﬁify enission sources. Other. NDT;Tff

© . methods may then be used to further evaluate the significance of
" " acoustic emission sources (10). Table 2.1 shows the various NDW”
"~E[f;{methad$ and their usefulness in the fielﬁ nf campositaa.

| 'ffhghaaustlc emiasion is usaful for mnniturlng structurea during{w ﬁf
. .service as a means of incipient fallure. detactlan. It i appliedfrf;f

. during: proof tests to idantlfy aathE flawa that could Lnducaflg;f
'*zfallnra later.,_ ﬁgj3_$,:_1._ S = T s

A .iiéiéaf -- and relmitynfﬁww o

_Z'The Kaisar Effact is thé affect wherahy thera is 1o ucousticp,f{_
'jemissian upon ralmadinq until the pravious maximum load 15;1 f 

. expeeded (2).; This often holds true for netals,’ and for}fE 
- 4;campasites at very low stresses’ (less ‘than a quarter of their
. ultimate 1mad) If a cnmposita is not held at load in the ‘elastie
o 'req1an until all ‘the - emissions have stapped, huk - is unlaadadfﬁﬂﬁ{f
' :emissions thén oc&ur at a 1oad lower th&n tha pravioua maximum‘l'?' }




L F?admymﬂhic

- Sfaectrcseapy

Table 2‘1 Nr:n-nea‘t:ruc:th:e Test:s Appile.d ta- t::FRP J:.aminates and

StructurEB (11 )

 Defect 60 praperty evaiuated T

 Void content ke e

 Filirecontant © -

Resin content - 0 f
< Fibe orieptation” - - | -

: _::"'M'a_;gr_ial Immagene:w , g
 Mechanical praperties |

* Fatigua domage

- . an RV mgl‘l daflmtlan i
Radio-opagué panetrams

SR Hadm-opaque tracers <. T

o _Ultrasamc

- Atteruation measurememts o
. .'“Ve!oc:w r:easursment PR
Gonfamerry - -

_Resqnan::e :
Haiagraphy

B Oprzr:af

| 'Optlcaf hc! ography
“Speckle photngraphv
. ‘Laser mrerferametry
Others . :

s Acoushc armssmn
Eddy eurrents:

- Micro waves . °

: Machamcai 1mpedanca

-
)




;This is knmwn;aﬁ,the FeliCltY Effect (z) The Felluity Ratlaﬁisf,f“

- the ratio of the load al wh;ch;emissions ‘aocar to the prevxausif?Pf?

:_J”kmaxlmum Load. It is N
._.:..the materm}.._ lh FPllt‘ity Ratm helew s} 3 :Ls gene.rally ncrt:f

591qn at abnut 60%'0 'nltimata load. (15]

f{ff wera nntaa fnr aach 5peﬁimen, and plotted agalnst ultimatef?§~;
._T:TEfazlure load ( see. flgure 2 4) . This curve was used to’ prediatiﬁf{?
. the uitimate’ fa:lure laad of the remaining Spacimens ta within””7‘
.__‘:'_'.-fiVE paxcent. AT S g o

f{n&;catmvﬂ of the amonnt SE damage done- o

'rifmasts ware alsazduna on qraphitafepoxy structural‘haams (16)."At S

:L,3_41 2% of ultlmata 1aad, suffiamant data: was abtalned frgm tha”ii7kl
'j]faccustic emlssian syatem to estimate final fallure strength af¥_   

7 the beam to Wlthln ten peraen.. Fiqure 248" snnwa ‘the plot ofﬁ*
f?_events vs stresa af the heam. vy graphitejepoxy mlssmle cone*s

. ultimate" fallure vas predicted ta within aleven percant of the
J fult1mate 1oad;"”“- R R : o -
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_3_,Tha,fc11awing waa ﬂcncluded,(;s}, o _ )
_= ;1} An ultimate strength predictlnn curve shoui be est&bllshéd ;
':]flrst by mcnmtoring sevaral $tructures ta failurafanﬂ selectznga;
'V“a load valua whlch interseats the events vs 1oadvcur?e, il

o ;2. Estimation f thE‘ultimate.fallure'can.befmade fram eVants VSL;
 _;ﬁ1 ad curvea, prnvidaa that pravious experienae wlth thei:
'cam9081te matarxal has heen had. {16y -

zfléxuralaagrengths;fThi”.1ndlaates that the aaoustia em;ssicngi
‘test will pick out flawed specivens. However, noisy specimens.
_;_need tn be‘;echecked~using aoma ather ﬁonwdestructlva test (NDT)j ;

. =-;..;-_:-'Aaou5tj.c emisaion EV&ﬁtS mﬁ)? conta,nue. unc‘ier t:cmstam: . load ( 33 -
S ¥ time plot may ye used to deterﬁina Af this eraep dgformaticni;
_”fgﬁla becomlng unstahle; T gvent rate ihcreases under cbnstantf;f
_ ;f;f1oa&, the material "exng tested is heing ovarstressed and’is]j;

"fﬁilkely to fa11¢1f; Sl e o

'ﬁ  zt has haen buggestad (18) that the ratia af acunts per eVentf;f
T,'ﬁ*shauld ‘be. munitored,_ tha axluwabla valua dependé-~an thefﬁg
'Eﬂ.partiuular sit atl‘n.” ' ' T U el T

2 passive ultrasonic/acoustic method has been suggested for NDT




S { 12) . c:onvantmnal ultrasonic. metha&s arE _ T
"L;f]uracks ah'“fdiscqntinuities._ 3 ress anEB _ar# _"1mf”]~

_-_:_:-:_-_uomposite. It vames witn micrastrugtm:al j'.':'faé"tom suc:h as L
fibrefrasin ratic, vojﬁs, de ,

?@ﬁ;éééﬁi?iﬁﬁfﬁﬁ matari“l to—he atresse&~during;testl
2.2,2 PressureVeasals

- hn - impartant ‘use for AR’ nverseaa is’ i
“ffaampawita prassura vessa:s; 5 ST

) _j“The Cmmzttee on vaustic Emlasion fram Reinforﬁed ¢Flastiﬂﬁ"

__;f;; 1(cAR9) have suggasted.a methﬁd.far tha anoustmc emissiah'teating

_'ﬁﬁ_;ﬁaf ‘tanks or vessels (13).The method explaineﬁ is convenient for

. an- 1 ine 115@ un d.er anrating stress tﬁ ﬂetermn.na 'th.& structnral'_i_
_'7 fi1ntegr1tY of in—serv1ce Bqulpment, usually with minimal prusess:
' disruption. Guidelin.s are provided for the acoustic emissmnff
::”3exam1nat1nn or monmtarlnq af fibre. reiufuraed plastla tanks Orjffai
ijaasels under pressure nr vacnum-”- R o .

-   [& table of acueptance ermterxa,ls providedn Tha Parameters Whichf §f
:ffﬁfare monitcrea are:. . IR e ST T e SR
1) Number of emiasians dnring hﬁl&‘nr}g. “ﬁf’a%:¢:r
:,  zyq}wallclty Ratio ; ;;1::=¢3_ BRI R




- ﬂumher af events qreater than the refanenwe'amplitu&aff;
c;fthreshﬂld (threshcld Whiah may‘be found frcm taata explained mnf‘

.H}TABTM E559w82 (10} provides guidelines for tha,pcmustia emiasianfg;Qk

“:if;examinatzcn 6f pressure veasela which ars, under atreSE»

' ;f&coustic amissiun is used widely a8 a test nf new and iﬂaserVLae ji*

S fibre reinforced plastics avarseas (19F+ sinca tha Mbnaantc Co.g:g;{
_:j.{(Usa) starte& testing all vasaals rmgularly, the numhar offg; 
 ’}?failures has ' reduced dramatically..&hey ‘have nnt “Rad ‘& aaae;tf]
. where a defect escaped detection by ‘ecustic enigsion. Acaustia}f”.

'”"”ffamlsamnn detects ﬁefeats at an early stage, therefcre allawing”fET

': ?fj}Tn* rejactian critaria from'testing prassure vessels {14) areifj} 

T 1isted bslow, “but apply o “the wmpecific Dunagan}Endevaoy"

"“'“?fequipment used in the tests. Slight modifieation‘may be,rsquiredj95 3

_iﬁ;f“for nther equipmant. Durzng testing a stepped 1nading saquanae ij;
.._;3 Wa% used. ‘The critaria in order ot impnrtdnae arer: S

-:;1} Tatal aounts (eVBnts) in axaass uf 5030 (ﬁeaaura Gf*"l 

U oumalative damagey. LA SR
| : ”23 More: than ten events uf avar 70 dB amPlitu&e (fmhre damagej.; ;f;
;3,,, 573} During a laad huiﬂ, amissions 1ast beycnd two minutas (nreap'[fﬁ”

'a.4j A Felicity Ratlo nf 1&&5 than 0 95 (previaua damaga),_::Jjﬁ%-"



"-:f}ﬁ.;f2;3g£ailqt§,?gédiéﬁ;bﬁ!ih'ﬁéﬁ?asi%@s;fﬁfff’

- Early worl: cm tha strangth of aniautrapw materiala was-' -
'-_"_cmncluct:ed mainly on wocd, : singla arysi-dls ané met:als._"
T Intaraatwn equatians wem ciavelaped tca deam-a.be the strarigth nf

{203 in 1921.. J.t is aigmfmant that this the(:-ry doea not-_."ff:__
: "___'-.-.:'_,-'___:.invalva the shear strength of tha matarial( Mamy *:af the ;}'-f_
S composite strength criteria wa:re influenéed by the Vnn Miges

o faliuve theory fc:nr me.tals. H:Lll generalized tha Von . Hiaaa_

©L7 7 eriterion to. include anisntrapy (201, Hill’g  theory was

o aubsequently aﬂapt;e& An various. ays. Initial attampta o

. develop a strength thaary which is invariant wit:h reapeci: to thr:-;

. poordinate’ gyeten vers carried out by Goldenblat and Kopnov and
i.'_"-.._-:’_'_askunazi {20}, and suhseq‘mntly by Malmeister, Tsai and Wa (33)_ oe
S and c:thars. Cawin*s theury {21, waa devalopad fcs:: bcme a,nd woa&;
using Hankinson’ s “ang. trsa:l.qu*a thaora.es,_ Othex' compaaite-- o

3’--‘failure thmnrias includa Mariru malmaistar, Grant-sandars,_- e
R Ashkunazi ancl ?ekker, chami.s, Griffith—ﬁaldwin, Wu~Scheuklein,
D -_’__:Puppau-Evenaen, Taai«-Hill, Hoffman, Norw:m, Fiscsher amd Puak (an, o

,It was nated (22) thai: nearly al]. the mmgmsn.ta fax:{.ura uritaria':_ o

. agree. ‘wilh one another with referenve 4o the principal

o a‘amngths; E Y-V thasa un:.a:rial and pure ahear tagt data meagured "

2 _'.:_'along maherml symmetry axes. The d:.sagrmamanm qanarally occur. .
dn the cnmbined—strass atate._ . - R

_ 11:. waa atatecl (20) that tha fcllwing cu:a among the g’raategt

T 'daficiencias m‘;’ current aomposita strength analygas'

1) lack: of a nebrasantauve but simple. J.amination thedry tc: taha.' ”
- into aaccunt interlaminar and" nam«linem: affauts, - -
S 2) inau‘?fit..ian‘h ralmble exparimantal re&ult.a.

C



R e T U g T A AR kgl bt ekt G b B T e o, it g L

Tg"mwﬁ~ﬁ“

C _'rna fallowing tapica are liated r20) Whj.ch warram: fuzthar_ R
o 1y Whan a particular ply .’m a 1aminata faila, hnw and ta whai:' -
SN extent does 1t unidad, and how. does. this affect the remaming-
._lamnate, 1, a. 3 haw are its 3.aada tranaferma tm tha ar:.tive
o 2} Hc:-w t-.o detarmina laminate faa.lura, i e., whimh and hcw manyg*‘ e
o .__-'3}-_ matarminatian of tha affecta of rasidual stresaes ralative;-._
:::.'tb failure ariteria. B R RN B
. 4) Extension.of strength theox'ies i:c: imzlude ..nala,atic amd._--_”.;: SRR

- ronlinear Tamina pesponse, ool

" _5) . Development of a simple But mathematma,..ly rz.gorcus failum D
L aritaritm whose J.ntaraa'hion cuafficianta can ba evaluated eaaily'
and with eonfidence. L 1 o Lo e
C8) Failure predietimn and fmci:ure mec,:hanics af hiaxially":ﬂ.‘_ LE
s :Lnacled compos*tes undar uyc:lic: and .!.mpa:;t emn&itians and e::treme_'_
| % applicatiun i:if 'hi'aac:i'a‘l strengt:.h stud:.as tb. hyhrid
cnmpasitas ahnuld ha unﬁex-taken, SRR L

".=3f$azzcritariacaliéﬁiﬁg,fﬁr;Lineamfsttgég;stréiﬁisaﬁéviﬁﬁr 3'“ )

S _-;'Many diffarant :Eailure cra.taria have bean propnsad fm:*--- S
. .predigting the point at which failure in compbsite materisls s =
""'1i3€31Y to socur aﬂsuming :Linear straasmstrain behavimr* fbbaaa ]

various failure sritaria may be applwd to each layes of a._;_. o .

o multimlayared larinate to £ind which ars likaly to fail under a . i

. given: luaﬂing aystamq. ‘The . atresses in sach 1ayar can be o

__'__'_'-.calaulatead using the aqual:wna given in’ aaetian 3.2, In. this---“_--"’:
Coway, . the Eﬂ!‘angtha of & multi.wlayerecl J.aminat& af ciif“aa-:ent plyl"j_"f.-_'
" mrientatioma and materialm can be fnund. R S




_ *;?here are threa main t&pea qf failura criterza. Tﬁéﬁéfﬁr§ l”ﬁ"
;,,; ;criteria anmpriaing 4 numbexr of SN R
7 71)" independent conditions. .

_:;2) independent and interaative cunditimns.
-3y fully interantxve umndxt;ans. S

“_Ti; An interaativ& ‘term . {5 one which ¢untains more than ﬁnaff?i l
;_;= pw1naipa1 mtraas‘.@haaa-criterla ralatﬁ ta Y single orthatropidf{ff
”='51ayer i ?lana sﬁresa..a:.; = . D A N

 ,fff”The mast uaeful ﬁaxlura critaria invalva minimal 1amina input__ ff 
“_f;”_data. & normally equipped 1abnratory should be able to carry eut
" ..all the tests requxred. ‘The axiteraa evaluatad in thia prnjeﬂt$ ']::
,j.qi-wara chﬁseu with this in min&, tha mcst unusual »est raquired[;f:F*
'“35“ being the biaxial tenaimn test, A good criterion shauxd account,'fff

" for residual’ Btresses due te fahrination and curing, aa wall aa}*f"“f

ii_filintarl&minarf nonﬂlinegr and 1na1astic effeata {zu)

_.,  ;mhe followang ara pawular failure criteria that hava heen “Sea'j{
. ii’l ‘i’.’hﬁ p&&t*‘“__ - L o N S

. "'ﬁi M&xmum 'Sﬁfﬁséfmitﬂvéién ._('z'z'i- Sl

_'_”_Faizure aacurs whan one ef fha prinuipal atressas raachaa itajf“_ff
o ;nllnwab e valua,iﬁy;fzx_.- R PR

Cme X 0 -¥,
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" .;?=where_1 xt* Yt = allawabla principal tensala stressea L R
| ' Xﬁ, Yo = . allowable principal campressiva stresses ff&TJﬂﬁ &

8 = ailowable inwplﬁne shear straas

B b} | _mm:_imum_ st_rai'h’_ _cri-tefiﬁn _i_z_z ;_ B

."';jFﬁilura mﬁuura when ane mf tha prlncipal strainu raaahea its

T S e g s i ) i e i

W TE




o Where Yo=Y, t or Y¢ aacarqu to tha sign cxf_ ;sz R

L ._'._._q-_nhj.s nriterinn invalves '--'.tensiis. an&' campressj;Ve 1n1:eragtivgf.__.
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'1fg x3 '?1schar Criterian (22)

' ﬁfThis crzterlon is a mud;fieﬂ farm mf the Naﬁfié5distbftiéhal i

o enm:gy criterign! S

\(?J‘Pg%§k}+t?r+(%?r;j ‘"

e K (1 "* Vag.} "l' E& * (1 E) \Fig:)
: \;z E‘ {1 + '@m) (;L + vm)

o 3*3 & f:ritema Allwmg :63: Nun-—I:inan:Behwmur

fﬂﬁﬂfclasslcal lamlnation theory ' assumas ‘a lanearhalaatinr* 7
 Hf*forthatropic cnnstitutiva bahavinur far a stackad ply 1aminateai 
_f_ ;Most urthotropla strength grite;ia assume 11near alastic:;g
__: ’ behav1our, with mathamatiaal 'Yialding' helng Bynﬂﬁymﬂua Withf%ﬂ
.0 ultimate  failure, JTn - practic 8, . many _composites - display
' non~linear laminate sechanical: behavicaurr -especially. multi~'7
“l']f,_arientated PlY laminatas @uuh as the +~4$° lﬁY uF (20) e

77'campasites tend tu exhibit nanwlinear behavipur in langitu&ina17 f
~ shear stress-strain relation, while the longitudinal tension and

- conpression stress-strain.ralation ramalns 1inear (33) A set of
:;stress~atxain. ralations was. farmulatad‘ whiuh. dascribee the;;;
" ‘nen-linesr shear behaviour. Expériments with off-axis spacimensf“ 
'fjshqwed reasanable agreement with the theory. L e W

- ?The st Venant's maximum strain thaary fnr isotrnpiu materials 7*
- was extendad ta include anisntragy by Patjt and Wmddoupa (24}



' 'i'r-'i:;'-__'-':-_'_non-la.near lamna. matar:.al requnse‘

S :"._.'-tt'hair theory anci m‘* the.nry Pmpcaad by Samihu (201 p::cav:.de f"r.":.k'i."ﬁ

_-':_'_-..'l‘he ﬁetit-Wadduups thac:ry {24) invulves fa.tting ac number of__'_:.ﬁf'{".;.-'

» 3linear stressusi:rain cm:ves tcsgether, such that they ‘are. all-'___..':.

o © connected " and - together “fesemble. the ~actual stressvstrain'

hehakur of- the la.minate.' Averagﬂe si:ressea a::a appl:.ed-f_._'-_“'_'

R incremently. o 't:he 1aminate, and the average inc:ram:—mtal ‘straine

| _ caloulated, which are. added” ‘together to obtain tha’ curranti_‘*”

| ':L":-'.'-'-'_'.___'ilamnate. strain. 3& st ffness matrix is calculated for each purve -

pieaa. 'I‘he load is incremented, until ‘one. lamina faia.s.\_-.-_.__g )

computer pragram is usually required '1::0 du this analysis.-;
_ '__:'\_-'i'_;';-__"Extensiv& dnput. infarmatz.on 18 reguired, including lamina . .
o uniaxial tensile and compressiVe stresswstrain data paralle}. and
.1"';.'-t:ransverse to the f.tbras, sheaa: atresswatrain data, plus tha
_'____"-.:-{variatian of major Poisson’s ratio with ’prinua,pal lamina skrain.
¢ The analyt.ical proca&ure Was validated. ‘through experimentatmn”_f?

;-%uaing Buronfﬁpoxy laminates m uniaxial tension.. 0}90, +m2&, * ,-f
R +-33 and, +~60 &aqrae 1ay-up laminatess were lJ.Sed. T e -

e "_-_""Zi'sandhufg t‘heory {20) uges cubia—splina funr,:tmns tn rapresentf"'
. the non-linear stressestrain . responses’ failure, Ply
. fegradation is hasati onian anargy to failuxe ar:l.tericn.. The - -

' -':37-icriterion tvs ‘based on' tutal sta:ain enaz:gy.. -_ Sandhu's mathmi_ C

_rezquires the sama :mput informaticn a8 th,e Patit- Wadrinups L




o :'__'-.-__'._'-'I'ha materia,__ cﬁcnatant 312 must be ciatérminﬂd by a biaxia}. teai:,

- Fur stability, factor ;112 ia 1::.m:,tad hy the fallwinq equationz'i:_f:f-




. The. 45~daqree'aff*axis "_pecimen may 'be" used tg determlna AIZ' -In

- When it can be shown that:

. Hoffman (26) proposed the following eguation for Ayt

2 -"uften th:.s theary ia..g.used with zalfn (26)

| "_;'.I'ha Tensqr Palynomial 'I‘haofry has heen prapused hy Varicms

_researchera (20, 21, 22, 25) - The: diffaramés betwesgn thedr

'cmtera.a are usually in the determinat:a.on of tha aomb:.ne&-*stresaf_;_f

_' related c:ueffma.ent A:Lz v I-Icr ’ "aaearc:hers auggest & biamal T

. Ez'he use bf the thin-—walled ‘I"uhe spe.ca.man subjectad i:c inkernal’

| or external prassura, lmnqihudinal load and torsicn. aa the most-_f’.*""-'

o '_'su::.tahle biax:nal spac:men has been. recammandaa (203 . Tha: tube'

_'-"f-diameter should be. 1arqe ta achieve reasanably flat 1am:n.na1:el_




Expear...mental scatters ocan  be < greatly magmfied dumng.f
'cimputatwn -"'-In the' EValuchn of ‘the factor .-.-3.12 it was roted
_ _.--.(zs) i:hat a +~»3% variatinn ;m an uniaxn.al aff-»axs.s tansmn Test
”_i strength at 45 degrees will cbseure.theaantlre perm;ssihle rangﬁf 5{ 
B ;baunded by the stabllity cﬁnﬁi‘hmn, Twu methads fm:* c:r;-.tmal*__'-_- o
-determinatmn of 2&12 are propnse ¢ ;' o;:ta,mum ratms for, normal'-_'.-.__:_:
'- _;-.'-hxaxial stressas ‘along. wngltuﬁmal and. tranaverse directs.ons;
ey cpta.mm raticrs for combined. ncmnal stress and’ shea _
S experiments in the uff—axa.s nriantatian. 'I‘ha best typeon
1cading m aach r.saae is. calaulated to achieve & gaccl rasalumon_fgf
B - 3‘13'- For tha f;n.rst methad, pressurizad tensile ‘tube. ?est:.ng--_._\'._-if'- g
R .::'Z-aqulpment is ,:___eqnired, while fnr the se.aona methad ._juffvaxis.f-‘ Ll
i tensa.le and torsmn testmg crf tubes 15_ required. '

'J:h 'failure t:henr:.es prapnsed by Tsa:l. and Wu 20)’, Cawin (21) e
”_faffman (Z6) and Yalmelster (20) aiffer only in, thedr variousﬂﬂj__ L
| .:_.fmethoas of _.naléulatmg the polynomial cznefficient Al 2' . Bince Ayy
L e small, :L't i5 ::aften taken 48 zera. \it_ was sﬂggested {23) that._;. s

': 'Ehe fullowing shculd be uaed.: S . e

.:-'By assummg that ﬁor zero shea‘r st:ress a nonmdmnns:l.onahzed _'
| 'form nf ’che -tensor palynomiaa. t'heary is a gamwalizatinn of the
: _'-vr.:m Hisaa criterion* the follcaw:.nq equa’ti{m a..ur 312 was derived_._ c

..%
2

- _. : =, ”""' (Aa.:. nﬁza)




- of stress.

.  fsma11 changes 1n 'Alz ean. significantly i':ltffec-t the faxlurafff f
.ffpred1¢tian {20), S T P T

The 3$hkenazi crlterlan (20) 15 based on: the tensar pnlynomial'f; 
" theory: The suggested methnd for findlnq ‘the 1ntaracti¢n g?f
f;coeffimient Byg 1s by means ‘of & 45—degree spacimen tansmbnf}ﬁ;
. “test. For highry dmractional matarials, Ashkenazl 31qgested a”g:

" folrth-order  polynomial. ‘Home of the - coefficlents must be -

“f?gdetermlned"experimentaily under three different- blaxmal staﬁesf f 
‘The extent arl ccmplaxxty Qf the materaal evaluatioanﬁ“

T'sj;axperiments required does nbt make this veraian pramtzcally1 ; 

'v  useful. |

:ﬂﬁflfTannysan st a1l (2&) suggested the a8& of. the cublc farm of theg;gf
. Tensor Palynumial Theory, Many uf‘hha equatlan coefficients must}kf;
__f]f;ha thained Erom hiaxia1 stress: fdata aﬁﬁ constxalnt equatians.giﬁ}
 " gA series- ef blaxlal speclmen tests ;uazng pmessnrized tubeffﬁ
'i;;spaclmgns; ‘were - used ' to -obtain the hecessary. interaotionf;fﬂ

i‘gstrength paramaters. It‘was concluded that‘the quadratac fnrm aff}:

"“ the ténsar palynomlal strangth ﬂquation was nut ‘asenrate qver z7f

. the full range oE lamina omiantatiuna and can yiexd fLar tcnf:{ﬁ
'fannservative rasults, __Zf_;-;i, ERC ;,gqujJ;-;ﬁ,_ S

232 '.ic:%iﬁe:ps;a Tvalaation -

. Biawial test vesults were fiﬁfed:(é) t5 several failure criteria

iwhzah includad Guldenn1at anﬁ.Kopnov, Taad Wu, Moiified Fibcher,=}--

Norris and melnnon, qurip Distnr ianal Energy, Marin and

'_Madified Marin theor . ¢enclusions were as fullaww»c : ~   
1) The £it of indlvxaual fa;lure thaor?as varles frnm one’ type:f'
. ef matarial to another. S o Lo o
- tz}'fmhe Fischak_crlterion pravided.the best fit far~tha staticf "
. . '.'results. _ _' LT . o -

.;;f;jt;Tha,Nurria ﬁistartional en *gy thaory'provmded-the best flt_:g 



7 for simultaueausly Pr-dit.ting bm:h statw and ratique o
. ;ﬁffresults..-.,- SRR SRR LT ST
" (4) Fallure theories ﬁisregabd fairur= processes and hencafr*
."f  cannot ‘allow for intaractmng faxluxe machanisms Gf'y
. microbuckling in ‘cempression. 00 AR
©(5) appavently the fit of failure thecu.- _datariéfat%-'“ith.
JT',incraasing fatxgue 1ife.' ' . DR

o Gnod agreement was obtalned (29) betwean predictinns based an'

the Maximum Btress failure eriterion and experimental data framl__

© tests on. graphltefepuxy 0/+=45/90 degrae lay-up | biaxial'
';spaelmens._A tensar pmlynamial st*angth eritarlﬁn praveﬁ 1ass;5

o satisfaatory

LTha Tansor leynommal (Taai*Wu\ and Hbffman strength theorlesg

' L'hava baen avaluated (30} The conclusian was that bhoth the _f

. Hoffman thaaxy and the. Polynam;ax theory wiﬁh Aigﬁa were-f‘

-:;sufficiently accurate far engineerlng purpﬁses. Therafore k-l

- tests to establish Alz are unnecesaary. It was noteﬂ that.&lg

. highly mensitive to emall ecrors in maasured stresses, ‘It was
' VVreported that aftar four values of. Ala wers' determinad through

. off-axis testing, only ene proved to satisfy ‘the -atﬂbilit’-}?_ o
condition. Tests were conducted on  both boron-epoxy and.

B-glass/epoxy off-axis speaimens in t&naman._Aﬂdltianally, a

rumerical’ axperimantf was pexfarmﬂd on ten dmfferant anmposita"f

'”Hmateriala with six 16md cases, which were: 1) off-axis tanainnf
2} off-axis cnmpression 3) pusitmve shear 4) nagative shear 5) .

' piaxial tensioa 6) biaxial compressian. AL sxperimental raaalts':

_”  were within 10% of predimtad valuas far bofh crlterma.m

_:In summary, the follnwing painﬁs are noteds R )
A failura critarion fit is dependent on ‘hhe typa of:‘

. material. _ - : S S
".E The slmpler cr;teria,.auch as the Eaximum Stresa, haval_



| oy '-_'..,'_;-.35«
prwed ta be aacuram prwinusly.

o | -Expensive and camplmatea biaxial testing tu estah:i,ish the'_“' :
S -'._-'Prozsmty Ayy may ba ‘unnecessary; -and a aimple off-axis
. tensien  test may produce invalid results. simp;e--_._'.

aPPrORimations have caften hean fcunﬁ tm ba adequatv._ R



At S : _ “.“ 3? L
553, cnmposzmn namxmamm amam&sms (31;

:"3r1‘$ingléjnamiha-.;wa el

— 0rdar to calaulate the gtr&nqth mf g laminata, tha prapartiga_'”f:

e f a’ ﬁingl& lamina must firat be establishad.:

”fFigurg 3 1 shows the Prinﬂipﬂl axes on a single 1amina Wharﬂ:ff_

dir&mtian 1 i& alnnq tha fibraa, dzr&ataun 2 is transverse ta”

_.ﬁha fibres in the plana of the plate, and, ﬁlr&ntimn 3 13  __

gm.transvarsa ta thm fibrea and nmxmal Lo thm plata. o

 Figura 3.1 Single Layer



'~ﬂ 33 - i“},;w----

'“‘f};The atrebs-stramn raiation for ! 1amina may be written in the
E fnllcwtng foxm (de:ived fr@m standard ﬁtrasawstrain ralatlans  :’

"-1 fjfar any material} (31}:

e 10 2 1 ol R
o G 0 st ?ﬂ L e

ja{

Qu.“" 5*1 Qm 912 Ez

"fi?aﬁh E & Yaung's Mmdulus

-:a Paiﬁmnu’s Ratia
T H57@:f; % é??ﬁﬁséaﬁvft{;:rf'*"'h
&,y = strains

ifThe ?oiaaan'a Ratin in tha direatian transveraa tu tha fihraa
' and inmplana may he cmlaulated'uaing *ha fallawing equatinn

}.aamia
Ea -ﬁa



L : .' Fim 3 QE Laminaat Angle ‘B = .

A unidireﬁtianal .ﬁ:;.bra 1am1na of arbitrary f;bre cr:.enta.tit:m :!.5
:-shown in figure. 3 2 : : S :

.
"

o yefarence axes

© For such a lamina, a transformation matrix must be used:

Ceos?t . sindt 2 sint coa&“
[’.fj Coginde . gomtt -2 mint sost|:
o -sinz: cust: aa.m cmat: coa*t:—-sin%*
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"5T{igﬁgéﬂtiaggiéﬁl}maninﬁﬁiqﬁ‘éﬁaaﬂw-(aa;?.fﬁﬁf}f'*L 

- f;}fcaloulata fhe stresseg and straxns‘ Tha thaary assumes"

w H£fThis theary uses the results from 51nq1e 1amina analysia to;33a.i

fﬁ,calauiate the propartias for B multiwlaYErad lamlnate..If tha¢¥f3. 
.. Yoads on tha laminate are known,- this ‘theory 'can be “SEd t°5:;sf

) e nanaviour of e dumirace £ Mness slastlo.

'7-f§fjwtath.---

11 *fremain plane (strain var auicn is 11near),_ufé

“ “QQ]Eagh‘iayéffiétig.a_skﬁﬁé'ﬁs.ﬁ¢aneast:ess;ng_;f L

1) gjperﬁactfbénaaexigtsjbeﬁwgen;¢a¢ﬁtléyafjin;#héaiamina?¢€f_; B

'ffmhe plata thiakness 1s small unmparad to tha 1angth an&;f°fﬁ,

ﬁfflﬂpun dﬁfarmation, plana ﬁact;ans thraugh the th;ckness; jﬂg 

'Tﬁfwlasszaal 1amingtinn theary nan thub anly ba usied at reg;e & 1niiﬁf71

- & structure avay from stress concentration points’ (sueh’ E I

m {,;paints where load is- applied};.free adges and bnvndarqaa {eg, fL?
”’“;jjoints hatwaen matarmalﬁ}._:~ : B SR : S

- fgFiguré.as3ishﬁwé?%a¢*°ééf5%qti¢ﬁ*th#éu9hfé.iaﬁina#ﬁ+l



L F-?,we ; 3 x| Lﬂfﬁimte Gunsistinq Of N Laya::sa . -

. midglaste b 0

'LVThe strain af tha k layar may be written in tarms cf thaff?”'

.' f[fmidp1ana strain (dennted by am), the curvatura of the midplanajﬁ”” f*

. (%) and the distance from k the 1ayar ta the mldplana %) aﬂj

L fﬁllows % .:ﬁ




o *:_"'I'his is ha*;ad an tha assumptinn that. t:he strain variaticn

""-"'-'__'__through t'.he :Lamnat.a is linear.

E _’I‘ha a‘tmss Va”iatmn, hcwever, is in general not.” 1:;.mar‘ F:.gure

:-'___-:3 4 shc:ws passihla farc:as appmad tcs a J.ama.nate.

Forces and mamem:n ars fnunﬁ by 1ntegrating' the tatress t:hraugh
tha thiakneas t: (far uxsit 1enq1:h3 S o






 Using eguations (1), (2) ana (3) we can dafine three matrices:




SRR N-ﬂ‘ ‘Aﬂ.l Aia ﬁzs 311 313 Bw rgm L R

o ) A;.s Aas ﬂss '31.6 Bae Bss' Yray| T

R Bm Baz Bae D:ua f’za 51{ R
_-::g%"_'i".j':'_ﬁaz an Ess 915 ‘I"as I?ﬁ l.*-w RIE T R :

In mast appucations, a symme’crical 1aminate :us usad tc:
S _;""-elminata coupling terms (B matrix).If- many layers are used, the
_'.;"._.-'._couplmg terms Dle and Dy 5 tamd to zara, and m}' ba ignared. Lt




| -'3 3 E‘heoratmal Failure I’reﬁictiuﬁ | S

5 {__.The stresses and s‘t:rains in a: multinlayar...d 1am'i uate may ba._
_":'a..alc:m ateﬂ using *he thar.}ry pwsantad in sactmﬁa 3 1 and 3.2,
provi«iad that the material prcmer‘ ios (eg ult:mate stre»sses andz".
N __miffnmswas in. pmncipal directions; Poisson” 3 Rai:ios, ntn} a.ref
. _'_f'”:_known, and thai: the appliet& 1aada am }mmwn SR

e 'I'ha material propertiaa may ba faund frc:m tests on the material.

: ';_"Prwida:l & aymmetrical 1aminate is used, tte applied 1uads on

| '-'..=._¥_':the J.aminate Quring a t:ansi'le 't:est are taa i}y ;ncr_;;tprgd, s_ipca._

S :',"'..'_there is no caupli“g'-j; SR

e ';--fWhan the s*‘tasvea 5. «:tnata have been calﬂulated for a_'

E c:artain stad case, .o iteriun may be appln.e:i to’ each":
% layer of - the :!.azr* H:sr'l:ai:n whethexr fai.t.ura haﬁ'
'_ff-'-'-_}_.f__-:ac::urrad. If it has ne. . . wveen the stress in the layer
.- ‘and the ultimam 5t:resa fuo., e (ag gwan by the failura_f

__ariterion) way “b& - used to inn.,_ease, the loading ' system’ by
o dividing th# lcading ﬁystafm by the ratin. _ A rxew 1aad:ing systen__' S
Tis thus ahtamad which will cause tha layer to jnst fail. This'

“'-'...'-._lﬂaﬂ is then’ the load pradiaf.e.d bv tha failum critarian Lo

o cause :Eai&ure in the :l.ayw. e

Therafam t:his new :mad is appa.ird o the :Lamlnat:a, and tha:
S atressas and . strains are calt:ulated in- raac:h layar ‘as- befnre.
' :_*_;_Z.'I'hzs time t:he failure nriterian WL pradict one. m: mara 1aye:r:'

"__'failuras. The aeffects of the failed 1ayers on - the ‘everall’

laminats stresngth are . remcvea by reduaing the iaa.led 1ayar"
stiffnessas to zara. The layers fail anly in -ong prtmipal
'd;rectian# E=1-3 they nay s‘.:ill ave: stiffness :n.n tha unfa:.led_
_principal direaticns. BT AUt S




"7_';aftar ane. or mora 1ayﬁrs hava failed,_ he s*r@saes and strainsfl}fﬁi

st be ‘recaloulated for the altersd. laminata, and the falluref'””f'
-=jcr1taxion agaln applied. If no further failure omcurs, tha load]f{ﬁVT

“ jmay be inareased agaxn._:,;:* .

_'fif the analysis is dane on a computar, a 1aw inltlal 1aad aan be:f;'fﬁ
_f"applled which wlll definitaly not. cause failure. The acmputarfffof
~can_then increase the load to ‘determine the predictad failure .

? pa1nta far a certain failure crxterimn, ‘and’ save’ the stress,iﬂlfff

“jstrain and load data at eabh,ply faalure._;;g;if_**




 an ESH tensile testing machine vas used (see figure 4.1). Tthad

_ ffarua ranqes'of 25, 50, 100 or 250 kN. The apacxmsn hnlding jaws~ﬂ; _
. were wedge type wh S t;ghtan ag the 1oad increasam, The gontral

ranel had. facilitims N anntrul ‘the rate of lnadmng,fe'

) displamemant range and lua& ranga. Tha maahine waa aparated ahV]’ ;
q.,annstant.dispsaaﬂment rata. Figure 4 2 showa the tastmng'maahineff*'

'_gand aantroﬁ panal, : g,vtf'

' A Roell and Korthaus XG sy zaue«sas extsnsameter vas used for

© strain nmeasurements. Its ‘free length was 50mm, and coudd ba

f-maunted on & speaimen fittad te the. t&stxng manhine. T Qperates;i3;.

- using a Precision Inatrumanta IT& 3&00 power 3upply anﬁ‘vwltaga,'fT

- :_:”ﬁisplay uait._;;u5;c

;A Hauatan Instrumant madel 200 X recarder, an aaan in figure;:”

,2, was usad fnr plntting 1ead and qxtanaian durinq testing. :fLNT

';';45142-ﬁsmﬁ?tiﬁ"ﬁmiasipn'Equipméntﬁ-”

- Tha aacustic amisaiun aquipmant {saa figura 4y 3) annaistad af:j;s“
Sy A Phy&zmal Acoustics. Garparatinn 3000 aanuatia emisslon

-_:cwmputer with awo diﬁc drives, keybnard and goreen. This -

';?:machina utmlized a 780 nicroprotessor and. an 1nﬁhnuaa cp/M

;:;nperatlng system, whiuh was inhompatible with any - athar"~1 f
:;cammarai&l-aamputer. It.had.an *Rszaa* serial communicatian-;j~;
port - for printing, with a $paalal non~5tan&ard pin

'5:faanfiguratian. ‘goftvare was supplied  which 1n¢1udad- f 

B  "fac11itias tn recar& data and pr;nt data fmles and qraphs.



Tng Machina b

ESH Test

L

P



- '*Fig_ﬂxﬁé 4.3 AGOUSEIC "m:'x_:i,sgian Computer and iqqu-i:éitibn’ Thit ._



e - 53 ST

::Tha cmmputar was intexfaaad to a Physiaal Accauatias e
gorpnratinn 3104 four channel. acquiaitiun unit. :__ o
A modified. Fu:J dtsu m:inter wag provided for graph an a ddta___
prinhinq._ 'I'his printar had a spacially wired aarial pm:t S

__::or connauting 'l:ﬂ the cmnputaz‘ aerial pnrt. R

- 4) .

"'3___specimaa, ‘and 1inkad to a modal 1220A pra-—amplifier t-:as L
.. used, The pre—-amplifiar signal wag fed into shannel 1 af--";';
' the dats acquisitior unit via coeaxial cakle: Bm:l' items o
B -'_ware mada by the: Physiual Amuatics corparatmn. '

A piezaelac;tric; acouatic tranaﬁucer mounteﬁ on t.he

A RE232 ‘serial aammunicatinn cahle was used o tr:anesfer'

. gata from the AE machine to an IBM' compatible personal

s 'computer through “the: pra.nter pcrt. The. ‘cable had been -
e :_._f-eﬁtpacially “modified, . as ' the AR maahine. employed---_‘_f
s nan*s‘tandard pin mnfigumtwns on tha com*nunmatians porti:. i
A commercial Gata t:ranafer packaga waa used nn the m: t.;:
__”_'_;"..‘csaptum the daa, 0 L T
8) An IBNM unmpatib:{e Pc was used fm:' data manipulaticn. L
S Prngrams were - writken in  Turbe - Paac.al for AR ‘data
© - manipulation and graph printing and plattinq. Lntus 1.23 was R
 uged for other vesults and tables, o SR
. An Amdek Amplot IT and a Hewlett~Packard Paint:j ai: ware use&: |

| :._-'--_.fo::' plottiag and. printing AE gz:aphs 1:1 aolour. L

AP V.heaaruiziuae autoclave was uaad fox lafninata uuring (aee . S

4. :L. a .&utmla* ra

f:tgux'e 4.8) and aanaistad of .

_ - mnﬁral board wi'l:h automatic timer. .
- vaeuum pump. - S

- :Ean frz:r evem haat distributian. SR



[ SR est 's’ﬁ}gcimné >

'"-.;'5)]jo/w~45 dagraes.

1) 045 dejrasa -

“ *Ff;carban fibra praprag Wﬂﬁ ﬂsed to:make ﬂhe—firat aet of spaﬂimans

'_u{see figure 4., 4}$ Whe matarial used was Fmbrednx 9200~T3DQ,
which 18 a high strangﬁh*typa eaxbnr f;hre prapreg. The specific

qf_ipreyreg uaad had a high neminal resin cottbent (44% by mass),._?;;
. since it was originally intended for bonding to homeycomb. -
_.L_ _;Tha earban flbre{prenreg-was sﬂppliaﬁ in.a roll 300 mmlwide. Tha :;; f
" following | laminate 1ay*upa were used L | A
1y degress

_;i:=z) 90" degrees  ;:"
. 3) #edB degress
4} 090 degress.

U 8) 0/90/4-45 ﬂegraea f j;f;Qf;aﬁ°

ffaf;LSuffiqdant 300 mm 1engths were cut frum tha rall ta manuﬁagtureﬂﬁ-ﬁ_
.’ Beven squary 16 1ayax 1aminates. The layuupa were then placed on = .
o an autoclave tray, ‘with a layer of tooling cloth on aithar Side. 'fﬂ]
"-_fFour tayers of bieeder cloth were: placed on, top._Sealing tape o
o was: uaea araund the edqas ta seal tha vacuum la1 which ancloaaaf:~ ,'
_””“fa11 the 1ayera. The vaauum purts wara fitted to thg hag, and thé, ﬂ;'f
,*_fvacuum pipes fitted. mha 1amina£es wﬁra uuxed in e autuclave{;:___
.:"fitsee figura 4 5} fﬁr i, 5. haurs, aaing 8 pragauga 5@9 kPa- ﬁnﬁfﬁfPJﬂ
o . astemperature ﬁf 125 degraas -5 Aftér curinq, ‘egon 1ay~up wag'
';.%faut 1nta strips 20 mn ‘thick and thewaafter tha@ ﬁriﬁa wexe cut’j}#i,
ke the requixed 1angth acaordinq talhamm n3039 aectlbn T After;ﬂ,j _
__ 'auttinq tna specinens o the raquirad slae'; ﬁluminium ‘Strips L?¥£ 
o wene banﬁaa onto the enda nf the specimens. ﬁhese s@rips wege .
- clamped down and the glue was cured at 50 degrees C in the
'i_autnclava fnr 1 5 hmura, or avernight at rnam temperature.-:._~;zf*"




= Fa.gura 4, B Au'ccicz.i.ava —




| ZVEﬁjAdditional apaaimena fax acuustia emlsaion tastinq ware m&dﬂ lnfg?_ff“

: *f}fa sinilar way from qiass £ibre. preprag, Ampreg 75 39711 kE zsu.v“"
'f'ijha following lay»upa mere uaed' L N T

1) +-45 degrees '
Ty n;ea degrees

° Vj33 o dagreea3'“f-

B ;Flawa were purpmsaly 1ntr¢ducad into una af the +- 5 daqree :>
Clay-up glass panela ta ensure that ugeful acaustic ‘emission

o ffrasults weuld be obta ad. The 0 and nfaa laywup apecimana were; ;f_
. ént-such that th31r width (about ‘10mm) was ‘ha.{ the standard = -
_ ;°: _width, so that tk ©1ouild be loaded o failure Wlth the acaustinlgﬁim_

| :V“ghamission gensor aw ;whed, without the chance of: damage tn tha' .

'i”lﬁsansnr frum vinlent failure. S

u' ?The aaannd aaﬁ af glaas fibra speaimenﬁ WEre mada in a aimilar ~

ﬂgklmanner to the caxbon ap&qimena ‘exoept that iny & layers were_ff   
Cused- and they wera cured at 95 dagraes for. Len minutag at zer¢- H_

_f :préssura, follove 1,5 hrs at 320 degrees Celsius and 300 kPa
L pressure. Theae 8, _ Aenis were mada frum Vlcatax BE MQ glass and_

| 'ff”apoxy L epreg. Enah apeakmen‘was 20mn wide ‘and arnund 3mm thiok,

 ;31mi1ar lay«ups o the earbon spacimens were uaaﬁ, witn the e

 'a;additian of +45 degrea 1ay-up apaaimans. L

':]3311 1ay~ups ware symmetria with respact to fibra angla lay-upl?iff”

| ;'1thrnugh ‘the  thickness  to fauilitate atress analysis (ia_”7n'
'-7-aliminate uaupling~tarma).-- S o L



3'  ;fﬁ¥57{é:f'7

"5i }§;2z?f6ué§ﬁf§”f  ;.  'H” L

"'f4?2;1 $ﬁrain”ﬁénQé7ﬁtﬁﬂbhﬁﬁnﬁ -i  ﬂ

. fTha speciman aurfare was firet qmuothad with fine amary paper,

care being taken naﬁ o damaga tha ?1hras. @ha aurfame wag - than“glﬁff_

‘cleaned, and transvarsa and lungitudlnal Lines wara drawn on tha,_,:i¢§

- surface to align thu strain gauges. Adhesiva tape was used to

'rl;hold ‘and - positiun tha .gauqas‘, Thay Wl banded using“; f'g

o 'ayanoaarylate adhesive, praasure’being appljad.with a fing@r for -f*“
'~ﬁlabau? 20 sacands whlle tha glue driad. S - -

“ *  ii?

| 4,22 Testing uithout Acoustic min S

'Tha ﬁpeciman ta e tested was ﬂéaauraﬁ.E(width“ éﬁd= ff 

"*_.f"thiakness) with. the micrnmetar;

)

-  §)_

‘The testing naching was reset, and the spacimen set in ﬁhe-; ;£;i
. grips, the: grips tiqhtenad and tha teshing machina zaraiﬂ,"ﬁ
. Ept..a} S _ : S _ SR S

fhe extensnmatar waﬁ fitted tn tha apacimen ana the output,_j_
. checked o ensura a_zerc initial setting, o o
The plotter X and ¥ awes were sat to zero and tha plattar?£; 

. ,,:;. pen wag set ta the down- paaition.

C8)
e

“mhe testing mamhine was started. o SR
If ‘the ultimate ‘teneile ‘skrength of tha ﬁpeaimen waaf S
*_]gappraxtmately knawn, then when the appliad fcrca squallad";”'
- nhout: halﬁ that value. the estenaumater was Pemoved to o
. prevent it from being demaged during specimen fracture. To .
~do this, thejplattar pen was flrst 1ifted, tha extanaametér_' .-
ifwas removed, and the plotter X axmﬁ L0 adjusted toget it

.{. 1n line with the curva, befora aattinq tha pen down &galn,-{*

o fIf the tensila atrang th of the apacimen waﬂ nat kﬁown, tha'j{f 




)

*gzm 53 ﬂégrygg Lo

fir:at specimen was tested ko :Ea:.lura witlmut ‘thﬁi_-; '. _'
ext:ansometer fithe«i to pravent: amz,den’cal damage. SR

'I‘he 3peaiman was then tasted tc: failurs. S

K __4._~'atz-”3 : we’sftiﬁ@ H.ith _musma mis&inn; |

. ; 1};

: Be.fova starting the tests N one computer dxsk wWas - fnl‘;mat'bed |
- on'the acoustic emismcn aomputar for every -bwca spec:ime.ns'_;._-__-{;_..;___.5

'”'tn h% testea.-

:L: §i ;

- -"Theae teats ‘were conduc:ted in m:der to evalua'l:e methodas Off-"_h::.'f o
~ failure prediction using Falicity Ratica an& numbenr af avents At o

-‘I‘he specimen to ba teqte.d was plac:ad in the testmg‘ machina'-_ '_f 5. _-
Jaws, and the jaws tightened. . I
Dow. cnrning vacuum grease or 8i) ic:an saalant was aPpliad to
Co o the acoustic senacr aurface, ami the sansor plaaed againsi:'-f.-{:--'-'_'_'
. the specimen aurfa(:a and held- there using masking tape. -~ . .
._:.ﬂz'he specimen was tested as detailed bafore. The acoustic = -
. mensor was removed from the specimen pricr to failure 1f°
. .the apec:iman was likaly to fail violantly, suc:h £s. :Eailure
' of spacimens with sone zero degres layer orientations, When -
- testing weaker apacimens {such- as $0/4~45 uly arientatiana)_ B
. the. as:nuatic: aanser vas ief-t an the qppaimen durinq finalf
'._ui failvra.; . o P S e e

4'3~4Tﬁ5tingﬂfﬁ‘irst $ai=afcl1a$s Fihrespemmang PRI

A spacific lna&. :

' Thpae spec:imens we:t:a testeﬁ withaut tha extensomater c:r the-_
- plottar* ‘All tha glasx—: fibre spe;simana wara tested u-ing the”.f‘," S
: aceustia emissicm ecguz.pment. A valtma‘t.er connec:ted tc.v the load -

~ output of the testing machine was used to neniter the force

' -manually in mrder that ithe force nbuld he raleased ‘at thta""
_-raquired stap mtervals., 'rhe first speuimen Qf each 1ay-»up type



i-f_'.'-was testad to failure withnut relea;m.ng 'the forcm at st:ap S

_ ff interva1s, in rder to ascertazn the ultlmate laad and thareby;i;f7
“W*; calculate suitable farne 1nterva15. ;-.jff‘_gﬁfji _ ST

~;7-:[@:z;a;wéstipgfdf*sac¢ﬁa-5é;-¢f§¢1aas;rihxafsgegiﬁgns;'“' -

TT"Bafore testing nf thb secand glass speaimens cammen¢ed, a steei:::“ﬂ'

'5“hgspacimen was’ tested to sskN to avaluate haakgraund noise. Thera_jffff

" was a small amount of emission.  On re-applying the load, no

' ”-}am1ss10n waa recarded, indicatinq that the emissimns ware framf;;,f?

.h 3£jthe metal penimen {Kamser Effect}

-  }f?fA saries nf pencil taats an a campnsth speaiman uaing twn ﬁﬁ 7.li;
. eensors at each. end-of the spacimen shoved a negligible drap in oo

* amp1ituaa over the length of the specimen. The amplitude drop

o was a waximum of 1 48; but the maasuring system accuraay is anlyf 3ﬁ

”"Tﬁarnund +~1dB._ -

:7Q;Tha amplitude thrashald‘was set.higher than hafara to reduce tha{:;ffﬁ

'5 Tamcunt of data reaordad ‘and to xeduae the effects af varying}” =

”;'f;:cnupling effimiencias by nnly recording the . hiqhar anargy'
'”f'fievents.;;~ - | U el



o 5_--1;'1'- -.’Héterials?rbziarﬁieé AR

57Tha aaoastzc emiss;wn results for the +_45a spea:mans‘wera usad 

- to obtain the shear strength of tha matarial {8aa) hy usina *hE-ﬂ'

:'3 :load at whiah aaaustic nccurancas began 0 oGour. near. failure ©

:';](Eaa) to calculata sae._mhia was. dune by first inapacting the ;

' -191ots of amplitude Vs fbrce (Appendlx B. 1) and reaarding the

_';forae cnrresponding to the pnint whare the final faiuudf_afg;f{f 
evants ocours, with events in éxcess cf B4 .68y Thia force was

 5;;uomFared with the force. carrespond*nq to the pmint on the hits   '_.
 vs force cumulativa histogram vhere the number of svents rises -~
o dramatically, and with the forees aarreapandiﬂg'to the P“ints on

‘thes cumulative energy and cumulative counts vs force raaults)l'ff7

"ffwhara tha slﬁpe i;:raasaa sharply. In.mast cases the Foraes: thus

o nbta;ned were s;milar. Tha shear strength aarrespanding tu thenu f;;
" beginning of: final failura was'tharafara aalculata& and racordaa'l

 [aa Sae. Sl e L

 5,Tah1as 5 1. 1, B 1 3 and 5 1.3 ara results fram tha testzng uf;i;” _
90, 445 and 0 dagre& 1aywmp specimens respectivaly. These = -
rxaaulta were used ta astabl;sh the material propertias (aae;,F:

sampie caloulations in Appendix Ay 1) Thm fullowing aymbala are -
‘used in thie tahles: S
 Fye = ultimate tensile lead = "”,'__','1-5 Do

= ulﬁimate tensils utvmngth B
B = tensile modulua_;_f- e
 8y¢ = ultimate shear strangth - -
| FPR = fiyet plv fallure. load ubtained frnm AE results
8PP = second Py failure load obtained from AE vesults
LPF =

1ast ply fa;lu:e 1oad abtaaned ﬁrom AE rasulta



as

| 'a' = shea:: “a*t:rength ca‘mulai:ﬁr.i fram 1ast ply f‘an.lura 1‘>ad
' -"".'_.:31-2' = shear mdulus E
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| '.{'he __I}"" ultlmate tamule strength (IJTS) results (table 5 '1 :L)

- show & standard devia't:icn of 18% ‘from’ the . ‘average. ’I'his}__-‘

..-.':"""magnituﬁe ‘of - standard devz.a.tmn can. generals,y be expected for:
f’.ﬁtransverse te.nsile tBStSf E-‘ince failure s due to fa:.lure of the:_-_
_:matri:: mnly: ‘and the ma.i:rlx is br:.t:t:le m’ch a 1ow tnughneas and el

| 1;:1-: tens:.le streng‘ch

B J_-'f_'.__'st.andard deviatlcm cf :3-“

Y The +--45° shear atrength .....values (Sut -in ta,ble 5 ,‘.L 2) had a:_"-" S

f:.l-l:imra (they ara £V a'i: i:l‘m -same anqle. to tha d.i.rectwn of laad’:

- applicatibn} . nnly cme s:.qm.fiaant mc:rease in AE eventa shguld : :
S be £ound, carrespanding to. the beg’inninq of all thﬂ 1""1"“’5:;_.;' =

faiiing.-‘rha.s :increase in AR activ;.ty can o) earl" be saem in all:

the +-45° spécimén AE results (see two. examples in App#ndix:

| 13 1) Thn J.oad correspcrdmg to this inc:xease :.n act:.mty J.s the:_

_=._":'_._.'::.'1ba.ti at whwh failure be'yins tr:a oecur fq:r that apacimen. Ly

- _Sae was abuut 3 }5 i:imea Sut. It was found after testa.ng‘ tha

Since all i:he plies ina +-4s° specimen should’ £ail at the samaf-_-\_-_ L

s 59 pacimena that the fih::es hat?. failed in: al:t tasts, 80 pure el

_ ____:____”"}_shear did not eceur, and the ultimate failures were hig:her than .
. they would have been if sl‘aar failure enly had cecurred. Sinc:e_ S

- _the shear strength' o’btained from the AE data corresyands to the
o beguming oF shear ailure. (re%in crackz,ng) or. :Einal plyf_._.__

failure, it was congidered ‘to merd ‘acourately rep*esent the - =

" shear strength of the material than the strength caloulated fromlf o

‘the final load of the +—45° $pacz.men, which is usuully used ag”

..___..__-..;-_the ma‘cemal shaar stx*ength. Por this reasen, the shear Etrangthf"._-_'_'-'.'i_' :
R frcm acauatia emiasion was: usad fcr furthar calcﬂlatmns (s12) . -
-_isa.milar results were. vbtained previcausly {21) when tasting =4 5,;,__::-_-_
. epecimens for shaar, when torsa.anal specmens prndmcﬁd Shgar_;.
. strength values of - arcmnd AR uf the values from +-45q:. L

'_'-t__spacmem. 'I'cs;:sicnal apecmang were c:onsidere& to ba acczurate._;__':



"  5[a1nca they fail almost purely"in shear, R

-dr

_ ﬂ;¥“¢The standard &avaaticns'for'Saa and G were 3 9% and 5 4% of'the
'”ﬂ?fyaverages resPectively, The Sae “eaults are aependewt o the B
”ijaccuraoy cf the AE‘resnlts (seegerror analysis 1n Appendix.aﬁzla f:]VT“

IF*ffThe UTS and E values for the¢0° apecimans were cnnalstent w:th

”””V?ﬂfa 6% and 3% standarﬂ devmatimn from‘ﬁha averagas naSpectiVEIY-;:” f; 

_ ; ;;The maximum errors 1n E and s wara both just avar 10% (sae error
bi,analysis in Appendix A.2). Since the aatual arroraﬂshauld be B
ﬁnmt aonsiderad exce551ve.f: Bl , 3

© sample saleulstions are inoluded in Appentix A.1i.




"_-"'f'}_-'-}-'_,i:using the AR equipment. The . _ :
"fﬁfﬁdlractly cr grapha uauld baé drawn on the AE cnmputer and thoseV;fg3_ﬁ
7 could be przntad. since. each évent: had numerous. parameters and:

T data aut and typmng it into-another camputer would not have beanﬁj'”"

'ﬂ  ;;obta1ned'frnm the;RE_equmpment,=f-~--

:L“fxplbttpd.: and the graph typa ‘could be cumalative or nan—sf ”“'“

E fljplots¢ Examples of the AE results for tha ¢arhon specmmans areq_

:.:;iiJPlctB fr m tWD ﬁpﬁaimens af aach type of laminate ara 1nclude&«

'”{;*AE ‘than the multl-diracﬁicnal laminates, Data. plats uf AR from*fgfff
"5&_;two 90° ﬁpacimans and two 05 specimens are _shown “in Appendixf,*;**ﬂ
'-'¢ _;oppusad ta around a thausand for a 4*45¢ speaimen*?“"

| .of events recorded varies significantly between specimens, and”

"f¢ffcountsjwere found to shaw the sama charadter;stiu trands as hita

- B.l.2 Experimental’ Result

»Acaustmﬂmaaionnesuzts i

7 e carbon flbra specimens were tested ta failure”zn tensian,;
-,data aauld either h_:prlntad out

eagh: speaiman tast’ auuld praduce nver 1800 events, printlng thg}}ﬁzjfﬁ

'FﬁTgpractlcal, Therefore printed graphS‘Were~the only forf of. autputfffﬂ;*

' The AE aamputar alluwed any af the.recorded parameters to ha'--f :

.!:_'_.-__cumula.tiVe :Ln the form Qf hlstﬁgrams, 1il'l& graphs or po:.nt'-:';'

“hewn ;n tigures 5*111 to 5 4. 5, and in Appendix B. 1? ‘wWhere AE

g,zn ganpral the‘unmdirawtlonai SPeGLmenS‘were faund to emit 1a$sfﬁins'w

'_lB 1..In all these graphs, the tctal eVentS were. 1ess than Gu, asi;;;i}

.':l
4
1
1
N
1

5 _,Fram the plota lnAAppendix B 1, it 15 indicated that the number

| fn;this is due ta varyinq senaor noupling effiﬁienciea. S

.  (EVent$) and. anergy, and rise anﬁ ﬁuration tlmeg alsa showe&
  ﬁ$lml1&r trends. S :




**7have contrlbuted.tc inacauracxes (see arrar analysms in Eppenﬁle

-i;?gﬁ 2). The amplitude varies hetween 48 and 1an das, The amPlitude ,
_.flimlts are definad.hy the.sensor respanae, tha threshald voltaga;

1 if:9raph. which were’ expectgd and rﬁpreaant the; S anﬂ = 5°j
'“q“layars falling.resgedtively; The failure load for the 9D° layersﬁ

""f,Flgures 5,403 and 5 1.4 shaw the amplmﬂude'vs 1aad;and oaunts V

i amplitude paint pln‘t oorIespo

"_;jﬂ Ply fallures Were taken tﬁ be variationa in the cnunt vs 1aadgfff -
_,:  ¥*esult ‘slope - corresponding ‘to density -variétions in the |

-céfampiatude\pninh.plats, and an abunﬂanme of. high energy’ EVentS nnfﬂ*
7:flfemzssinn data variations.?:;ﬂfrs“

L _';_"_A Posi wa percentaqe difference J.n exper;mental and thaore.titﬂal

"faﬁthearatical predlctxan.;j**“*v

" and tne amplmfiers. “Two, ‘clouds’. of svents., ¢ virdible on the

' 3,was:takan as the start of: amiss ons_from thnse 1ayers,'

_Fzgura 5 1»2 shnwa the'eounta (cumulative';lnefgraph) vs'load; -
result far the same specimen,aa fmgure '“' ’ Tha steep rises in;__
'ffthe slap& aarrespand 4o the. ‘ulouds' of. éVEntS ‘seen “in: figurejf
. Bi4:1. The +-45° 1ayers clgarly fail ovex a braader'la d range‘;
'*; fthan the 90° layexs-,;' : ? s

'Jf-load results far a 0;90/+~45“ apeclman. Again,’rglbuag;.- 3
o _:m' 2ises in. the ﬂauntg
 ?3{51apa.;S1nce the sensar was remmved befo:e fallure to Prevﬂntf]f; ¥
3}7damagex the tmo vislbla famlures ‘are the. BQD anﬁ“'-ésﬂ layers

 f-the energy.vs  load plots. I all aaaes, ‘the ply. faiiure"fﬂcgg;
'axperimental result was taken as. the beglnning af the acaustxc~- el

"Tresulta corresponds o an exparamental luad rasult_loﬁer than




ply fallura laaﬂs enuld than not be reliably 1da'ntifmd

;LﬂFlgura 5 1. 5 ShQWS non—cumulatLVe anergy-vs 1oad 11re‘graphs forf?;;T
.: "" _'  iapeﬁimans. The peaks‘where the llne rises from.the. zero}jg;ﬁ
_H;energy ax;s aubstantialiyﬁﬁefina igh energy 1ayer:fazlures 2

e was[fo ad that the number . ot enexgy, ggunt;;;ﬁ"__ _,
""“;ffaiiure differed widely betwesn grecinens ot he same tYpe.;Itf' .
'waa therafnﬁa impossible:tm compare these qnantlties betWQen_ q ;
speczmens. Th :raasun For, this wzde varlancé iRy ‘be that'”””* PR

w _-.uaed, result;ng in alot o2 Low ener_‘_ ent

R he:..s.g ream‘ded Wheh, the sensor was wel :"E_coup*ﬁﬂ' o the ﬁpealmen,_-- :
L'ifiand fﬂﬁ?f DEing reaardedwfur SPEM mena WhiCh dlﬂj‘ot‘have as.

”"'md senspr coupling |

3‘the testa.} High energy occurran*es fraqnently’“occurﬁeaf:at{'sz
unaxpactad points on the ‘plote. This could be due to campressinnﬁ‘}ff
_i/df ithe. specxmen by the grlps:ar tah debundinq~ ‘ALY the results -
”ﬂuf specamens with 0° 1ayars had more high energyfcccurenceai
B {clmaa to famlure, which cmuld denate flbra fallures,'as mpposed“ ;
:;EJ;ﬂtn the lower energy nceurences which.may e matrix cracking and .

_ f?£a11ure. The acoustic emiasian ultimate fallure pulnta werefff7
. “taken as whers the relativaly high energy cccurrences began. nnﬁ7f 
c:3wftha nan—cumulatlve energy vs hits accusﬁic_emissxon graphs~ i

__:_ [fThe{_nerqy unxts on the AE qraphs are nnt standard units, buﬁf;f 
_,{G-Qfshaw x91ative siZes af enargy aaﬂurrencas._.-_rv.- IR
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: _.'._ﬁ#?éﬁm.ehtalzs_.Reg ts

".:3':'__:33_-:;‘1‘he exper mental reaults .are. derwed fr:am the’ io enis&ion
L '-resulﬁs far ‘r.he ply faa.lures...

a:ra__ the __expermental rESults fqr the'- :
‘similar to. thosa listed m"’-

".mables 5» £ .
| ar:;.aas lay-upsq !I'he _symbols used Ak
-sect:.on 5‘_1.- . NS

resu].ts andlysisf_ i ncl far -

usa force units f_:_' _

-_:':l:t was dat:ided

.} usual:l.y a.lsn different fram
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5.1 wheoretiealmsum :

:_:-.-_:'I.‘he':__thenretir:a].' reaults are the._.ply' Ifaz.lure loads prad_‘zdtevri
- .'..__-....'__-_f'.uS],ng theoty to° calculata the stressas‘ -dn -the lamir;ate nd’ 'then_'._i
*_‘_'-:_applymg A Ea:l.lm,e cra.terinn 'h:s establish where fallure ocdhrs.'__ :

theoretma?l ___eaulf:s where abtained “ysing | ‘the - ‘computer

_':program :m Appehd:.x D,_ wh:.ch uses the theory de.taileﬂ m

gminate to be spnmf:.e;i, calcula,tes the':"

- Program alsn placas 1aac1-s'tmain ﬂata By A d?ﬁa ::Lla fﬁf "
S mcorpm:atmn in a_ ,uotus WQrkshéet for plctting A required._.'

”',}-Flgure 5 .._1..6 ;us an example caf a curve abtalnad J.n thia way. 3231

N ,'..-_}___-___;_';practiaa the ply fa.ziures are ncxt si:xarp defim.ta po:mts, 85 "

:_shmm, but ecour graduaily ove.r 2 load ranga, an indicated By

. the. AE results: The ‘curve is linear up to where ply. failure}
i pcrv.a:s. ‘Theen the strain mcreases under ecmstani: load c‘lue tc: the
- gudden weakening of the. :I.aminate, ‘before more 1cad san ba taken.

.- The- laminate - has a lower te:ns:.le modulus after ply failure,. '_
o henae the decreased slop& R o *

" It is no'l: uncammon to superz.mpase events vs load pltﬂ:s with;_
__."_-'_stressustrain c:urvea, m ord.er ta ralate ply fa:.lures d:r.rectly-

o ‘acougt.in emission aet:.vit:y. Tha.s 'may help in future reaearch_

| jto ident:.fy typea af ply failurea using accmstic emisswn. L
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| 5.2 class mresmcmens (vizst set)

- '.-:'Examples c:f the acousts.c emission output rhtamned from tha glassf.zf-' .

fibre spec:imans are shown z.n Appendhc B.2, Figures 5.2, to___.-'_‘__:'ﬁ i

L Bu2.T show the acoust:.c emssiun results nbta:.ned for a typical
e +-45° spacmen._ Fmal (and only) ply fa:.lure. can niearly be. seen .

on the amplitude vs 103& pmnt plot and the hits VS 10&&-"--'__

R histagram, The cmlnts and enargy vs load’ c:umulatiVe line graphs =~

" look similay, but are useless in find:mq failures when viewed

R ':.nd:apendently because the units can not be’ quantii ied to specufy__'--;’;-f_ .'
L j_'-::'llmits over Which failure acmld be occ:urrz_nq. ‘I:'m..:- :I.s baaause_;_'-:;:__-.f:f_
: fthese parameters aepand rm sensnr res;pcmse and -mnsor cmzplﬂ.ng.: L

e ':Ehe Elupe chm;qes do howaver narreapmnd tg 1&\;&1: £ai 1 mes,-;

C auggesting tha:t“ event rate. may be a usaful paramater tn study :

- The rise ﬁmes and ‘duration times. ve hits ha.stngrama show mast
' f-."\__l_;emissmns are short' _ _as eXpeete""" o e

o __"'.'-'_'-."'These speamens were. a11 1oaded in. st:eps 1!1 Of@ef t° Obtaln hitﬁ-:-_;'iz. :1"-
o 'anét ‘counts AE dai:a at variuus load 1evels for failure load .
-.._predmtwn; and tg calculate *l:he jﬁelic.ity Ratmah ¢ Tha speaimens: o

':__':_'_.-jiwerer eventually lnaded tn ;Ea.mlure to establlsh the.ir strenqth-_;{_-f
relatwe to” each othe.r. one. AE plcat was obtained :Ear each s‘cep?;

1oad and these. plots are all included for twa spec*imens (ane 4-« '

45° and ane 01‘90“ 1amina‘te) in Appendix B, 2. -

B ‘I‘he aaoustic emiss,itm rasults fram the. glaas :E:Lbre spacmens are_'__. >

' limited in accuracv by i:he arrors as. shown m the errar analysis_’i_:_
":Ln Appendix A 2. . - o . _ .

| -'-_'}:"I'he Fala.city Ra,tio vas calculated fram the ftm::e at whic:h hits’__;_' ~
- above 15" were rec:orded. This was. done ‘to ensure that the
) Felicz.ty Ratm abtained was m}t based an insignifwant or -

'. :bacquound nmse Tt may‘ c:ause. the Fel:.city Ratio: values ta be o

_ _11igher than othem-n.se,. hut more cmnsistent results aan he.
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Figures 5'.2 8 'and 5.2, 9 are results ohi;ameﬁ :Erom the-_-_;AE data*: e
" from the’ ey degrea glass fibre. spec:mans,_ 'I‘hay*-__ how ‘thea
cum' '1ativa c:punt.p Vs hﬁ::s : i__ eax;:h specximen at:varieus loa&s..

o 5:2,12 shaw the. cumulatwe ha.ts:__ {even_s) vs";:_
B _"__ultimate 1oad results for various lay-ups at various load steps. .=
.]jFJ.gures 5., 2 13 ta Bads 1‘5 ara sinilar but 5hm¢ -cumulai:zve cetmh;j o




rigure 5.2.8 GLASS FIBRE PREPREG +-45 LAY-UP
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Figure 5.2.9 GLASS FIBRE PREPREG +45 LAY-UP
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Figure 5.2.10 GLASS FIBRE PREPREG +-45 LAY-UP
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Figure 5.2.11 GLASS FIBRE PREPREG 0/90 LAY-UP
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Figure 5.2.12 GLASS FIBRE PREPREG 0 LAY-UP
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Figqure 5.2.13 GLASS FiBRE PREPREG +-45 LAY-UP
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AT SPEC]P!;-II LOAD
COUHTS(Thnnsands

Figure 5.2.14 0/90 LAY-UP
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Figure 5.2.15 GLASS IIBRE PREPREG 0 LAY-UP

=4

L L

¥ r r 4 # 1 B & § &

---------

avoT aHTHIoRaS T¥ SLNG0D

31 32 33 34

UL T.LOAD
&)

30

&
o~

LEER?



Figure 5.2.16 GLASS FIBRE PREPREG +-45 LAY-UP
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Figure 5.2.17 GLASS FIBRE PREPREG 0/90 LAY-UP
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Figure 5.3.18
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'”fﬁéfs 3 1 mhtarial PrapertmeS-fhﬁ

"-jfﬁs 3 Glass F;hre SQeclmens (sacond SQt) B

.1 Tab1es 5. 341 to 5 3.5 shaw the rasults from'tha'tefting °f °° 5 :i

S 909, 4=45° and +459 apeclmens to abtain.material.prﬁpertlﬁs (Seef;?é
_f'“fsample calhnlatlons in A@Pendix A. i}s “Pable 5.3. 5 lists thef;ﬁ*
' shear strengths obtained. from the last Ply faiﬂl"'e results f“’“'.}'- 28
'- ;f;the AE amta, L N o
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§ . L - 104 - '“'n_ S L
;;2mhe rmterial p&oparties for the. secund aet Gf glass fjbra :.¢

“ ' $Pec1m&n5 obtained from test data are shown in tables 5.3.1 o
. 'B.3.5. Tha highest standard deviation for strems valuas was for
'T“.~the 30% tensile prﬂpartias (11.3%};_Thiﬁ is bevausa the 90°__;_

| “1w;fa11ure load is 2 matriz-dominated prop..=. - resulting in
- oo hrittle failure and tﬂeraferu mora acatterad :aults. The.. next o
3~_highast strass standard ﬂaviatian wag 7.6% Lok hha 0“ laywupF”f

ﬂ:ffprﬂpertlas, and ia nmt cnnsi&eved axceggivaﬁ__:q,




- | . | f*f;» 1@5 “
_'-__"-..a.a 2 hE Experimental Resulta IR

Tt was clear after evoluating the first set of data from the
Cearbon flbre specimens, that a move reliable method of data
o a‘nalym’.‘s was required, ainca many ply failt.res couid nat. be
o clemfly disi‘inguiahad frnm Lhe PAC prodm*ed AE plc&ts, and cusl:om
: __'-'writtan softwam wag. rz.quired.: . -

i Af-ter ‘t&at::!ng, 1.*14:: AE data vas t:ramfer: ad from the AE mmputer _:
ko an IBM t:nmpat* h.'i.{a ummputar through the prim:er pm:t, using a

Ispeaially ada)pted R9232 cabla at stellenbnsdh Unlve:csa.ty. File' . :'-:
' manipulatian programa - wers writtan and | usea o ramwe-'- ‘

‘weaningless data {such as that with zero ‘energy) and to format’ '

_;-'-:-the data far *nlai'ting. A p;l‘.ot:ting package was. writtan in Pasc.'al- -

- ganaxam graphs on elther an iamplu. piatte.:r: or ‘A Paintjet '_

L printer in twlwr. It was designed to raad data from files, ars&zf'

can therafore pmt unlimited data point:es for up to ten diffarent :
‘ _-_-::urwm in :siffemnt filea on qne graph. A twen'cy point moving.. .
 average wam ﬁana an. tha data aurinq ﬁllea manipulatian. ) '

-'f;-Afta; the £ixst test raaults had been analyae&, it was daaiaea _f
 to plot anergy vs: load, event ra...a ve load and’ duration vy load,
Imration was nhasen to avaluate whir:h layersa pmdm..ad nore

_ dalaminatian m (1cmg mvents) ; and also to show how its graph ve
load diffared from onaxyy ve lcaad. TE was falt that plntting
_aounte., hits, rice time or amplitude Ve load as well would not
_provide any more useful infarmatian, gince the c:uwe ‘trends are-

. wimilar to those for energy vs 1aad {the . pmvinus resulte

- cenfirm this). This can be seen intuitivaly if the da,agram of
the AE paramat:ars is exanined tfigum 1.2). The wave; @ﬁvﬁlbpe:;'_
- related parawsters such as energy, counts, duration, amplituciea, E

. eto are likealy to pradum similar trends to cach. othar. L
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Tablas B 2. 6 t.:: 5 3 10 show the. experimantal results a.rom each
laynup typa, abtainad fxam analyeis mf the AE data. o
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B Thrae adda.tinnal fa.tlum mrita:ria were evaluate.d] for' the sacond:_
B i?_"___-':_-set aﬁ glass specﬁ.mens, thesza being -the Huffmam, | the Hoffman -
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o 511 '- mmts.cmssm Rasul*l:s e

_Examplas nf some of the AE rasults far C:FRP apecimena ara."‘ff'_-_'

included in Appendm B.1, Acoustic amissicn abservai;iong on the "

o :.;-.-'--‘_'_.-.'..900 specimens showed few high energy occurrences. mrpl:n.tudes-._
| vers. mamly :Ln the 60 to 70 as range, indiaating tha'h matrix‘_.a_}
- cracking and delaminatim causes emisaons in this range. Rige -

e times werna mainly ver); 1nw, below su mwrosecs.. cumulative.:-_-{.

. "-'ff_energy f.-.hcawad & sudden “incresse at failure, but, was ot;harm.sazf_':*r-'_:-“

low, as was expectad ‘since’ the 1aminate s mu.---c‘i:‘.re.cri:i.c::na.:i.it

- ﬁura{:mn 'l:.._mes were alsc: :l.aw, mnstly lesg tha,n 200 micmsacs. 3 e

" '-:._':_Thé' 0° avoustic: maults showa& scattered high and 1c:w energy._.
;__.}_cmcxurr-ncea.._ These are. 1ike1y to be: frcm the breakaga of Waak[_’f
“and " badly . aln.gned ‘fibres and due to  matrix crack*ng. Thea\j-';_

'.'Q_.'.-_;'_:amplztud'ﬁs are mamly hetween 60 and 80 t:lB, inda.r*ata.ng ma'i:rix;_;
. cracking and f:.bra{matmx tiebnnding. The. emission tests were not
‘.- continued- te failure for the 0% specimens ta avoid sensarf_-'.'if._
ﬁdamage, sinue ‘the CFRP specimens tended to fail vialently.i
- ‘therefore the Fipre braakage effect can fiot be peen.. Riaa times
"_-3;_-__"-;-wera short (mastly 1eas Jhan 60 micrcasacs}, and 80 ware;f
auratians (mastly 1ess than wo miamaecs), _"‘here was not as__--_f'

. much matr:nx failure as occurs with glass FRP, with piec:es of
L 1aminate breaking with c.‘taan tansila typa fa:.lures. This is due-

"', %o the ‘fibre sﬂtzi:‘.’:i‘.’mua%er..as,t ‘and -tends ta reduce the amount of

ac:oustiu emission nr,.mr tn failura.

o A aigna.:ﬁicantly 1nw camc::unt c:f acuust:tc events acuurreﬂ during

. "':-_,testing of. uniﬁireatmnal fs.bra spaczmsans, due ’t‘n tha inareasad
' -"_homogene:.ty nf a ur:idirer..tmnal 3,aminate c:ampared ta a




,:Efmultldmrectlbnal 1amin&te, Tﬁia may i;mit the ugg Qf aaanstic Q;f
__.em:i ssicn momtoring in p;:aatise to multi-direr:twnal 1ammates.

L '.'""I'he 90;4«-—45" apec:mena were teatad 1:.0 failnre. 'J.’he enex’gw laad
- emissipn results shov a rise in high energy occcurrences, .
«'.'-followed by a reductiun untml failure, with a sndden high enargy
- ocourrence at failure. This peak obvicusly represanta the dnset -
g _""-:_""'ifof f:.bra break&ge. _'rhe amplii:uda distra,hutian ehaws threa peaks
. which may relate to the three failure macham.sms 2); namely
_'_'f..;'_’_'-ma‘hrd.x crazing at 59 to 68 dB, f:.bre/ma'hrm delamnatmn at 68
-~ -to 85 4B and fihre ‘breakage at 90 to 100 dB. ‘'the ¥ise times
" wange . from 0 o 180- microsecs. Tha praaenca of & s...gm;fiaant ‘o
. mumber of - sléw  xise. times  indicates delaminatmon ndh 7"
N ._-?'?__'-:E‘ihre/matmx debanding._ Cumulative en&rgy shows an :anmas*.a in
-_f}:f:_f_-'-'-energy rata at a :chad of- abaut 3 voltss, :mich ig algcr the paint
o at which. the’ high ampl:.tude ‘avents | heqan.. This - suggests the
L onset” ‘of fibre breakage, The ‘numerous lavge duration - times
'”5jﬂrecardad indinata delaminatlan and fibre/matrix dabanding.;_a_.q{

R 'I‘he 0}90/+—45° auoust..c emission rasults show tha onset msﬁ h:.gh
.__';_"__-__.;'_f._-erxergy aacurranaas at just over - twa volts. Most: occmrrenaea are
" 'in the 60 to 80 4B range, J.ndicatinq mamly matrix c:racking and
o delam:matmn. 'I'he absenca af high ampiitude voourrences is- due
o "-'tcx the acaust:ic: aensar being r:amaVed from the. ‘specinens prim: ta.
| '_"’-'-.'_”_-failure.- Rige times were mostly less than 60 microssts and
- ‘duration times less than 400 microsecs, m&iwting more matyik
m:ackmg than dalaminatian. Tha amplitude e .u:.aa pnim: p:lot‘s
f'_'-'shnw two paak areas at’ two diffarent laa&s where nmore amisaimns*
R e 'r.:-ccurred t'.han elsawhera, ona. bemg just befn:r'e failura. ‘I‘hesa
high danmty patnhea indicate- different ply failuh..a.f whe
- - cumnlative.. caunts vs :Load graphs ha.ve slc;pa vamatmna wh:.ch
'_ff,"ganerally match tha araas of nigh emission hitm 'I'his indicatas
B ._that: 25 failu:ra may be found by examining the changes in’ alope _
-'-g;of the cau.rha vs 1aad qrapha. 'I'he absame af .‘mng avenl;s in .



'-thaSE tests may indlaata that tha long duratlon dala*;natian .

"v'fffeventa ocour: very near famlu:e.;_,.~--<- 3

3 :Aga3a th: sansor waa rpﬂaved “xom tha 0{+~45° specimans pr¢or

' to the onsat of fibre failure, as'can b seen from Loe am‘ﬁ’*htude |
“ adwtrisution, Rise tines and duratian tines were. again low. f ”

8! nca Far’mare delamination and f‘bre[matrzx dehmndinq is ikely

ko ooour during fibre breakage, the. predominance of matri

'5 cramk1ng amiasimns may be expected. ‘A rise 1n the cmunts Vs 1aad

___"_curve alope matnhes the 1r¢reasad density area nf the amplltude _vj
"*jf“Va pnznt plot, in mnst af tha apacimanﬁ._;;-u LT

- The 0{90° amission reaults ahow the oraeﬁ af high energy

75 ;emmssians at suout 2.5 4 amplmtude diatrlbutions show ,[

7 doubla peaks indicating ; ~ing. and dalaminatian. ‘Thiere
" are also high amplit - % (from 85 to 100 dB),_;g;
- :1ndiaating some £ibre fafi.. . x long and short rise and
Qquratien  times, again - inw. matrix ' arackin ng.

| '3 de1aminati0n._ The Jamplitude;vulhagu- diwtribut;on. slnws ihth

"-*amplituae aignals atart;ng at around 2, B vnlts, wnlch miqht ke ;3

~ the pmint at which fibres in the 0@ layers began to fail. ‘The
;senaar was remaved fxnm the 0}90“ speaimens before failure

| poourred. Two distirat avear of high rates of emisslans can be
;f'distinguiahed ‘on wmost ‘of. £he amplitude paint plote. T The caunt
=inarease ig in general unifarm and’ exgonantial towards failura. :

" The fact. that long duration times oceurred may he dua to.the

"very Tow strength 90 plies mixad with very high strength Qg
plies. A large amnunt of ruhbing and interiamindr. dehanding ig
1likely to ocour when some 1ayers are suhatantially stiffar and 3

 "';ffai1 after othpra.

:  The +~45“ speclmen results ahmw the onaet bf hlqh anergy avants
. at around 4.5 to 8 volts. These: events were also hlgh ampiituda,;

 3 “:'prmbably fibxe failure. The amplltude diatrlbutlmns shcw mainly



__' 113 ﬂ o |

I matrix cracica.ng and dalamz.nation wit:h same fa.bra fa:u.lurs , 28 waﬁ“';'_'_'- ]

 expected.” “The' rise times and duration times are spread out,
ingicatir~ a humber ~f failure modes. The count ve load result:a_:'_.];
show umform count. jne eases to Fajlure, with ne. sharp variation

Cin s]opa._ z&cc:ustic: emi saimns bagin at. araumi 3{5 uf *'he fmal _.
._'____lnad.- i _ -

o ";6_#1?_2' _Fa__iiufa_g -_Qri'i:egi:ia' y

. z&ll the cm.tm,ria clw en to be avaluated are relativaly mmpla 1~n_
-apply, althmah biaxial Lasts are reguired for the addxtional_"

mater:.al prmperty Fox. +ha. '.Esai-—Wu and Goldanb.f.at‘.ﬂKapnov_
o criteria. Por a :Eailure uriter:.on to take other. spec:.fica failure

fmodes int.a acmunt, more aomnlic:a.ted tarms may. be required whic..h__

- may - involve additdonal material properties and -~ thevefore
”}diffic.uit tests on the material, This will obviously reduce its =
'appEal and make it unpcopular, althmugh J.‘c: nay. be very amuratm L
' The .rant~Sanders is one such criterien. The most popularz-’."_-_f:
. ”ar:ul:aria invnlwa the conmon mamarj.a& gmpartiea uci as the per
ﬁla.yar tensa.le, aampressive and ghay: stiffnassna and. strengthe.
L 'Any cther prnpertias raqu.}.red must ha $imple to avaluate, usu.rﬂ;'

o 'gman testtng equlpment;» B . S

_ -Tha terms csf the failure c:r:.teria wrmally ta‘ke & similar farm,
' that being w0 prinaipal stressas divided By - tm maximum“ )

' .strassea* railus:e }ms auc;urred when all t.ha csriter:.a ’carma inan

_equatimn add up to ong, whereas f:hey ara less than mne priar o

o ;fai.lum.

An intei:‘aatix}é' eriterion is one. which‘ 'uontciins' more "c:han' 'dné' :

- principal stress tern in the fallure equation. A non~interactive

c:riterion considers the- various principal stiesse. separataly.
“The Iﬁaximum -ﬂ‘tmsa -and. Maximum strain ‘griteria ‘have - no
"_interaf*t:.cm aquatianss» : 'J?he Puck Simpla ami Puek Madified
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oriteria have hath typas ot equatians.-Alllthe"ihtéﬁadtive o
' aritaria use the same basic aquation, and-have extra terms in -

8y, 9y 5% o8, The basic equatian is the Nnrrla Holtinnon
:in+araetive equatlcnw . B , o

'nther aifferencus hatwcen.criteria are in the additianal twrma,_ .
_Nusually one term in alag - angd. multipliad by aome factnr._“j

Therefora the nritavla qive &imilar results when. anly ona_ 

9rincipal stresa . im invalved and difﬂar when “interaction -
a batwean principal straasea awcurs.f S CT
B 6;1@3 Experimentaifnaaﬁlté~from'a¢bustic.Emiaﬁianf_:'

_l’  - njan“ Lammnata - & high anarqy 20¢ ply ﬁailura nould ba faun& .
dn ﬂarta:n graphs. (sae examplas in Appendix B. 1). High amargy';

. acoustid vosurences ulmse to failura can be sean in all of the

' qrﬁphs. The,Norris*McKinnon (interautxan) and.Taa$~Hm11.ariteria
produced the clasast predictinna to these failure points (5, 9%
S oand 6.8% difﬁexanae above) . -ALL the failura_prediutiuns_(tahle  :
§.1.8) sxcept Fischer ware higher than Put. This indicates that
'interaation hatwean tha principal atresaea in the layers was
aignificant rasulting in the 0° ﬁaymrs failing earliar than

] would otharwise be mxpﬁcted‘_ Pivat  ply failura was most
' aacuruﬁ:ely predicied by F:.:ac:her B diffarenca haluw) Followad
by the Maximum Stress, Buck $imple, Puck Mndzfied, Tsaiﬂﬂill,
Puppo-Evensen, - Novrig-MoKinnon and Noryis eriteria - (all ?.“%,-
balow}. The firmt ply failurea found by acoustia amission wera:f
not cansiatent and therefore nay no* be. aacurate. - S



- ﬂ/+-45° Lminata - 'I.'h:a aemuaﬁim amiasion reauz.ts far these
Epaaimna wers vary incnnaiamnt amd only . a. fm-: providtad_

information on where f£inal: faz.luz:'e was be.ginning. _ F:!.x*st. ply

failura zmd ultimate failura could oftun not ba . aeparately'_
.distinguished, ‘due to continuous emmsiam:. Whe Maximum Stress
and Maximum  Strain ceriteria pmduue.d the most aceurate
'predictians to first ply €ailure, being unly 0.7% and .78 out.

'.raap&etivel* o This indicates: that the twr ply ori entations -

 failed aimultananualy,_ and .« oriteria with interaction
 equations and wote aignifiamnt aarmctian ractors. vere laaa'_
mcurata ; wii.h FPF ac:c:urrmg J.atar than prt.dic.tmd. o o

- n;@ﬂfwas" Iaammate xnfarmation on p" y’ ' féilﬁfé wag
_difficult to ucqu:.re fmm the agounstic amasimx graphs, which'_

aid not ghow consistent charac:terist:iem Ultimate fallure was
wall pmciictcaci (1.4% syror) by all the cr,itama fepe table .
B,1.10) axc:ep%: taaldanblatmltnpnw arzd MAaXingm . E;t:rain‘ Pilrgh piw

' "'.fdilum WRE pradiatted most ac:curataly by . the Puppawnvenaan- s

-'c:r*terimn and second ply fai.hma was: predicted muat: acmura.taly._.-[

: by the Pugk. madified ::::u.terian._ Fallure pmdiatmna werea

. progressively MOYR ac:euram f:ram firat Lo last plieﬁ; ':ehis cauld 3

- _hra at least partly . duea g i:ha fact that. i:he: lagt ply was: thta_
'mast cleaar\.y defined an ull the &E plm:a. - o

'-"»- 9&}-1«»45 Lammai:a - Thez aaoustie emiaaian grapha fw thaaa_
spoeimens all show a rlsn in high anarqy a.coustic: uauurrencas
‘near fallure, Theze nod sos hagiﬁ at around half the ultimate
- ledd {saa table 5. 1.1%4) . CPhis is partly Que to the fact thai: thea!.:
+=45° layer does not fail in pure sheaw, but the fibras fall as
wall ag the mateix. The fiest ply fallure was indistinct in many
of the agoustic amisainn graphe, and Wﬁﬁ nnt pmdinted well by
any of tha erii.eria, due to amissions m:c:urring acmnar than
predicte.d by the criteria. The closest pradic:tion was the 'rsai- o
wu c:ritarinn (3’7 5% nvarpredicmd) . trltimat:a failure weasu best._



G e wi-
-"_""predi::ted hy tha Nurris and Taai--‘Wu r.:riteria, indic:mting_. :' o
. principal stresa interaatim pmduc:a.ng early failm:e._ o

o 6_;1-;4 Failum_critexia- selec:t:i_nni_.;

- _I-t: iﬁ ::::Lemr that thara is ne um.varsally atscumte c:mi.ariun
. which is siqnificantly bet:tear _than ‘the reot. The criteria -
"-'-fgtanerally rangs from being. frequently toy cunsawative whers

'_ minimal pri ncipa?. sLrnss interac:tion soours, to the. camplataly- "

" nonsintersctive equations. The fallure eriterion to be uged

. should be selected sccording to which ply failure is to be =

- -'_pradiuted, and <hat the 1amin:1te lay-up is. 'I‘ha valuas in tablae

. N 8. 1112 are’. limitad bg; t:ha accauraay af tha aa::matic amiasian"_ -
S maulta, but the. final failure. resulta are. dapendable in momt

" 'c:aaaa, as. dimusaeﬁ abava*,- 'I'ha Tsaj »-Wu, c:ritax'ian givaa g

c.onsiatent rewlw; bat »:;nuld pussibly ba. impravesci hy qhonsing
- a bobter value for 1}.13. A cambinatian af critaria mcmlci hez msed_ __

o i'l:e: achisve amurata predix:tinnst o

e _'Far a 90f+-«-fw° m: 0/909 J.ayer, a simpla intarmtiva aquatiw-

sueh aa the. NmrriachK:.nmn is raquimd. ‘The Maximum Stress
- exlterion is  wost accurai:e for the 0/+~45°' laminuta._’_h :

aanaarvativa interactiva aritarian, auc:h as tha Puppnwﬁvansen oL

-'---Tsaiwtqu,_ is indiz:at:ed to. be moa&: acourate . fopr the FPF in a

0/90/4=45° 1aminata, with a less conservabive . interagtive

a equation, auch a8 the Puck: Madified or 'I‘aaiw!—lill heing most
aceurate. fnr the - sogond - ply fallure._ *I'ha Maximum strassa.
orl .arim ia adequam fm: LPF. o ' |



| < hE - 122 -
 1{ﬁﬁ.2 rirst Set of Glasa Fihre speﬁimﬂna

'fi"'-s;a.1=3u¢uaﬁic:nmission_ylats o

"'Examplea af the acnuatia amisaian rwsulta for the first glassfj'

. fibre spacinens are shown in figurea 5.2.1 to 5.2,7 and in - .

'Appandix B.2., For the =459 1ay~up specimans, the ampliﬁudas} f

" pange mainly hatween 60 and 103 dB, whiah is the. £ull pangs of

}__Lamplituaes which tha maahina can recard on a 0.1V threahelﬁff
- }settinq. An amplitude paak ogeurs. frequantly al 74&3, ‘which mayi;;

'ﬁbe causad by matrin araakinq. Higher amplitudas mauld denota ”
'}delamination and fihra failure.;3> e e

:"f_Tha amplatuda ranges nf the 0190 spacimena frequﬁntlY raadh  

7;-103&3, with pedks at 4 dB..The 0/90” apaaimens An genaral hava;;é

- laes emiaaiqn accurrences in.‘ha midwamplitu@a range {74 o
_a*B4ﬂB), but nere ‘high anargy acaurrenaas (Ba - 103&3), than tha,;y
“l,+~45” layw up spanimena. Since a 0;90° paaimen experianaeslmnra*;

::'v_fibra fallure than-a +w4s° specimen; the high. snergy oanurrenaea.J

".  could denote fibxe failures. again, an mplitu&a paak octurs at'j:
"'_araund ?4dB. R S |

5: Tha U° lay-up uumustic amisaian reaulta again shuw amplituda,f

- ”peaks at around 74&5. Amplituda ranges ara from. araund ﬁsdn to

"90&3..Sin¢a little dalaminatian is expauted o’ oauur 1n a q° [f

7flay~up speninen and the 0% lay-up specimens ﬁhnw less high -

| 'amplituda acmurrmﬁﬂea (near 1@3&3} than tha afgn“ spaaimens, the
 high amplitude cconrrences would be t:aused by & mixi:ura c::E
'L;dalaminatian ana §ibra braakaga. e .



,:mf ;6 22 countsuﬁlts Relationannp

'v.g;, 123 nf{;-v.»ae=w

'Figures 5. 2 a and 5 2 9 shtaw c:ounts vs hits plcrt..a fm: the +-'45“’
1aY-uP speca.mens at a Joad of 8. 75 kN and 10 ki respectzivalys
. The relationship is not as linear as: expecte‘i« Por a. »‘-‘Peﬁi’“‘m_
.. with a high number of hits, it is expected that the number of

"'.'counts ghould be similariy high. This trend can be disti.nquished_:”];f
in the graphs. c:learly bc;th hits and aounts wers substantially'_:_ -_.f_::

"_':_':: “higher at the 10 kN load than the B8.75 XN load. The wide .
- scatteerlng is & qnad mdicatian of “the - reprnducibilz.ty nf:f:
. acoustic eamissiun results,  and. is prohahly due  te. va::ying._--""“-{

""_'aegrees of Bensor aacusticai coupling effa.mency during testing*

' '-'.-_'-'Tha counts;hits ratic does not increase aignific:antly &t the . -

nighet Load, as would :.ntuitwaly Ba mrpentad._'nms esaentialiy

L _indicates that the event duration and energy are not inareasing;_f' -
RS with imreaaimg J.oad, since the caunt frequancy is a functinn of. o
'--the serasm: rasonant frequenuy, and therafare ac:r:st:ant.

':fa?ﬁﬂz;afaits;f_caants'~evmtimateﬁzcaa~ne1aﬁi¢nsnip_EFf'f]_1»~7""'

"f' For the *-45" :Lay-up, the h:Lte; va ultimate. load p:l.ut is sh 'n in.'
figure 5.2.10, and. munts ve ultimate icsaa in. tigure 5. 2 13; ‘The

s "'.Waaker spec:imena ahould qenerata more aaoustic EIIIJ.EEL"
' .occurrenc:es than the stronger ﬁpacimens up to tha sane . lcad £

Thisg trend is ot ahawn in the graphs. The waaker ahd stronqer L
spacimens ahow no - mgmficant diffarances in hits ox cuuntsu;.’.
~ However,; the numher of hits and c:nunts :.nareasa smgnifiaantly at "
- higher - loads. . The results for the 0/90° lay-up specimena»'
(figures S.2.1% and 5.2,14) show similar characteristics. This
'shows that waak and atrnng 5pscimena can not be dist:.nguishad__._.

& from. tha numher af hi'l::s or counts racorded at sama 1Qad, where--_'f
. the waak and stmng speaimen strength d:.ffarenca is abaut 3k1~*_;
-7 {avound  3OMPa): A ‘ditference in- number of . hits or counts

o betwean spaaman may have hsen d:.stirzgm.shahle for h:.gher'-_-.'-'_



"-;fmuch weaker.:__gz%-g

ft:rass dii ferences s, ‘stich as if the flawed ‘specinens had been

fgﬂ;7?igurea 5 2 12 and 5 2‘15 show'reapectivaly hits and counts*'

Jf?;ff]ather signlfiaant trends.

'f P1uttad agaznst ultimata loa& far the 0° spealmensfand shaw no?'_

624 Feliaity miq RE

'* fThe FelicitY‘Ratla Ve ultimata laad Plats far the +~45°; Ufgﬂgif

. and 0% lay-Gps are shown in figures. 5.2:16, 5.2.17 and 5.2.18

_',frespaatiValy The Faliaity Ritip dnes ‘not. vary sign;ficantlY'f
- between wesker. .and stronger speﬁeimens “Where the  strength
" V.I,differenue ig around: 3kN. The Pelicity Ratio doss reduce as the

. load is in~veased. For the +-45° lay-up specinens, - the- highastf;'

JH ;fT1_FQ1lGltY Ratio at.failure was 0,83, It was 0. 25 for the 0!93“];5
 ffjf}fspaaimans, and 1.25 for the pe specimana,_”he Felioity Ratdo
.. thersfore depends- on the laminabe plY nrientatian._mha nigh
I”ffFelictty Ratio for the 0% speaxmans indicates that: they may ba};
_”_f ;xespond;nq according to the Kaiser Effect, at least. up untill.
f i:vEry near failura» claarly, whan testiﬂg unidiraatinnal o
“g}laminates, any hlqh ensryy . amiasiuhs nay. he algnalling thatif

"ffiffailura 15 about tb aacur-, [”q“1f:f---:-vﬁ-*
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: 6 3 Sacand Set nf Glass Fihra Spucimenﬁ g}@f;'ﬁ- 3° 3”

."f.GF3-1fﬁ¢°ﬁﬁﬁi¢nﬁmissidniréé&ltsf' L

p_The results af &E enargy Vs 1aad are shown in A@pen{*x u

h f-flgures ¢, Ck to cvlo. Each colour on the. graph ¢crrespmnds g ana"

_ spem1men (ie thraa or. fnur speaimens on - each set of axas)y'
Certain ply failures can sasily be seen, such as 0% and 909 -

"-;,:layer failures. From. the 4591 reup resulta (figures c.land

e 2}, it aan ‘be saan that the enarqy. range for a 45% 11yeri

*iffffaiiure ig hetween O ‘and 40 "ty which is very low cnmpareﬂ to
e 90% ox 0° 1ayer failura, w. - sas the event rate is high 12 ﬁﬁ.u~
1+ per seaond, sie figures Tl and c.lz} These ﬁrends can alao-'f

" ‘be seen on all the AE graphs of laywups witzh 48° 1ayers in them.

" This was used to obtain the 45° layer failuves from the AE data,
'"f The 909 layer praduaes AR of anargy»betwaen 0 and 120° unlﬁs, and -
. low: gvent: rataa of batween 0 and 9 per secand. ‘This can be seen

10 on the 0/90% lay~up graphs (  res C.3, C.4 and C. 13, CL8).
" f;“Tha 0°. layers are always the . o £all und prnduce very high
[ energys (see figur~s .3, C.4, c'7, €.8) . Clearly the ensrgy and

' ' ;avant‘ratas for the diffarant kinds of layers is guantifiable to

& caertain axtent, but ahviously depends on the maahina aettings )

' -1jand typa of material. If these paramaters are spaaifiad, it may

"Ihe aaay tm deteat and identify a ply failura durlng testing.--

"_-conVErsély, the angle‘cf Ehe ply faiiing may ba dedudad'frbm'the B

AR results, and. . therefore the direction nf the stress cauaing
- the failure, More tegts on 1aminatea with nther ~angled plias~
- need ta be carriad out ta aasess the faaaahility of thi«, S

;.To mummariaa, _tha ply failure detactlun prucaﬁure was as
-;fnlluwa:.; T : : o ' R _1,_.'f.'_-_
1) Plot grapha of evant rate and energy s 1cad..,_.fuﬁ S
2y obta:l.n energy and evant ra,ta data rangea fur i:he ply



 ®1%*}£?7”

_f'ynrientatiana which Ate hainq looked for. Uﬁidiféctianai? ;_
;]_laminataa are no goad far this. Vs laminates whare one ply

- failure will be obvious, ey 0/90° tansian apecimen laminata.}3 
7 for 90% ply fallure data, S o
- 31 .nacide how many ply failuvea are likely ta oumur. and*whera¢ :

- they are 1ikely to occur, da. do & laminate failure
pradictian using a suitable reliable cr;tericn such aé the

“'_ Maximum,streas criterion. Acoustic emis$ion\data frumxplies-

"}fwhlch fall at nearly the same load is nmt llkely to beﬁ_:u

| 7lseperated, and might be one lcnq aet uf high energy aata.}l-f

_,[ :4)  Idantify tha ply failurea hy superimpnaing the event rate _ ,
. and energy vi load plots. Ply failures are characterizaﬁ by a
_. ralatively hlgh p&aks or graupa of peakb.”;h ; SPREIE AT

o  ii&1l the aaaustiu.amissimn rasulta indicata that ultirata failur  '7]
s normally preceded by high duration delanination in mest. of

. the multi-ariantatad Jaminates. _ ‘L'heae are ‘alsq. high enarqyf

: [aacurrencea. In unidireatiﬂnal 1aminata$, whera all the 1ayarsl_ =
o galy at the same tima, it is far nora SdfLicult to pradict when

|  failure is sbout to ocour. PFailure is uswally fast, The 09

;flaminatas £ail with a broshetype. iailure, with matrix failingQ ;
aampl&taly well before tha ﬂibra failure. S '

"1 =whe high avant rate anﬂ 1nw anargy fox 45° 1ayers may ba due tuﬂf
many small’ craaks growing quiekly in tha brittle matris, but.fV

'--atapping at fihres. There may: alst ba much aecanaary amiﬁszana'f'

- due to inter fibre snd interlaminar rubbing., A 90° layer may'

‘have cracks which grow guickly across the entira width nf the_.,
apecimen, causinq a high enerqy occurranaa. : '

| Frnm tha ahova,_tha +—45° layer - ﬁailnre aftar a gﬂallavarf
. _fﬁilura can ke seen from whare tha evant rate bagins to ria& and -
v_-the anergy hagxna La ﬂrnp. Energy ana avant rata s lQ&m aurves_;V



o  ,?;35-_;_ 12? . ¢ _ i o o
" \ara supar;mpnsad on f;gures ﬁ 1 tu 6 4 for the differant 1aya& }}
cup Yaminates. The‘pninta whare'the divergenaes hegln can claarlyf_-

nf;ﬁ ha saen.

'f cn all the AE plata, it can e saan that 1n ganeral a steap_fﬁ

_ i' frise in energy is aucam?ani&d by a drop in event ¥ate. This may]¥f
“be due to the instrumentation in that long hlgh energy. eventsf; 
" take more tima 0 log, causing the data acquisitiov unit to log

| fewer of thed in & second, espeaially nesr failure. when 1angfi=
“furation - dalamlnatian events ‘ogur, - The: a@tual avent rate iajﬁ;

m'*:5 pr¢hably atill high fbr high anergy evant periods. e

"jff:Flgurea c.zm ta c 30 shbw the duratinn timas vs laad. £ thasefi;
'F'xesults are campared o the enargy va load’ rasults (figures c.l*f[
':'rtg €.10); it can clearly be seén how sifilar the’ two parameters

g;are, as grediate&. ‘The law durat;on timea in a 489 layar (aaanfﬁ

" onthe +~45° 1&y~up graph. in figures C.24 and ©.22) compared to

_ ij}a 90° or" 0° layar indiaatem less dalaminatiun, and - af;:
V:predominance of matrix craeking. From the energy graphe it ig

alear ‘that the main typa af failuxes in a &S“ layar are . low f

. energy ocourrences ocuch as matrix cracking, and very little
fibrs breakage ahd &&l&minatimn. It was obsarved that the 450

Tspaammaﬂs faileﬁ cleanly with:minimal fibra hraakaga. The.higheri f
- energy. oacurrenuaa which are aean Ln a 8oe- 1ayar failure aref'

; fprahab1y caused mamnly by intarlaminarf'effacta such as

 :da1aminatian, aince a 90° Iayar an. iﬁa own pruaucas vary 1ittlaij
”¥h1gh energy AE, and vary little AR in tatai,_ﬁ_'- .



” ff\Tablas 5 3 15 ta 5 3 18 EhQW‘bhé peraentaga ﬁifferencea “4tweenf;y

.:t};the.theeratxcal and experimertal failura rasults. It can be saenj;_

“" .that certain ply failures were well predicted by most of ‘the

“_fariterxa, whereas others wers in general. badly. pradicted. mhe_ j
. following plys weze,predlctea to wzthin 10, % accuracy by mast n£,7?

'ﬁ_fthe crzteria.u;- oe

ST potn D}Qﬂ"plys,_+«45° ply in 0/+~45° laminate, 9n;+¢45'fﬁﬂ
"*gfallure, fixst and sacbnd ply failurea 1n 0;90;+~45“ laminate,jm-

-aﬂzmhe first ply was. Well pred;cted by al’ the cr;teria (<3% elror}:;f

'if*except tha E&lﬁanblat-Kopnauu The 1ast ply fa;lure’was prédicted

, . well by the non-interactive ériteria (<8,5% ervor). The Hbrris;f;
L _ _fnistartiana1, Fisoher, Tsainwu, Haximum Strain, Pumk simple anﬁi; 
ol pugk Modified ariteria produved accurate results for both ply

_ “‘fai1nve5. Tha bagic lntarartiVe equation wiﬁh ‘no - Eﬁdltlﬂnalf;
L terms vas tcu canaervativa 1n pred*nting 1ast PlY failure'“;ﬁ:.:*

- 0/**45 1aminate ~,*Tl*v;->~“ ;

 ,"-fNo eriterion predictad th +»45a 1ayar fﬁilura‘welll tbe Maximum:j:
o _J:.-s-t:m\ass heing clamt with 33 .‘?% underpredmted. The :.nterferenc;e'-"_f.
. between the 0¢ layers and the +-45¢ layers may have contributed -
__;:.ta the h;gh fallure lﬂad of thg +ﬁ45n layars. The ﬂn layerg Were:ff

 well predictad by the. nqn—*ntaractive criterla (446 arror) Thef7
. intaractivaly termﬁd Griteria were tao conservative (mnst overf
- 30% errarlwrgﬁ-icf!fi*a;l_:.- P _ﬁ.:hrf”~**---f}'* -

The 90° 1ayer fallure waa wall pxeﬁictad hy all the nriteriajﬁ

' 1Jf(<5% errnr)~ Thp g 5O 1ayar failuxe waa best pra&iuted by - ‘the "

”-Max;mum straas critariun (<10% err@r), ﬁalloweﬂ by the- Flacher7ﬁ

"-  and Tsa1~ﬂu criteria (<1?% errar). mhe other ariteria pro&uced*f



'.” fmnra cohsarvativa predigtians, most of them undarprediﬁting be;

.fQThe 90n layar was well predlctaﬂ hy all tha ﬁrltarla {<8%1f
']errdr)‘ The' inxuractively ‘texmed criteria praducad the best

_ ¥? resu1ts for the =450 Iayer failura. The best predictions forff
i -;tha 20° and Roar A ¢ayars ‘wers’ from the Narrms niatortlanalef

__: ngaa1~Wu and’ Fischer criteria (<4% errar) The last ply failurag~
”+goverpredicted by around 30% by all the cr;taria exaapt thaf-

":5F;seher, Nmrris Diatartlonal and Euppoumvenaen criteria, whiah }

o ;mvarpre&mcted by 1ess than 18 1%.,325_ 5¢~

n'qFram tha reaults, the crlterla can be gruuped 1nto theories;T

'*ijwhich produce similar rasults.-'='*”

(i) j-~ Mast, Stress, Max, strain, Puck simple, Pua}: Madlfiad-l-
: -(0r1ter1a wnth non~interactive terma} S
(i;l.) | Psai~Hill, N+ rig-NeKinnon, Hoffman, Ei
B Q(Intaractively termed uritaria with e or less:f
ST ;,}7f51gn1f1cant correction factora) s DT
. (iii)  Puppo-Evensen, Norriswnistortianal, Fiscrer, Tsai-ﬁu .
‘f"'tff-;(Interamtively termed criteria wibh amgnif;cant_'
"*'1 ¢nrrectian faarors) ' . s

zsthe Taai~Wu criterion pxoduaed mare accurate rasults than tha_,
wlsimilarly der ved Hoffman criterion‘_ S .

:'Only one crlterion produaad substantially dszerent results and{t
wWas unrallable, that being the Gnldenblahwkopnov ¢r1ter1an. Ik

- is alsa the most" camplicatad of the cr;taria tasted‘_The value;i

:';nf the material constant: By u:ed in the Goldsnblat—xopnav '

_ _:criterlon was danucad from the. aacustic emissmon reaults fox the{f

YY1 spaclmens. In the Iaainu oriterinn, the apprmximatlonVJ

B 'detailed ::.n reference (23) ‘was uaed. 'I‘he Goldenblatwkopnw_-h_
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:-.mnre. canservatwe Predietmns‘-, mast af them undez,predicting bY o
. -_"__-20@‘ . _ . A oLl ' -

'*7Vn 0190z+u4s 1aminata

- The. 9&*‘ 1ayar wag. wall predmted by all tha mritnma {%8%-' -

B exror) .. The: z.ntaractively termed aritaria praduaed the best. .

results f;or the +~45° layer :Ehilure. ‘The: best predictions for__]

-tha 90° and +-—45° 1ayers were frcmi ‘he Narris Dis mrtiunal, _
- Peai-Wy and Fiazzhar t:ri’l*eria {<4% error). The last ply failure'

SR uvarprediated by arcund 30% Ly ‘a1l the crit&ria exaapt the

~ Fischer, Norris Distortional and. 9uppa-—£’.vensan criteria, hi::h.-{;

o ”-avarpredif:ted by lasa than 16 3.%..

. "."_E'From tha ::esulta, ‘I:ha criteri‘. can b&z groupeﬂ into thenr* as -

| L thmh produca aimi:t.ar results' '

(1) Max. tsress, Max,- Strain, Fuck Simpla, Puck Modiﬁiadff
(criteria with nnn-intarantive terms) - :
(ii) _ Tsai-Bill, = Norris-MeKinmon, . Hoffman, Hillj,
© . (Interactively termed ' criteria with o ‘or. less
o _-__afaignificant correction Eactawa) R - L
_ . (i4i) Puppo-Evensen, Norris-Distortional, Fischax, Taai»Wﬂ;f
. (Interactively termu Qriterza with siqnificantj;

‘ “.t*anrraction factnra} L - -

';'rhe Tsai-—ﬂu cz*iterian producad mora acaurata reaults than tha-'?__.f
| s:l.mil&rly darived Hoffman uritericm. s T

- " Only one criterion praduc:ed aubstantially different results and. -
. was unreliable, that being the Gulﬂenhlatﬂ{opnw cr:xtsrion. -2

o is also the most c:nmplicateri of the. ari'heria tasteri,.. The value

' of the material constant Ay used- in the _Goldenblat-Koprov.

L critarian was deducad Lrom the acoustic em:.ssion results for the'_
Ama50 Spacimenaa_ In the Tsai-Wu aritericn, ‘the appmxima{:ionf“-

deta:.leri in rafarenue (22} was used. 'J.‘ha__ __quplenbla;t—{{op\nav”f
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"_:___ﬁ"'_-_::"'_critarimn might praduc:e mare- accurate re.ﬁults :.f mczrf* accurate'--'__'
__valum of Alz cauld be usad. T T DR U

CErtain 1ay-upa anﬂ plys wera prac‘i:.ctad bé‘tter by ce.rtam?.-'.';'z.'".:'."_

L thec:ra.es, oy all the 0}90/+-45° 1ay-up ply faiiures were hesy

' 'pradicted by the theurz.ea in grcup three abave, and the 0j+-*"°-__-_':‘___5
L ;:laynup p)y failures wam best predic:teci by tha qraup Qnﬂ"'.f"_'."
:.:__--'thmriesw = 'I‘h.a 0/90° ana 90{+~45° ply failuras wara best- o

- predictad by the grnup une and three criteria.- Figura Bl shcws g

- a-0/90% encigy/event rate vs load AE plot with the. Maximum_"-”f-"'

__ ﬁ”{_”_-stra% and f'ischer eriteria fexilure nredictions shown, Fxgures-"i"_ff
CBa2ote B4 sm.aw ‘the same plat far anf+-45° 0;9n (=450 and’

:-j_:'.'.__.'_-'ic/+-45° 2 ay-ups‘ The ply failures can. alfe.arly he ‘sean. z:omparedi
. . _to the predmtea failure points, *,Ehese gxaphs g:we an in&iaatinnl}f_:'-g
R f tha relat:wa acow rac'.y of the fa.:.:l.nre. E’radmticna. BRI
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."-.'.'.'_'I‘he Prevzaus AE result graphs frnm tha firSt SEt uf tESts were’_;_.
o f_'_.__fprmted dwec:tly from. ‘the. AE. computer. The data r:auld net be .

_ _'_._prnparly analysed and the graphs were of paor quality compargd"_
'to the aeconcl se:t of data results._, This underlmes the

e imparta.nce uf hav:mg the data :m an J:BM nas compatlble fom_

e .'_cm cc:mparinq t.he failura predmtions fc:r the twc: types af'_':”""

" material- tested it: dis clea.r that tha sec:and set af fa;a.lure_"-'__"'_-_-

_'__'_'-_j:'.f;_predictinns were far more accurate “than the’ irst, pe:r‘u.aps'_;
o ";.;_:partly due to the imprnved ply fax.lure determmatinn method and -
o ::-j._'-}__fhetter d.ata a,nalysm as’ t&:.scussed above. - It may also partly be
- due to. the dlffa::ent material’ ‘used, ‘garbon fibre RP he:l.ng very. - :'

: ) ’differen‘c 1n nature ta glass . fibre RP 'I'he stiftness dif.farenca-

. o -batwaen the t:arbcan f.n.bres and the matrm is. ahv:musly mara than'__'_-"f__.
. that for the glass :Eibres. the in--plana shear strength was badly. -
. predicted by ‘the +-45° specimen. tests in the carbon fibrs.
‘specimén t::aase‘F Whereas it was we.ll predicted in the' glass ‘Tibre:
S _-.".specmen case. It haa been suggested previcusly (6) that fa.a.lure_f-__'.
S : pred:.c:t;.on ac:curacy as Very dependent an typs of mate,mal.f

o ’J.‘ables 6 1 anci-ﬁ.':_.z previde A quide o the beat c:ra.ter:.a ta use,":':‘-"ﬁ.

T _acc:or:iing to the rasulta presented in th:.s repor'l:. The - same typef_'

. of criteria’ should. be used for all the laminate.s for - bqth.';-'_

matemals s::cc:apt the 0/90/4...45o laminate, Where a group III'_'-.-"---

'_ ___:_-crit'ermn aan ba used for the first and last plies of- both
materials, but a group I criterion should be used for the +-45°~ .

o ..'-___._carhcm fibre layer and a grcaup IIZ critermn for the +-45*= glass

| . fibre 1ayar.
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ey '_;.:Predicting whan faa,lura is gomg o ncuur acc:urataly usa.ng
. acoustic eamie:sion isa complex prab.;am and. will require furi:har._‘_-:_'__'_
';‘;I:-'_"_'researah,. f.l‘he nnsat of - h:.gh energy fut :zreq such as fibre’__'

“ . fractdire and - ‘delamination can ‘easily be dut noted, m.ing &
- "__:-fi'*__non-numulati\re anergy s Ries- graph,, as was done: for. the ‘garbon:
LUFibre. specinens, or by mvestz.gatmg when ‘the. ‘high' amplz.tucte"?'-_';;_.-_-. =
e . 3events _heqqn occ:urrmg, using an’ ampl:.tu.de v 1oa& plo»t. _ Famlura"
_"'\_f'.j’;nc:aurs -t ‘a load after the’ first fi_bra failures depending on
) 'Q.II_the. fibra oriantatlons.. Tha onse af’ AE- can ecr:.ur we.ll bafora-_-' L
'.\fmal faz.lizre "“'and-aepends on 1‘:11 ___flbre. o::ientatit:ms :m the layﬂ__

;f-.--,ay mona.tor_ng the numbe:r: c:f ha.ts at a spaei.fmd 1oad, :,t should. s
':I'_.be poss:t.bia to. determine the remaming st.rength of the materials e
"I‘his method was fm.md to be unre‘l,iahla in this _..i_fr;search, w:.t:h;.-'
e such” predintmns ‘in’ general -not. pnss:.ble, over the. ‘stresnth.
' variation of the specimens tested; This was the cate even though
© . some specimens had £lavs. introduced ‘deliberately during the
o 'fmanufaaturing procedure. Neverthelesa S-S ‘may” be pnssa.hle to’i"-‘_.:
. detect vary ‘significant. variations in strangth, suc:h as t:huse;;{g"’"__{.-_
'”ﬁifprnduced by vary large flaws.g_g_,;;-. - R R

| _.;_'-_'Us:.ng the mathnda aﬁ data amalysis used fc:r the sauond set af
. glass: :Eibre specimens, it wwld be- poss:.ble t;n determim wh::.ch
- -_ply is failing as ii: ocrzurs. ' o R o

'_ _'.'-'3__2&1: this stage canfidenca in using acaus'l:ic ema.ssic:n 15 thus
. _-_.-..:__:-..J_imited and- a great deal mare expariance shqum he aaqu:.red _
bEfﬁre a fm&l daclsian as tu :.ts averall suitah:.llty :Eor NIJ‘I‘ is
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1} A faxlure criter:mn should he-- chcasan accarﬂlng tﬁ the type o
e Iama.nate and the p:l.y fallure o ba predieted and thfélﬁ
: '=typa csf materi.al. R '

__-f?‘)-_._f'-_flPIY faa.lure.s wera tietanted usmq acousta.r._amission anargyz.
_-_'.?'_':and event rate Vs lorﬂ gra;ahs. mffarent ply. failures are
'._'.quantifiable in terws of these barameters, ‘actording to the
_f_'instrumentatian s_"ttmgs and ‘type of material. umerical
technique:g shc;ul"i be usec:t to facilita,ta data Al EIYSiSf'!
- .. since large qnantities c:f m,dely soatteréd“ data "are
nrcaucedmmacousticemissmn X

"":::'-:'-':"'I'he Felicrty Ratio : did not prov:xde as::curate or relzable?

' 5)*1‘11& nnset c&f h:l.'B’h energy famluraa sut;h a.s fibre failura and;-.’-
RRE delammation near faxlure can be datented by monii:m:mg. S
5 :'hlgh amplltude ncurrmces or- high energy c:accurrences. D

Ce) 'f_-:".:Aczoustic ami»:aaion is an actmpted NOT 'method, but urther
O _research is raquired i:o unc}arsta,nd it mora tha:mughly, T

R & ‘l‘he quanta.ty of caunts amd hits at & certain 1aa& ia
) o dependent on. uoupl:mg effm:.ency.. _tbha counts: v hita
i results d:.d not. prcavide ac_n;rate m: rellabla infarmatimn as |
_._:._to when ultimate rmlure was ’tm occur*-'--' D ST




s sacommmAons

Ly Th& amplitude Peak events -_shaulﬂ be cnrrelated fith._rlse.t'-:"

_'_-tlmas; riuratian ‘tines anti counts to. es:tablish wrthaut dmubt-'-' B
“hat the sign:.fwanae cf these parameters With regard 0

ailure. madas is. Each event shmlld he ﬂlaaaecl accarﬁing to

ﬁ_-rta duratmn times and amplitudes, “and the thxee_ fallure'f
;mc:dea may then he diStingmaheﬁ EV&nt for event; R

| "'I‘he. shear. mﬁdul s-" fpr the mater;.al should:_'be ca ulatad by

_P specimlen te'st' and thé sheaz"-"

" : =;.\_.01:her ply' orzantatians_ sho' ;.d-- alscs be tested _Elut:’bh aa-]_
J"-’._?_:Lammates mt.h :L!i" 30’3’ ax 60-’ layars, R :

'.[‘ha Petita-WaddoupB and sandhu theomes sh.ould ba evalua{:éd':__:
. fm’f bﬁth g’laas and aarbr'n f:r.bre reinfnrcad specmans. CeE
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'1f€¥&;2 2 aanustic Emission Graphs

V'flmhe arrors presented hera -arisa dua to the 1ow grapﬂlﬁﬂl

'f[;; resa1utian of the acoustic emissian plots, from,which ‘the first

'”:'=*set of aceustic emxssiqn Lnformatlan.waa abtamnad.ami,}-

'Tfpfﬁmaximum arrar in vultaga (gara. main)

dV‘ 1 3.mm
12 E‘mm

'1 ' 3(c¢rresponding t¢ nne bluck)

HD 104 O:l: 117!'4»%

’5j Thia ervor iE the ‘sane for all the xwaxis parameters un th@

"”7ff; ;acaustia emmssmon graphﬁ tamplitude, riﬂe tzme, etc}

e et errurfﬁrthwaxis prametrsm S

| ._.._:.sfz&.i._a.......,....o 96 mm
£ sanm .

" Obviously the incurred ervors will be lower: -
' The error over the full Y-axis range willbe . .

53 Qim”




- n ms m: :L a %

| _'._'i_’l‘ha érrcar :ovex tha full X#axns raﬂga will be’.- Gl

_.___x.;“__ 125 smm Lo

o _._'__'Thfe armrs in the results"'shauld be hatween tha :Eull axis range .




R f_.'-'='__.-APPENDIx B~ :Resu_u:s from sm cmputer '

,_F;;§3B.1 Carhon ?1bre Re;nforced Specxmens

_,g3g;;These plats were usad te abtain ply failure infmrmatian. 3

?F”fplcts were: dohe ‘for each specimens -

DT dy non-cumilative - events vs. anplityde hzstogram o
2) nonrcumulative events vs rise time histogram. SRRt
-3) non~auttuiative- amplltude Ve joad pulnt plat i

_ o 4Y, cumdlative gounts vs load line graph - R _

e Ll B) nonwcumulat:iva events v duration hz.stogram SRR SR P

'ﬂ;];aTwa examples af all the plats of eaah 1ay~up type -Are incladed;




+ 90° caxbon fbre specimens-
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beqln : e
wrlteln(' El[',:,’] = f,eal[i}
cwrltein (- Ba[r, 4,0 = *,eQZEi]
Cweiteln(? GL2[7,1,7) & gclzg
]

fmaﬁtype§11 B 2}‘5f,ng_;,:_.

~

e

Pt

T : ) ) ]
. SR U : R

—

-

o owelteln(” XE[/, i,']:_
U oweltein{ Xc’[',i 1Y s

- weiteln(® ¥tf/,i, *J_.. ]
o writeln(! . Yo[!, i,'] s ¢, yeelijs
Cwreiteln(f SE’,i,'} = ',sc[i]:&

W

8

li i! il Ii
>
2]
0
-
2

LT A -l\?"'.' -&, .

writeln(’ mewl2f[‘, i,fl =, me
-'wrlteln{' t[’,i '] = ,ta[i]:
cend ) - .
ch:=raadkey, g,g=:._ _f,

"-s—_:-u MNNMW&& e

et u\-i-! LT TR T _l. aw AE . ..

var - T
| R leax,mmax,mzmax .2;_&&1_?_ R

Begln L '
. writeln('booat ’) -
fnr ki= 1 to nlayars do
begin . :
R1[k]) i= aha(Rl[R}}».--

B -1 R LR RN R RS -1 T T I T



Rlzmax g Rllej, :
fo:r: k1= 240 nla.yers da : A L
begin S : ' :
A Rl[k] > leax } then leax :w Rl{k] ;
C4f ( R2[k) > Ramax ) then Rimax = R2[K} } o “;,-Q:_;-'%i AL
éf { R12[k) > RlZmax y than Rizmax = RlZ{k} e
'-;;if filesavemtrue then
" begdn _
. "writeln(gutputf} 3 : ' ST
_ wr;ﬁalntnutputf,’fallure ratiob.‘. Yroooe o
*for kie 1 ta-nlayers do. I L S el e
“pegin ",li'ﬁ}}-“.-]' DR T
grlteln(autputf,’ri- ,rl{k] s 5, r2#’;r2[k]16=5;f f riz=’,ri2[k]s6:8);
' writaln(output‘J;-_ fff:1;~-~v-= ) : : '
oooendye o T o g S
Rt Rlzmax; ' ' e R
C SR (Rimax > Rzmax) and {leax > Rlzmax) then R Rzmax
-~ AE (Ramax > Rlamax) -snd (Rzmax » RlZmax; then R 4= Rzmax
g fllaaavamtrue then TR AR .
- begln . B ;--p_ _;,I_:,__-.i_;,_s_,
z_wr;teln{outputf,' ratxu uaad... ,R 6 5)3; 1 :;¢; S
. wr;teln(autputf); B T
'g“endn-= P  ';c_-p R
bR tR <0 ) then T
for kK= 1 ta 6 da f.“”-”fﬁ_ o o
- begin - o ;i;_] o . ’
laaaing[k} ¥ 1oading{k] / R ,.;;w ' [
' wglteln(' New laading N ....*gk,t.,. *, laading[RJ};:E: C
L en ; e . .%. . T

' .-En.dr.

?pnocmnuan auwpuwl, *{jaaﬁa;oqﬁgnﬁypracéauréfyufi -

';var S --ﬁ;'zjaa;.--;:
: uutreap tehavy

QBegin

|
J
.if (failure - hrua) then o T e T _f_ﬁtm
~ begin T T ST PR
- fox. k 3 1 to nlayers dn R s e T
if f ﬁalltk] % trum ) then _ _ _ |
' writeln(' The ' 1ayar has failad‘!),."; o
writaln,_ - _;__ _ S |
o enar. _ . DRI
- endj o _ L
- end’ _ R _
 else writeln(’ Na ply failura f)* T S AL
n. 1f (failcnunt B nlayara ) then writaln('nomplate failure'),;r”

wrmteln(' Layer No atraaa 1 N straaﬁ 2 . ahear stress'},- -
for' k 1= 1 to nlayars do - & B e

erteln(’-_. Lokt (atrausﬂ[k]) 6 Fo __;(stressa[k]) 6:2
_ if filasavemtrua than 'hf ~ -3  3; .  f”-:“  f:~  , f.:   ’.  : ““': ”.'f
. hegiu B L E o - R IR . N S

- t.wvi‘n’lm!hlﬂ*ﬁukf\ * EEN



;,.*3 _
'3'““Tf12f_
R T
. end;
1ﬂ'wr1teln(nutputf,' CRITERIA')?
- . weiteln{outputf); - '
"1fh¢criterianin) or. (critariawll) then e
- writeln(outputt,’ mz = f,A:.z;, S
wri't'aln{outputf), S Sl R e W
- andy L L SRR
.,gjlwritaln(outputf,f Qutput numbar ,caunt+1}, »_' _ S
' writeln(outputf); S Do - ,;_." SR B
e wrltelntuutputf, Layar No ,.  atress 1 shress 2 S shear atrassfj,ﬁ
o ofor X ov= 3 %o nlayars L: o R -
BRI wrxtaln{autputf, - f,k;’j- i.'*h :,stresslik] 6 2, _f“] ]' ,strasaz[kl
'swriteln(outputf), R RIS A _
o weikaln(outpute, 7 bayer Nb : straln 1 ~U~f% straln 2
. ifer kim 1 to nlayers do B “‘7~* '
- wpdteln (outputs, ;*?Jkgf: _P-T,,\ ,strainitk], - ,atrainszz,
L .iteln(autputf), IR '"*;-" L
. wedteln(oubputsf, Layer Na SR strain x rjf;;]; strain y
Lo Ror Rosm ol RO nlayers o ;p-:rf ” '"'“~_ o
St wrlteln{outpubt, -~;.gkt{- -g.u S ,strainx{kj, ; ,stra;nyrk],
o writeln(outputf); =~ - o - C
R Twrxtaln(autputf,'mxx = !,ex 6:2, Eyy = ?,ay 6 2,’ ny = ',gxy.s 2,
*_=g_writeln(nutputf). e ;. . e o :
d,=1fur ko= Lite nlayexm da ' ' ' T » o
- beqin S
if (fall[k] = trua) then o L
bagj,n " o Z ol
wr;te(autpuuf,fwha £ k,' layar has famled )
case falltypa(k] of SRR
SRR A 3 writéln(uutwutf,*by principla ‘gtress x )}
'~,2_= writejn(nutputf,'by prineiple stréssg Y'J,
=_;y.g:: wrmteln(autputf,'by interautian tarm'),
Loand; : .
anﬂ,,fgu .. | S o
o end; R
--'writaln(autputf};j:J{- SRR
_'.writaln(eutputf),,s“:- T S T
L AR LTE(OUTEISUE ) 4 o toion st n ot sl o o 5t b e 1 e i e e e v v
*writaln(outputf)?gg . oo e S e .
writaln(uutputf),.}ﬁ.
cend; - S
apunts m-aount *mg_,__ L
endz. .. o i

Write(nutputf,’NORRIS DISTORTIGHEL'J; __-:?
cwrpdte (outpukf, "FISCHER' ) '} -
write(autputf,'GGLDENBLATMRGPNOV'),
-write (outputt, 7TSAL-WU/) ;-
writafoutputf,thRMBN S”ANDARQ {HILL)'},:
write(autputf,?MARIN*), -~;3

‘i"t-' Frs ac.'_-s ;:-’ ]

MPROQEDURE_GRAPH,_ 3 plaa;nq the 1oaa~strain painta in & aata fila
._-;m' _z=;_a-y,;q; fcr inuarparating in L3 1ntua wnrksheat b

Tdat - '.string,.-"“

data L ttext; S

dataresp char,-. SO

[Begin o

' '“=a1rsar, AR

-;=f111nput(dat L
Name {dat, diraata, .dat'),

retrw it FARd Y .



FB WA S e e e
i erteln{’CQQIds ...,no, nf paints;

T mer= straing{l]; o :

i;cgfer kK 1=1"to: nlayaxa dm _ >
AT “AE- (straink(k] > ss) then_ ss'

_._'-xcaard{nfailﬁ]:.w s8; - S

’ ”yuoord{nfalls} e laading[l],* ;; R

}PROCEDURE FILEDUTPUT'“{‘N

'fllesave*mtrue~1!J-' RS '
_filinput(outputfilename), IR
vassign(outputf, Gutputfilename\*-"*
‘rewrite{outpatf); . _ R
gotoxy(5,24); - gfd?xauﬂji~f'
-erte(‘Labal for. nutput file°'“f}-q"315“'
assign(input,7); . - Cert e

creseb{input)y - - _
;raadln(iabej,;._a '
: _ writaln(cutputf,’numbar of 1ayera = ',nlayers), .
_gﬂ&.writaln(autgutf ‘number of ‘material types =. ',types}, T T
.iwrmteln(autputf,'number af 1ayhup angles ,nangles), n,,ﬁ];i*_ﬁﬁu--Vfi"*
- Cwriteln(outputf) ;oo PR N AR
oo Eor ii=-loto types da
: he in o

writelntmuﬁputf matexialname

})? o R
‘writsln(outputf, /EL = ’,Ec1[£ :3:2,' S ,ecz[lj 8:2,' 12 2 ‘,gcl
wrltaln(outputf,'xt = 7 xtc[i]:B:z,’achjmf{,x¢¢Li]:B;2);;_ﬂ_ S ;
Cwritelu(outpukf, 'yt = ',ytc{i]:ﬂ:z,’{'¥a3=sf1ycc[i]:3123;;;_ ;g
grxteln(autputf fs —; ,sctl] 8:2,’ _méwlzmﬁ_:fmewnlz[ijzs zgfﬁ.thicknel

‘end: o o R R L

B .__].

j;_writeln(dutputf), coe *‘fﬁ;f SERIE
._~=fwritaln{autputf,fAngles’), ~3__ﬁl :ut
ofor 'k se 1 to nangles. du o A
C wrmte(uutputf A, r el ,angla{x] 852, -, A
~writeln(outputf); - L T e T
. _-wrlteln{autpu?f,flayar materlal types*), _.:_;]g_¢1iﬁ;;v"*--*“"
. for i = 1 tg nlayers de ceTE T
- write{outputf, i,f =.f,ma,type[1] 8 2, BUES ¥ B
- fwrite1n(nutputf), : T
-fwriteln{nutputf,'layer angle types'), B T L
far 4 := 1 to nlayers do - FE T T T DR
. write(outputf,l,‘ =f ,angletype[l],-; T T
-_:a,_jwriteln{outputf}; AU
CEndy o S

_'PROCEDURE DEFN;

'Begln S

- nheadsi=4; LI
fward[l]*afinput'*f':'g N
:'word[3}=—*options** ';~

C word[4)s 'qult'°'“”'” R

- pnheads{1yi=s; - . 0 0

. _;head[1,11'=‘use rile*':[;=qg'
f__haad{l 3}*w'changa lamlnate’-h h
. head{1,4}:='loading?; - = .

o HasAl 1 B s=Frhande r‘ln-nr'-l-ﬁs-ui' - 7 B




head[z 11]==*TSAIWU’ S
_head{2,12] ;= CERMAN" swnfﬂr;-:t:f~wt"~
U HEAD{Z, 131-wrMARINf-;--~'
-gpnhaads{3]:=5,.. S
v head(3, 1]°=’Screen"h.n --'Tfeﬁtv
‘head{3,2]s='gave laminater; - - R
" head{3,3}:=‘open file for: autput'*;;,m.ovﬁrn.
 head[3,4]i='view laminates; - B
.- head[3, 5].-'saVe laadwstraln data" T
--.'pnhead$[4]’ y _ PP

.jPRocEDURE cachfﬂ'

” beg1n _ L
_nfails tid 0,_ ;u3 B
- countr= s
;.j“faiﬂcount 1= 0 _
- T counter t=0 ;. E
- for k i= 1lito Nlayars da L
,__fall[k] 1= false ; -
a;;jthlckness =007 L _
- for ki= 1. to nlayers du N
- thicknesg = thickness + £ik]; BEE
-~ writeln(fthickness = 7 thlckness 5% 3};}j-f¢;-?:%f ;_
-2l :='-th¢ckness;2 wrlteln('-_ z{0} . foz{oly; .
o for ko -1 to nlayers du 'fc:_” Sl
o begln . i
Bk z[k~1‘ ¥ t[k]) BRI
writeln{‘ ZF';kr’] = ;z[k3th SO
. .repeat
~ begin
repeat .
begln B
MATRIXCALC, A
for R 1 to 5 do _ _ SRR
begin '
% 1oad;ng[1]<1a~10 then loading[i]‘=1e~15,
load[lj p= lnadlngfl],
Cend;
SOLVE}
STRESS; - I
. failurei=false; - - - o
case | critaria-)_af_-__V,]_f o
MAXSTRESS; B
MAXSTRAIN; B
PUCKSIMPLE '; A
_PUCKMQDIFIED
TSAIHILL. ; ~x.-
_PUPPOEVENSEN, _
NORRISMcKINNON
NORRISDIST, !
"FISCHER ;
GOLDENBLAT,
- GERMANSTD; =
;MARIN,

. nfails p= nfalja ¥ J
CGQRDS, . o

i

-~y '.‘_ e da S8 g i Ak WECDP B &4 W

end;

- untdl (. failure = false ) or (. failaount = nlayers ) or {h&*n’),
R fi-‘ni‘lnmin-!d - n‘lawnve X -lwhn-n } . -



;PRGCEDURE PREDFFN; SRV
_Bagln SN
for-is 1 tn E_do S
begin ' ' KR
loadlng[i]'ula-15,-:g-
193&{1] 13‘153 :jfuﬂ

nangles'—o'“ R
-fur it= 1 to. types ﬁo
baqin L _
materialnama[l]‘“**'
O Bel[iYs=0; o - ¥
-”eu2[11:=0‘ .
,:gc12{1¢=“0,
-:~_xcc[1]==0,[p'T‘ o
s;gytc[i].mﬂg-,;,_g
-_3-sc[ ]'“0, '
cmewel2{i]i=0;
-”"‘tﬁill'*ﬂgsﬁ”*'
'_'.End; - .
. for ir= 1 te's do
I anglEfll’“O,_ﬁ-._fﬁf
R mattype[z]'*o,_eﬁwz?
.- for ii= 1 to 16 do - -
3 angletype[z} m@,~ei;§
Enﬁ, T
PROCEDUR“ MﬁTkixsavﬂzg*ﬂ-
Begxn
-H.writeln(nutputf),
“i_:;writeln(outputf);
. For iis 3 to ﬁ do
begln

far ji= i tm 6 dn
begin '

Wriﬁeln(autputf,fstiffness matrlx for this lammnate-’)"

write(nuﬁputf,matr*x[m,J],

Candy
o writeln(autputf},
~endy.
L close(ou putf),_
end- .
PROCEDURE FAILURr -
BEGIN { ‘main program }

{ExltSaVe‘mﬂxltProc~ ;.;;:~-'“

'hxltproc-=@My£x1t,}
clrscy;

filepathi=‘c: :\{an\pag\¥, Wiy o
directoisre; \1an\pas" _j»,_gwt'

- filesave: falsa-
-.PREDEFN:.f;' '
pcaunterfiaa *rue;
,gpasn-=1, ..L_L"**'
clrser;

B A l-T 3 i



;rnEsza, g~;“"_ .
S glrsery .
ufnx i tws 1 ta typﬁs do
begin - e
LAMINPUTi,-.--=4f“?ﬂ-$;
Coendp o _
- 1$MINPUT2(--; B
© o LAMINPUT3; . o T o
"_"IJAMINPUT‘K: A TR
33 ”eqini B
C T ivsers. _ .
--w:ite;ﬁtkl“:materials and their prapertles'), e
- writein(’/2 - material type sequenca'),z_
Cwriteln(’3 angle sizes’);.
yeiteln(’4 - angle type aequencé'),
Ceriteln{’5 no. of angles’}; _
weiteln(’s - noy of material typesfj,
: wrxteln('Tfjna uf layera')--- _
O owriteln; . .
. owelte(What do:you: Want to change? ')*
. chi=readkey; R A
- cage ch of _ _
Ltit p begin ' o
R gwrxte(’ﬂnter matewial type numbar_...ﬁ!);
o readln(d) s RN
- LAWYNPUTL; -
o "E§rui; -
#3713 LAMINPUT2}
A3+ LAMINPOTS;
- :gj: rLAMINrUT4,

DM e e

‘begia. -

S wedtlslng . L
o wrike{fEnter no. of ey, Le0')}
ifa'raadln(nangles}r'-,n;- SR
o endy

A

op

“hegin .
writelny

raadln(typas);
end? _

begin

writeln; - ) T
' write(fmnter no. mf 1ayer eant);
.1I-raad1n(n1ayars), o D
o Ei!iﬂi, .

RIS

. ehdy
T 5311(1; o
DEFN4;
begin . _
gntoxy(l,loy; S
wiiteln{’ 0ld. direatory.i‘*,dirnqto);
write(’ Enter new dzractavy... i
_.READLN(direct)'“- '
Cif direet=’* then direct=Wdire¢tu, '
~ directo:s dmrect, s _ o
and; _ '

..l Ll

end; |
. begin -
1uadf1ag.=falsh,

© for it=l to & do

if loadinalij>0. Oﬁnnl then 1¢adflag*=trua
criterias=posn; =
it lnadflag~true then - }“ﬁ
- begin - . L
' ¢INPUT2,, -

AT e

'nwrite{'Enter no. af matérial’typeé;;;’j};:a:u,“.'"



',fah argaakey, _ _
Q:LAMINATEsaVE, o _a-** R

- begin 0 o B
S 54 file@ava= false than rILEOUTPUT
Cocelege _ _ _ _
L begin

elrsor)

ny.»-

write(’a £ a ;ﬁ already apan for output..Want to changa it?:f

S ca*mreadkay,_
- if ch in [Ty, ,Y,} then
begin. - = _
MATRIXSAVE; - o
FILEOUTPUT, R
- endy R
S ey
End: e ) . .
4 @ Begin S
for: ii=.1 to. typea dn e
' hegin _ ' L
;iwxitaln(* El[f i,'] = f,eal{i} '
- wrdbeln(’ EZ[',;, I= ’,ecz[i]
writeln(’ G12[7,1i,’'] = 7,9012(
writeln(’ xt;*;m,'] :-‘,xtc[i]
- cwritedn( Xef’,1,7] = 7, noo{i]
coowedbelntr Yo[s, L, 7] =, yke(d]
._writeln('.ru{?;i,'1~m 'pyoeli)
Cwpiteln{’ 8(7,1,11 = ,sa[;] By:
S writeln(f mawizt’ i, *] 2 mewcl
welteln(” t[f,i,’] L tm[i '
f-h'wraadkay, ' L
: _clrsarf Lo ' '
-'writeln(*numbar 0f layers..' ,nlayera);

" writeln(’number of material typaa.,. ,typéa};

- writeln (f nunber af anglea... ,nauglas):
- ghe #raadkay; - _ :
lEnd; :
: GRAPH,
- and,_- :
cend; : .
aounterflagzﬂfalse,
until posi=4; . A
1f filemave=true then MATRIXSAVE;
gleser: L o -
. END;
" END .




unit'talcuiat;"
'-_interface -
uses globerit, crt,

?ROCEHURE MRQRIXCALQ, { calculating tha 1aminata matrix }
PROCEDURE STRESS: ' o
PROCEDURE 80LVE;

IMPLEMENTATION |
PROCEDURE SOLVE; { solves the matrix }

REGIN | |
for ki= 1 to 5 do
- for iis k + 1 tn 6 du _
bagin . c
mult[i] 1o matr:x[i k}!matrix[k k],
for 3 1= kel to 6 da - _
hegin _ '
mgtrix{;,j}zu macrix[i j] - multLiJ*matrix[k,J},
and;
" 1oad[i] S load[i} - multti] * 1nad[k],
En ..

atraina{ﬁ] Y lﬁﬁd{ﬁ]/matrlxtﬁ 6],
for i 3 dnwnto 1 &o _
begin N
straino[i] = lead[i];
fnr 4 t= 141 WO 6 Do _ .
begin
gtrainn{i] ) straino{i] - strainatjj #* matrix[i j],

: strainoti] H atraingfi] / matrix[i i]
end; :
end;

PROCEDURE MATRIXCALZ;
var '

X ecreal;
h, atore .mhar: check .taxt;

Begin : '
for ki= 1 to'nlayers do
bayin
¥ 1= 1 = (mewi2[k) * mawaltk])
QLI[k] 3= BA[R)] / % _
Q12[K] = mewi2ik) B2[k) / % §
Qr2lk] = A2(k) /2 _
st[k] := GA2[k] ;7
g sin(thata[k}),
52 = sqY(sl) ¢
g3 = 82 % 81 ;.
g4 = sqr(s2) ;
vli=cos (thetalkl) ;
c2i= sgr(al); .
€3 = ¢l % 0d ; o o
o4 1= sgr(e2) ; ' : : _
QT[L,%,¥%]): lel[k]*G4+2*(le{k]+2*gﬁﬁ[k])*sz W g2 sz[k] % Ed; '
OF[1,2,k] =( QUL[k] + Q22([K] =~ 4 * Q6S([K})#=2 * ©2 + QL2{k] * (84 + 04);
QT{2,2,k] = QLLIK] ¥ a4 + 2¢(012[K] + 2%Q66[k]) * 82 % 02 + Q22([k] * cd

MRFA 2 Y v P4 fﬁ-'l - VIR LT o ARMRETIBILY W W b A" PR H"l SEPYT e AP g

ey ﬁ-'np



 _unit Calenlat?

; _interface L

 uBes globar;t urt,

- PROCEDURE MATRIXCALC; { aalculating tha laninate matrix }

- PROCEDURE STRESS;
o EFROCEDURE SOLVE;

IMPLEMENTATION

PROCEDURE SQLVE: {'scives the matrix }

© OBEGIN

far Riem 1 to & da c
for it=k +.1 t@ 6 do

hagin

snd

mulh{i] = matrixld, k]/matrix[k k1

cfor ) = R4l to 6 Ao

begin ' s
_ mgtrix[i,:]:m matrix(i j] - mult[i]*matrxx{k,j],_
and;

;&adti]-'w 1oaﬂ[i] - mult[i] * laa&[k],

strainc[ﬁ] = 1aad[ﬁ}fmatrix[5 638

for i 1=

Cbeagin

dawnta o

straxnn[i] d o la“d[iia _
for J = i4l TO ¢ DO
begin

atraihafi] ge straina[ij - Btrainazj} ¥ matrix{i jJr

gnds

end;
aend;

étraino[i] §= strainafi? f matrix[i i]

PROCEDURE MATRIXCALG;

var

% real;

h, s&lore 1ehas ahack rhoxt;

¥ o o e

B win

Lo kim 1 to nlayars da

begin

X 1= 1~
QLLIR] = BA[K) / x
Q1afk] 1= mewi2(k)
Q22[k} = B2[K] / %
0867k] = GLI[R)

(mawla[k] " mawzl[k]}

*qu

- E2[k] / % ;' o

. m

sl 1= sin{theta[k]);
g2 = Byr(sl);
83 = 83 ¥ Bl 7
sd = sepr(s2) 3
gl i=cos {thetalk)) :
= sgr{cl);
e3 1= wl ¥ o2 } _ | :
o4 i egr{c?) ; :
or{L, k) lel[k}*G4+a*(Qla[k]+2*Q66Ek])*sa * oo b szfk] * 34' L

Qr{i,a,}
QT[2,2,k]
OTI 3 kY

2} 1={ QLL{k] + Q24[K) - 4 % Q66[K])%s2 * o2 + GL2[k) * fu4 + c&),

1w QLL[K] # 82 + 2%(QI2[K] + 2%066[K]) * 82 % 02 + Q22[K] ¥ wm
tn- {pl]xg] Q'S& ‘.... A EL T TS & - e fﬂ“l"llf'la‘"i ry f\"k“‘f'l&'l ol
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CooBmgleer
DUL3] e= 0 o
for kie 1 to nlayars do AR
;sqriztkik; - _'..H S e e e
BRY *82 p o e
z{k«l] ¥ o2 p

S 3k + (Z
+ (QPLi k] % (s2 ~_c2 )}
0 QP[E,d.k] ¥ (83 -

Rl B A

; ].m sqrtA[l; 1y 7 al2,2) ) /thi¢kneas,---
LR) = sue{A(L,2) J AL, LY ) ith*ckness*
3} / thickness; IR R
“mewxy t= A (3,21 / A2, 217
for ii= .1 to :
o for. el 4
begin .
matrik(l,
natrinfis L
- matriw(i, j Ted
o matrax[i+3 j 31-:
. and} '
aauntar te uﬁunter +1
Enﬁ; S _

3
1=='
3,

'PROCEDURE STRESS; { stress caleulation}

Begmn - L
fur k = 4 to Nlayers da o
hegin - -
gl 1w ain(thata[k]),_ :
82 = agri{sl); - o
oL v ces(theta[kj),- : T
eRi= osge{el); | ‘ |
straing[k] = atrainatl] + z[k} * straina[4]
gtrainy(k] = atraiﬂu(a] + zlRY * stralno[s)
gtralneyikl s=stralnelld] + z[k] * stralnp(é)
strassx{k] = QT{1,%,k] ¥ strainx[k] + OT[1,2,k) O stxain [k] + QT[&,S,R} %
- strezsy(k] = QP[2,1,k] # ctrainxk] + QT[2,2,.k] * scrain vik] + QIE2,3,k] &
ahrE5sxy[R]:m QN 3,1, k) & strainxik] + QT[3,2,k] * ﬁ.rain yik] + QI{3,3,k} *
strepsl[k] = @2 % atressx[k] 4+ =52 % strassy£k3 - al*al * strass f{k];g
- stress2[k)] te= 82 % stressx{k) + o2 ¥ stresgy[k] «~ 2 % slvel. % stressxy[k],'
. ostressll[k]) =<l % g1 * ol v strassx(k] + 51 % ol % streaaytkj (2w sl)
 strainl{k] = o2 * strainx[k) + &2 * strainy[k] + 2 # sl % ol * strainxyik];
- sbrain2{k] = 53 * strainx{k] # a2 * strainy[K] = 2 * gl * @l % stxainxy[k},
stra1n12[k3-°a Bt A sl wCl ¥ atraznx[k] + sl*ml “ st:ainy[k] + {a2«sa) str

E B . '

end}
“Endy
ENOD.



unit FallVerz,._}w:¥ ﬁ" 4_. -
5 intarface__ig;_.-,___,.

; uses crt,glabarmt;

| PP UEDURE MAXSTRESS;  { specific criteris procedures } .

 PROCEDURE MAXSTRAING - .. - = o
B PRGCEDUREfPUCKEIMPLE?f B e

. PROCEDURE PUCKMODIFIED; .

- PROCEDURE TSATHILL ;_;“*

" PROCEDURE TSAIWU; .

 PROCEDURE PUPPOEVENSEN; -

_ PROCEDURE. NORRIBMCKINNGNr e

- FROCEDURE NORRISDLET;
 PROCELURE FISCHER;

- PROCEDURE GonnENBLAT;h*'"'
' PROCFDURE GERNANSTD;
| PROCLOURE MARIN;

,;Impnamzﬁmawxcﬂ
Cvar c g R
L xerYrmrp:qfn,si,ﬁz aa :xeal; IR
. ?RQCEEURE L&YERF&IL,

Begin S .

- faillR) e true ;1_"

© falluve = brue ;oo :

- failodunt ¢= failanunt +1

- Bafkye=0y e N i -
;'Glatk}!war o

i-gi (straaal[k]/xx nm a 999} thﬁn El{k]

- Ena

PROCEDURE leEST, _

Bagiﬂ S o

LET(RL[K] > [ R 9993 than

0 Pegin

failtypa[kj‘wli
Layarrailr :

©oendy o

End*' ' '

PRQCEDURE RZTEST;.:' .

Begin '

if {R*[k] »a () 995) than
hegin
fail*ype[k]a-z,
LayarFa;l, e

3 end;

End F ’

PROCEDURE RlﬂTE&T, : _
- Begin o U
if (RL2{k] > 0, 999) then )

o begin S
failtype[k}:ﬂa, S
LayerFail; S

: ' end;; CL T
?RQCEBGRE KTEST*'
Reain




- Begin - ' '
;-ﬁlztk] to stresslaik] / S{k]
;.RlZTast, BETIREPE

7*pno§§nvnﬂ STRXTESTE Tl e T
__Beg
;nltkl (STRESSl{K] —-MEWIZ[K] % amnmssazxj)/ 0

E PROGEDURE STRYTEST,,,'H'3'”'" R
© Begin '

" R2{k] := {strassz[k] - mew21[k3 * stressi[k])/ yy

~

RzTesat;

J_End,

| BROCEDURE smnxwmﬁsm, g ]_.r--dffjvls: o

Begin .

 R127K] = fbs(streale{k])jS[k],

}'RlzTest,

N PROCEDURE PUCKSIMPLETEST, L

End;

"PnacEDURE PU&KMQDTEST;

if fall(k]=false then

E-Var

Begin .

-'Rlzwestf T _5“,;r,_._,_<_
A fail[k]wfalse than '

beg;n : JERR R
'sqrt(sqr(clfyy} + sqr(QZ/stkjj),
ng[k} § (m stressl[k]),.. -

Var - .
Dummy ._real;

Begin

R13 K] 1= 'taqrcstmssztkmcytrk}* yaka + stressa nkz *"f*ti'zi?i:._ti%'l--'-’_-'-'4.:-':'1}1%c='r'ki_i e

iE fail[k]wfalse then

‘begin - : | o
i sqr(cl)/(yt[k] % yu[k]})+ sqr(czls[k]}

.n =t Ql*( 1’yt£k] - 1fyct

Cdummy te= { 2% m o+ stressl{k] )f( = * syrt( sqr(n) o 4*m)), |
CR12{k) 1= ( 2 % m * gtressi{k] )/{ -n ~ sqrt( sqr(n) + 4*m)), e
ifddummy>Rlz[k] then Rl?{k]'wdummy,.- . _ T
and ; o tg-.;__ S S e

PROCEDURE TSAIHILLTEST, ]_ “”

Begin L
gl 1= sqr(stresslztk]fa k1) g;'
82 sqr(stress2[kK]/yy )3 S '

x R:LZ[k]:== 9qr(stressltk]/xx )-— (stresssz] * stressltk])fsqr(xx§ + sz + 51,

Riz2Test;

begin

m i= sqrt( 1/sqr(xx) “ al}sqr(xx) +, Sqr(GIIYYJ + Sqr(ﬁafs[k]) )
RlZ[k] stressl[k] ), o

end; _

End; o _ A N

PROCEDURE TSAIWUTEST, L

Dummy . al;[




.End,-_ R . o
.ﬁPRQCEDURE PUPPOEVENSENTEsT,ff“
:,var

-]

Dummy al::-f“aq :
82 1= sl * stressi[k} ®. streSSZIkJ f squ{yy) i
_ =gl % stressliik] ¥ stresﬁZ[k] { sari(xx) }
'lf ( g1 <= 1') then . g: - o ]f'ﬁ _ AR . - o
_ ~ begin Lo e
r;sRlZ[k -=-sqr(sbresal[k}fxx)~sz+sl*sqr{5tré352[k]/YY)+5qr(3trEEai2[k]!9[k
S ¥ fail[k]—fa]se then
- begin

;'aummy'“ﬁiét‘]: S o o o
CRIB[R) e glmsqr(stresal[kjjxx)*53+sqr(stressz{k1iyy)+sqr(stresslztk]/5
" Rlz2Test; .- Lo : . L . o

Cif fail[k] false than R _

. begin ' LR
Com e 3/sqr(xx) + sa.*cl/sqrtyy)*(el—n * sqrt czfsm ) )
_.-1f ( m > 0 }. then ni= sqrt(m) else r = 0j g_., _ . ”..1_,:?
S RIZ[EY F=om ok strassl[k} T

S hoas a&jsqr(xx) - sl*cl/sqr(xk) + sqr(cl/yy) + sqr(czfs[k]) )
_-_;1f {n.>» 6 ) then ni= sqrt{n, alae ni= 0, . _
L dvmmy $= 1, % stressi[k] ;
A dummyaRiz[k1 then Rlﬂ{k}.—dummy,
. end}-
e endy o
. o end _“"
- else: o A AL
RN 3g~beg1n o ' TR S S S
7 writeln(r FATAL ERRGR....,jﬁv SR
. writeln{? 3% sqr{a[kj)/ (xt[k] * yt{k]) is greater than 1 ill'); SRR
'-.-ahéfreadkey, - '
endy. . '

End;

" PROCEDURE . NGRRxSMCKINNGNTEST, R B N

Begin '

112[k]tﬂ sqr(atressl[k}!xx) + -qr(streasztk]/yy) + aqr(stresslz[k]/s{k]),
A1LaTes

if fa;lik]—falSQ then

begin T
- sqrt( 1/sqr(xx) + sqr(cllyy) + sqr(czlstklj Y& oo s
R12[k} = stressl[k],_- - S
 end; T
End,

. PROCEDURE HQRRIEDISTTEST, N o |
- Begin '
Rlz[k];— 3qr(stresslik]/xx)—stresal{k]*ﬁtress?[k]f(xx*yy)+$qr(&tr3552[k]fyy)*ﬁqr
Rlatest; .
Lf fail[k]—false then ;' _ _ R ' '
 begin - -
;m--'w sqrt( 1/5qr(xx) - clf(xx*yy) + sqr{cl}yy) . sqr(dZIE[k]) )
R12[k} :=m * stressl{k);

' pnocanunn FISQHERTEST,_' o , g o

- Begin '

J_if {0 <> z*sgrt(el[k3kez[k]*(1+mew12[k])*(1+mew21[k])) J then _
A ein e
m*wfelrk1*f1+mew21rk1}+e2rk1*fi+mew12rk1)\ff?*sartfelfki*a2tk1*t1+mew1



ﬁ;ampcnnvnx GOLDEHBLATTEsw, _: ;;_H:?_.

- Begin:

Cpim /e - Leper A T T
O L A AT SRS ¥a'i-T5 3 F A _
Lomas sqr§s?reaal[k])/4*sqr{p)+sqr(stresszik]\!4*aqr(q)+hla*s reaslfk]*gtressatk}
CUhy= absdn) y | R
}-sl:-sqrt(n): S S o et ;
-RI2[k)e= stressl[k]/z*p+strassz[k]/g*q+51‘

"'Rlzwast~ -

- fail[k]—false then o : T

- begin - o
- B2 g abs{sqr(pfa\ + $qrtn1*qf2) 4 Alz*ai + sqr(cZ{atk]}),
‘m 1= p/2 + ghol/3 4 Sqrtt s2)i |
R12[RY momo % stxessl{k] '

Coocendy _

.jEnd, A __

' PROGEDURE - GERMANSTDTEST,

. Begin

i;nmz{kj:maﬁr(streasz[k]);(yt[kj*yc{kJJ+stress2[k1*t1;yt[k] 1fymtk])+$qr(stres51arf

o Rl2Pest; -

5”ifbﬁa;1[k]=falsa then ) _ . - o Y
' egin ' |
m==61*$ﬁrﬁssztk11(Ytlkl*YcERB)+c1*{1/yt{k3~1/yc[k1)+cz*stresslzzk}1sqr(s{k3),_.
B Rl?[k]*ﬂm*strassl[k]; i s
- oendy _
fj_Enﬁ:-_'-_

%sPRocEDURE manxnmnsw,. S
;i,Begin e '
£ w(xt[k]*xc[k])f(xt[k]*xm[k]), _ v : O L
;rqzn(lfyt[kjuyt{k 17 (st {k] *xc[k])) _
- ome={2/ (xt{k])exo[k]) - (xﬁ{k]*xt[k]“atk]*t watik]*xcfk]*{xt[k]fytckj)+yt[k13)f{;
- onesL/ e[RRI *e{k]) -
:_glgék]twp*stressl[k]+q*stre5am[k]+m*stressl[k3*$trasma[k]+sqr{strassl£k]}*n*squQ
if fail[k]—falsa then ;'  _ _'_ o : e '_ o Ce
- begin - : e
ng[k]'mp+q*c1+m*strassz[k]+str9%51[L]*n+¢1*stressz[k]*n, o

- an L

Bna; _ o _

PROCEDURE PRECALC, o
C Begin =

RA[k]i=

.'RZ[k3==0,' :

C RI2[X}=O0p - - ' - |
if stressifk]<0 then xx-uxm[k] alse o *xt{ ]p SRR
if stress2[k]«<0 then yy:=ye[k] e¢lse yy'-yt{ J}'"'

- ¢l = stress2{k] / stressl{k] ;

o= 5tra$$12[?] I stressltk] 7 o
End; . f X L

_PROEEDURE MAXSTRESS, ;{'Spécifiggcriteria-proaedures oo

.. Begin : S o Do o T
for ki= 1. to Nlayers:da.'i, -

. bagin : o

. _-PREcALc;

S RTEST:

YPEST

jSTEST;

end,

_;Enﬂ;

'uunnﬁmnnww mavqmnn?wy': ;jf;



 Begin S
'-;for ki= * to Hlayars da o
o begin R
PREGALQ; _

 XTegt; b
Puaksimplawaat;

_ end; .

- Ena

. PROCEDURE vuaamonxﬁxhn, 

. Be gin

-,far K= 1 to Nlayera du_j'

- begin . - S
_PunkModTeat,

- XTest; :

. and,

1 End r ‘

= fpnn¢EnuRE TEAIHILL, zféQf .

. Begin . Gt
\f;far ki= 2 to Niayars da o
- o begin-. o B
FRECELC
Tsaiﬁillmest,
and; -
_End*--

' PROCEDURE FAcmoRaAnﬁ,

‘..Beqin o :
' Al e lf {xE{k) * xa[k}), ,,~
22 3= 3/ (yELk) % ye[k)’ Yi-
CAE (a22 = ~0.5 ) then ASE = ﬁ
oo else A8 1= l/8qg rfa[k])
BL = 1/xt[R]-~ 1{xn[k] ,
© . B2 ym 1lytiki - 1fY¢Ik]
. _End,-

' *PRQLEDURE TSAIWU,

' Eeg;n T o
- Lf- (ccunt = D) then
begin S
- elrsory L

writeln(*Teai—Wu ’), - ) o . _
writeln; - - ' ' -
writaln{? 1. this aritaricn you will need tha mater;al cunatant klz..-);___
wrlteln(! An estimates can ba made for zero shear stress. Enter.a ‘y‘-‘ yr
writeln{’ you requira This estimata, ntherwisa entar ‘n‘ ')*-r LT

chi=readkey; .
fantnrflag:=true, o .
--if (ch='n’) or ch*'N') then
- begin

factorflam: mfalse*v" ' B
write(’ Enter your valua af Alz‘; Yy
readln(&lz), ' \ o
L end: . _ _
1f facturFlagwfalsa then
o - begin -
tor ki=i to nlayera do
~ begin o
CPRECALC; .
- PactorCale; - -
%ﬁ;wsa1WuTest~
ands :




I "57f“ *?hﬁ??i'*“ﬁ'"
3}End, o .

;gPRQCEDURE PﬁPPOEVEﬁSEH,
*ﬁfuﬂ Rt =] Lo nlayers do:
Copegin
- PRECALCy .
PuppaEveasemTest;
P End"T” .
ﬂEnd,_

_iiPRﬁQEDURE NQRBISMCKINNDH,
::: - fﬁr k:ml tl‘) u !Erﬂ dﬁ -' ) S
3 NarrisMcKinnonTest, ,_;gj'
Q;EHa’ _-

{'PRG&EDURE HORRlSDI3T,

© Begin .

Lofox K =g to nlayers do

. begin T

L PREGRLG;”..- "'-s__ o
fj*pNnrrisniatTest* R
o KTestyc o .ol
i Xtaesb; s
joend; -_,3;_31;: ﬁ
y:Enﬁ: ,_*nc;f“'*“" .

| OCEDURE ?xsmmmn, R

. Begin . R

L Ter Ri=1 to nlavera do o

- bagin . _ :

©opmECALC;
: Figcherwest,_;_;-"““-'

_ end}

;_Endl

'PROGEDURE GOLDENBL&T; _
writaln(’ Galdenhlat~Kapnnv'), R
writeln} : .
: if {oount = 0 J than ';, -'H _ _..'-;f:_-_'-'?;;“;':;“;pgu;%,ggy'a:_. .
" pegin o B . S . FE
~ weiteln(” For this er;terion you will neeﬂ the material canstant Alz.-,} ;-
. write(’ Enter your Valua. '), T SRR N e . Lo
- readln (mz) R
_ end; : '
_,far k=] to nlayera du
obegin 0
PRECALL; --J_a;=5”= S
Goldenblatmest, e
'_Eﬁd,

_'PROCEDURE Gnkmauswn,=.
. Begin R
';_for k:=1. ta—nl&yara an e e
o hegin e
Germanstdwest;"
. XDest; o
_' end; -
B oY
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“Layer No
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