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llhis project involves tb.e cOlllparison of
criteria with experimental resul ts for
:materials I' and investigates the usefulness·· of

different failure
fibre composite
aooustic emission

in composite testing.. Three sets of specimens were tested. to
failure in tension. The specimens had various pJy orientations
and were tested us;tng acoustic emission to determine ply
failures ~ Carbon "ind glass fi.bra reinforced epoxy pre'"
impregnated specimens 'Vlereused ...The testing maohine w·ar1· an :ElSH
testin~ machine, and a l?hysical Acoustics corporation computer
and data ..acquisition unit 'tIlere uaed .to record data. •f1."C)Jt1.i a
piezo-elect;tfic sensor 0. $uit.able failure oriteria should be.
chosen en..the .basis •.of .ply orientation and material type -.(eg
fihre stiffness) r.. a combination of criteria being used it
necessary. Acoustic emission .wassuccessfully us~d to detect ply
failure in multi-layered laminates"
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Symbol Meaning

principal fH dJ ':action

stresses (MFa)
principal shear stress (MBa)

reduc(:!1!istiffness matrix

pri'ncipal ·fibre d.ireotion strains

modulus (MFa)

poisson's Ratio

T transformation matrix

t fibre anglt:;:(degrees)

princ ..:i.pal laminat~ d:i.rection stresses

(MFa)
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principaJ. laminat.e dll::sctiqn ~t,:ains

t.ransformed reduced st:i.ffness mat):,ix

cur""ature in laminat.e direction
(nun-1)

midplane strains

distance between midplane and·layer k
(Til.n\/

t thickness (ft)

N humber of lay.ers in laminat.e

load on laminate (N)

moments on laminate (Nnun)

A, 13, C matrices

s allowable shear stre~s OYfPa)

:xt, yt principal laminate directions
allowable tensile stress (MFa)

xc; Yc p:t'lncipal l~minate. directions
allowable compressive. stress (MFa)
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tensor teJ:m coeff ici~mts

7jTS ultimate t:.~nsile strength (MFa)

width (:nml)

ultilnate 't.ensi: ~ force (N or ]<:N)

FPF first p:i.y fail.ure forGe (N or kN)

SPF secondply.failu.re force (N or kN)

LPF last ply failure \~t or ](N)

b am}?'litude par.ameter

a amplitude level (dB)

n(a) number ~It\issions

constant· .
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1. .'IhTll'ROOtICTION

composite materials are being u;:;ed increasingly in a wide
variet;y of st:r;uC'lturalapplications. Their use in" the aircraft
industry has, in particular, increased rapidly over the past
decade, because of their good specific meChanical.properties.
KnoW:Ledgeof compo~it.ematerial fracture pehaviour is~ now-ever,
still l.im:tt.ed andmuchwork remains to be carried out bef.ore. a
full understl;lnding of failure and failure prediction is
achieved.

TWo. asp$ct$ at·~ of particular importance, thes\e being failul:\~
pr!ediction and. non....destructive testing. These t~$Oareas are
considered ill thi.s report.

E,ecausecomposite materials are anisotroplc andJ'lon-homog.eneotls,
s/pecial considerations; :mustbe taken int<l'account whl;',ndesigning
with the.'11.There are .;.Wobas.ic method.sof a;nalysi,:n~ composite
lnaterials; l~amely microJlleohanics a:n<i macromechanics~ In
:tnicro:m.e.chaniasthe indiviq\?al fibre (;lind.·nla.trix properties are
'USE.\d to predict lamina properties" In mao1:omecnanicsthe
individual lamina properties are uaed to predic.t l.aminate
properties, this procedure being kno'W'nas Classical 1.antination
Theory. Both of these (tre used to a certain extent in laminate
strength analysis.

Whenpredicting laminate str~ngthf The state of stre~s within
each lamina must he calculated and compared to acme f.'allure
criterion. If this lamina has failed, then its effects em the
Overall latllinate~must be altered accordingly before continuing
with the analysts (l) ..



1~2. Acoustic' Emission

l.~2~1History

Acoustic emi$sion was originq;lly wid.$ly observed ill the
llletallurgical field, such as in the [ormation of mart.ensite in
steels. The first instrumented acon.stic emission expe:r.iment was
ca~ried out by charles S. Barrett in 1947 on metals.

Acoustic amiss ion is becoming p~?pular q;S an ·1'.\DTtechniqUe,
especially for composite. materia,ls. J.l!tanypapers have been
pdhlished and research is baing ca~p:ieclaut overseas on topics
such as· testing of composite air.cx'a£t in-flight wit.h acoustic
amiss ion. stpmdards on ND~ttesting '~sing apol~stio emissio~ have
been compil~~.· such- .as ABMl!1acous't;.ic emission examinati~?n of
metallic ves~~els dU3:'ing!;tressure t~~sting; atld, similar standardS
for testing" 0·]: .composite vessels w ,In. the USA· there are courSes
for training of acoustic emission 1:.e$ti1'1l1person,nel.

computer ,ba~~ea inst.rumentation designed specifically fO.r
monitor;img aoot.1.si:ic emis.sl.on is manllfac~"urea by a range of
cempanies in the USA, :5uoh as :Pl~ysical Act;)ustics corpora'tio);l"
Dunegan Endevco a.no Hartford Steam .B<;iil€ir InspeQ.tion
'I'echnologh;>$. These machines can measure the various acoustic
anti-ssion parameters which'. are examined in order to establish
ma:terial behaviolJr I acco:-ding to r.squirements.

Establishing failure modes may be an important \Ise for aC.oustie:.
e11\ission, especi.ally in composite materials. ,Soma work has been
carried out in this .fiel,d (2,::n I and res-earch is oontinuing ..
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Acoustic emissiol1.CAE)in .material~ is th~ stres$ wavegenerated.
by a mat.erial whenan event. such as a sntctll volumetric change
occurs due to the ma.terial beinq subjected to stress. Ea.oh
,::.~ousticemission event, or occurrencsr corresponds t.o a single
;_:,ointsource. of mechanical deformation. (4). The stress wave
travels" to the surface of' the mater1.al, ft'OUl where ? sensor
picks up the signaL,The.signal can then be amplified, t:utered,
a:rlalysed and recorded.

A. !daterial .!£lu.stnave elasticity to allow \>fiestress wave to
propagate" .Meat.. a~'ldscund are c:r:eatedthr·o·ttghdissipation·of the
stress wave.due to intern<:tl friotion. High frequen("¥.waves
attenuate ·fag+'..er than 'lo~verfrequency waves. A high irequelr?Y
sensor therefore nate-eta events over a smaller area than a 1...,,,,"
frequency s.ensor.

'there are diffe1:"mt types of waVesthat travel in' a material,
such as surface waves, transverse waves an.dlongitudinal waves.
Longitudinal V.ravestravel the fa,stRst, fullowed by transvers~
waVes. surtace waves t;tavel slowest. Acoustic wave.Srefract and
reflect frommaterial .sur~aces..They.also maypartially change
modeduring' scatt~ring 0:1: .interfere with other w"ves and change
aocordingly. Therefore the wave recorded by the transducer :ls
not likely to be very Similar to t)le wave.as it Was generated by
the source especially in :e'RPm'aterials 4 Attenuation ef AE

signals equId be due. to factors such as part geometry (eg,
reflecting surfaces), modeconversdon, energy absorption (which
increases with frequency) and energy scattering eg due to
inclusions, voids anq at. grain boundaries.

Fibre reinforced. plastics have high stress WaVeattemlatic"i!
compared to metals due to their non....homogl::meous.nature.



Therefore AE.amplitl~:::;'em.easuri?'mentseven small distances from
the sou::ce can be useless. When mea$urin~l AE over larg~
dj_~tan"es, many h:.i.ghfre~uency sensors mu::;;t be used or fewer
low frequenc)t sensors. rt has been shot1n t.hat acous'cic velocity
across t.he. fibre dir.ection is much lower·.than· along· the fibre
direction in FRPtllhereas ai:t.enuation is higher acr-eas the fibcts
direction (5). Figure 1.1 shows amplitude variation with
distance from 'the sens ....i: for two different freqUency sensors in
a typical fibre. composite.

The acoustic emission sensor (or
piezoelectric type I consisting of G

transducer) is of the
crystal with a certain

resonant frequency. since the acoustio eluission .event frequency
spectrum is ger.,erally whitl3 noise (all frequencies) I the orysta.l
is excited and art electrical pulse is generated, such as that
shown in figUre 1.2 (4h

The n:umber of counts is defined as the number of threS'hold
o,):'os$ingsduring the pulse and the energy is proportional to the
a,r6a of the pulse envelope. Its units in this report are as
obtain.~d from the AE machine. The. units ar~ called MARSE
(Measured Area Rectiti'3d Big-rlal Envelope) and are sensor
dependent.

La.ckof homogeneity clue to porosity or i:nclus:i.ons increases the
AE res.ponse of a :materfal (5), and as such fibre reinforced
plastics generally generate large amoun'Cs()r acoustic emission
compared to homogeneousmaterials like met., • Thls is becaUSe'
of differing stiffenesses between constituent materials. Some
sourCes of AE. in FRP are matri:x cracking, fibre"'matrix
debonding I fibre ptt].l··out, fibre. fracture and il1terlarninar
debonding. Large amounts Of cracks may be formed in the matrix
before significant ma~eria1. failure. This Can result .in lot"
energy acoustic emission events may occurring typically after
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PuI.ser: SILOS
Reciever: S140HSiS9204Y
no. kHz Bandpass Fiiter80

•. 1

o 2 4 6 8 10 12 14 16 18 20 22 24 25
PurSer-Sensor Distance (inches)

Figure 1.1 Attenuation Plot: (5)
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OCCUl:'rence (4. )

only one quarter of t.he ultimate loao.has been applied ,in glass
fibre reinforoed plastics~
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1.3 Failure Crit.eria

materials,
laminates

sinoe the vario'tls failure modes of oomposite
are o.1££io\.\l\ to predict and n\odel with simple

mathematioal formulae. The crit.eria at'e functions of $tre.sses
and strengths and are designed to use uniaxial or simple biaxial
da~a to caloulate when the failure of a struoture. occurs under
muXti"'axial loading condit.ions. l\1ost :failure theori.eS are
suppo;r!;E;d by a very limited a.moun.tof experimental. data. It.
often happens that a designer may obtain ;reliable. material
prob'lerties and n1ay analyse material .stresses ancl sTt'ains to a
hig-h degree of accuraoy ( but is forced to Use a failUre
cr.iterion of doubtful. reliabi:' ..ty (6). The.t;efore there is a need
for more. resea:t.'oh on e}d.sting rail ....re theories to allot!]
desigl".ers to choose a failure theory with confidenoe for each
particular case,
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plane stress conditi.onscan be aohi.eved quite easily. There are
three practical hlethods:

(1) Off ....axls tensile or compressive t~stinqt which is
the cheapest method, but has proved unrel":'able in
some casas, (6)

(1i) Testing of a square plate tyP(~ speoimen or a
right-ang-lea cross spec:bnetl in biaxial ten~ion. For
the right angled cross specimen the t,,:d.cRl'1~sScan !:lot
be reuut.l~d in th(o?centre I as is t:.hecase :for metal
specimens, so there are stress concentr.ation problems
at the juncti(Jrl. (6)

(iii) Testing of tubula.r specimens in b:msion witb
internal pressure. (6)

Many criteria requj,re biaxial st:t'ess dq:ta in order 1::.0 evaluate
certain equatiCln ternl coeffioients. <'.)nly met:.hod(i)' 't.;rasused: for
obtaining biaxial stress data. experim~ntally for .this p:t·ojeet.,
sin.ce the equipment 'rec.{'uired is avail.able at most test.
facilities. The equipment..and specilnens requl.red for testing
according to methods (ii) and (iii) ar'e expensive a.nd the
techniques are difficult and complicated.



);i'igures 2.1 and 2.2 shot.; oscilloscope representations of at
matrix att'i a dela.mination AE event respeo:t;.iVtilly(5). As can be

seen., the two signals .are vastly d~fferent, and t:,hey may be
dis.tingl:ti.shed frOll\ each other by their· result(;\nt AE data.
SimilarJ.y, a fibre ('went should be a very high amplitude
relatively loW dl.lrat·ton tilnC'l eVf!.lnttype. Clearly the maitl
ctistinguish3_ng parameters betWeen failure 1110desmight then be
amp.litude and duration c].me.

There are loasio;:all)" four :failure modes i:'lvolved in composites
(2) :

l.) fibre fracture
2) matrix fract.ure parallel to the fibr·es
Z) matrix .fracture perpendicular to·t.he fibres
4) dela:minatiol·
There are tWCl modes of fibre fract.ure ; crack propagat.ion
perpendicular t.o the fibres t. and the absence o·;f !5/. continuous
orao)t with isolated fibre fracture"

The ene.rQYrelease depends on the stress level, geometry (eg
fibre Voltlme fraotion~ fibre Qrientations) and moduli ot the
fibres and matrix (.2).

It 1s commonly accepted (4) that the peaks on the amplitude vs,
evants plot .rt~late to 'che three common failure modes, namely
matrix cracking, delamination and fibre fractul\'e. There has
recently been som~i di.spute over this~ The difficulty is in
trying to isolate a typical failure which is definitely of one
type • .A typical bimodal amplitude histC'grctlrt is Shown in figure
.2.:) (Fibre breal~age 70 ... eo de~ delamination pO ... (~OdB).



300

.0

·
·~ --
,

fl~~\·-- ._
, ~ I D.,·· 1\-10 I~· ~, Y'Y Ilt~ r=.gvl~~(r py~

~
···~ - --·
··~...-····- --~ -,
···.
"

..._ - ~-- -····... -
···
~ ~!M7" rv-r1Ml"i -rn-v- -II"'V"T"T" ""l-r-o-v- 1""'0"' ~'O q ~ ...

200

100

--100Amplitude,
mV -200

....,300

-400

-500

-600 o 5 10 ':5 20 25 30 35 40 45 50
Time, p.,S

Figure 2.1 Matrix AE Event in Fiber/Epoxy composite (5)



Amplitude, 0
volts

.- 'l.b

-2.0

....2.5
o

2.5
2.0
1,5

"

h ._- ___ ""II p~r\r--'_·
· ._{~ - -

~

I

· it 1~ to_ w

\~- :N 1· f~ 1. - ,·

i:--~ r~--
f\\J

_,

1\ &1 11~, 1
"Q '" " ~

·· I~ -
·

~·.. .., -~- I·
11 ['J,

· ,·~ _....,._ 't---- -·
y

- -v-rv-r -n-r~ ~ --v-rrr ~--.~... ~ .
, , . •• v

'1.0

0.5

5 '10 rs 20 25 30 35 40 45 50
Tlme, /lS

Figur9 2.2 Delamination Event in Fiber/Epoxy Composite (5)



- 12

i.oeo

l

~-------------~~----~--~------------~~~----~---Figure 2.:3 ].t.;mplitudeDi::;tribution for Different Load Ranges
(8)

l.~diM ~tom
4% tQ 100% .......

i)g tllilUfn load ..."'"

o to 20 30 50
Amplitude. dB

100



- 13 -

The following t:.heory (2) has been put forward for amplitude
analysis.:
A log plot of threshold amplitude level I a' va cumttla'tive number
of emissions exceeding the threshold level giv~s a straight
line. Discontinuities in the slope 'b' may indicate critical
points 0:1:the amplitude s.pectrum. b is not affected by the
attenuation Of aound. in the material, if all amplitudes are
equally attenuat.ed. A large value of b indicates a predominance
of low amplitUde events. A. small value of h indicates a
predominanoe of energ.etic events. :en r.einforced plastics t

several types of failure can occur simultaneously, anda. single.
'unique va1ul:;of b is not. obtained. (2)

Experiments were carried out, (3) to fine'!, values of b for
Ciifferent. failure modesand different composite materials. Crack
propogation was induced in different direotions relative to the
fibre direotion, and the acoustic emi.ssion data recorded. The
acoustic emission pulses generated by a particular 'failure mode
were found to have a unique amplitude distribution
characteristic of the failure mode and the material. 'rhe
characteristic signatur~ (b) can be ;found for a partiCUlar
fracture modeusing the .log plot described above. ~rhis procedure
enabled reliable identification of 'che crack type Which
initially developed.

It is purported to :Ole possible to set the threshol.d level
suffioiently high such that emissions due to plastic deformation'
of the.matrix are n.ot recorded and in this case one AEcount can
be correlated to one: fibre breakage un. It is an accepted fact
'that filament fractUres in general generat:.e more energetic
events than other failure·mechanisms.
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Another oommonly :r:ecoro.edtrend is the inorease. of AEactivity
corresponding to the kinks of .the .stress-strain curve which i.s
due to the. increased number of ply fa~.lure events occurring at
such points. It appears that the various damage meohanisms
generate different frequency characte.ristics,. but there is very
limited spectral analysis data results. This could be a useful
area for future research.
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Acoustic emission has· already .gained widespread accept.ance
t,)"'lerseas as a reliable non-destructive test lnethod. currently
there is an ASTtvt·standa.J}don testing of composite struotures
(10) ,

Acoustic emission may be uaed t.o Cletect damage :mechanisms.such
as resin cracking I fibre debol1t" .\"g', fibre pull-out ( fil)r.e
b:t'eak:lget de.lamination or bond failure in joints. unstressed
areas and pass! ve defects ,>fLU not generate acoustic .emission.

The basic function of an acoustic emission monitoring system is
to detect... locate and claS!~:dfy emission sourcaa, other NOT
methods :may then be used to fUl:'ther evaluate the signifi.cance of
acoustic emission sOUrces (10). Table 2.1 shoWSthe. varlous NOT
methods and their usefullless in the field of composites.

Acoustic emission is usefv.l for. monitoring struotures during
service as a. means of incipient failure detection. xt is applied
during proo:{:tests to identify a.ctive flaws that could induce
failUre later.

01,) :Kaiser arid felicit.y Effects

'X'heRaiser Effect is the effect whereby there is no ~coustic,
emission upon reloading until the previous maximumload is
exceeded (2). This often holds true for metals, and for
composites at· very low stresses (less than a quarter of their
ultimate load).!f a composite is not held. at load in the elastic
region until all the emissions have st.opped, but is unload$d,
emissions then occur at a load lower than the previous maximum.
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Table 2..1 Non-l)est:t:'ucti 'fe T.ests Applied to Gl!';RP Laminates and
Struct.ures (11)

Technique Defect O~ property evaluated

-----.. ---,----._---~-----------------
Category 1 C'3t!lgOfY 2

---------------------------------

q~jjlogrsphlc

Low kV, high definition
Radio-cpaque pei1E:trants
Radi.Owopaque tracers
Gamma
Ultrasonic

Att~rtuation measurernerns
VelocitY Measurement
Go,"liometry
Spectroscopy
Resonance
Holography
Optical
Optical holography
Speckle photo~raphy
Laser interferometry
Others

Acoustic emission
Eddy currents
Micro waVeS
Mechanical impeclance

o @

o 0

Q 0

o 0

0($\0

o 0

o e,,0 o

o 0
{}0 Q
Q 0

o 0 q 0

o

o 0
o 0 0 0

o @ 0 0
()0 0

o
o ti

000 0
o
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'l'his is known as t.he Felicity Effect (2).'I'h$ Felicity Ratio is
the ratio..of the. load at which emissio.ns o.ccur to. the :previous
maximumload. It. is indicative of the amount of damage done to
the" mateI'ial. A F~liGity Ratio.' below ,0. a is generally net
acceptable. By lllonitcririg the 1<"elicity Rat.io., one rnay either
check the initial qpality of the vessel cr r in ether cases, ,stop
the tests if the ratio ~alls below a, certain limit' (13, 14).

b} nUMer of Events

Events begin to take place. at a repeatable percentage of
ultimate load, fOT,a. particular lay-up~ A lay ....up of random'gJ.ass
bzgins generating, emissions at approxitnatlY 25% of ultimate
load," wbil~ a unidirect\'ional f-iber 1ay-up pegins generatll1g
~m:l.ssions.at about 50% ct' ultimate load. (15)

Aft,er tests were carried c1.llt (;to) on fibreglass!epoxy specimens,
the a.coustic emission events at an arbitrary load of 3500 lbs
were noted for each specimen, and plotted against ultilnate
failure load ( see figure .2.4. ). 'I'his curve was USed to predict
the ultimate failm:e load ot .the rel:i\;;.dningspeoimens to within
five l?e~dent.

Tests were also. done on gt:r:aphite!epoXY structural beams (16). At
41,2% of ultimate load, sufficient data was obtained from the
acoustic emission l':lYstemt.o estimate final failure strength of
the beam to within -cen perceh\. Figure 2••5 shotolS the plot of
events vs stre.ss of the beam. A graphite/epoxy 'nissile ccme's'
ultimate failure 'ilaS predicted to within eleven <perc\i.intcf the
ultimate load.
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The following was cono.ludad. (16)~.
1.) An ultimate strength prediction curve should be established
first, by :mo.nitoringseveral struotures to failure and seleoting
a load value which intersects the·events VS loaqc~rve.

2). Estimation .0£ .the ultimate failure can be. made front ewmts vs
load curVeS, provided that previous experience with the
compo.site material has .been ha.d. (1C)

other research (17) irlCluQect the testing in fle)!:ure· of. chopped
strand mat panels made using isopthalic polYester resin~ The
test pieces lA·'ere.Ioadeq to 1/4 of the:b: ultimq.te loact •. It was
fQllnd !..?lat all parts which produoed very low acoustic emi$sion
had acceptable flexural str~hgths. J ..;;t!, cert4in $pecimen$
Which prottlucedhigh acoustic emis$iOl1 '\150 had. acceptable
flexural·strengths. This indicates that the acoustlc emission
test will .piCk ou~.;flav/ed $peci:mens. HOWf;3.ver,noisy specimens
need to be reohecked llsinC] some other non"destr\.1.ctive test (NOT)
method.

Acoustic emission eve.dts may.continue under constant lQad (e}o
A time plo.tmay he. used to dete:dline if this creep deformation
is becoming unstable.· Xf eveht rate increases under constant
load, the material being tested is being overstressed and is
likely to··fail.

It has been ;..uggested (l8) that the :ratio of counts per event
should be ll'lonitoredi the allowable value depends on the
pa:tticular sit, ::ltion.

c) stress Wave Factor

A passive t.tltrasonio/aco\1stic method has been s\tggested for NOT
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(12). COllventional ultrasonic .methods are lim:itelCl.to f:;'nding
oracks ahd discontinuities. stress waves a:r~: induced by
injecting u1.tl:'asonic !-uls$s t.hrough the material a.ild a receiving
transducer det.ects the stress wav~s. A stress \\T:avs' factor is
found which depends on wave propogation prop~~rti~$ of t.he
composite. !t varies with microstructural ;fa(~tors such as
fibr~/resin ratio, voJ,ds., delaminations, etc~ Th,e stress waVe

factor is essentially a maasur'e of the efficienc}- of stress wave
energy transmissicn in the . .material. C(:;li}:;\ra1ci.{")p..agadnst .. a
sta.ndard piece of material is required.. Th'# stress w·ave
sinrulation method requires one .side accesS ~;!.l1!:l il'tlmediately

. ;.,._

returns a number whic'i'l rates the proCIuct'r distinguishing-
infe;tior mate.:l;'ial. 'I'his method obviously has t;ne. advantage of
not ~equiririg tha material. to be stressed dUt:'i1:lgtestin.r;:t,

An importan.t use for AE overseas is in the NOT testing of
compof'itepressure vessels.

The Colllittee on ~Ollstj.C Emission from Eeinrorceq Pla.stics
(CAR:?)have suggested a nlethod. 'for the acoustic ~missioh te.sting
of tanks or vessels (13).The lnE;1thodexplclne.d is convenient for
on.....l.ine use. under opet"ati.ng .stress to de~e.rxnine the structnral
integrity' of in ....~ervice equipment, usually wi.th minimal prr..ae.s$
disruption. Guldelin,,'!s are provided for the ·aooulStic emis~ion
examination or monitoring of fibre reinforced plastic tanks or
vessels u.nder pressure or vacuum,

A table of acceptance c:t:iteria is pl~ovided. The parameters Which
are monitored are:
1) Number of emissions during hold.
2) lfelicity Ratio
3) Total Counts
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4) t-h.imber of events greater ths,n the re;fel;'~1.oe amplit.ude
t.hreshold .(threshold Which.may·be found from tarsts explained in
the reference).

ASTME569-B2 (10) provides guidelirtes for the ~,cou$tic em:i.ssion
exarllination of pressure vessels whioh are "Under stress.

Acoustic emissiojl is used widely as a. test of l1(!'W.C\l'ld j.n-service
fibre reinforced. plastics overseas (19). since t.he. Monsanto Co.
(IJSA) started testing all vess.els regularly t the ml1'1lbex' of
failures has reduced dramatically. They have not had a case
vJhere a defect escaped detection by a.coustic. emission. Acous·tic
amissiol'l detects d.efects at an .early stag.e, therefore allowing
repair.

IJn1~ rej ect:t01.t criteria from .testing pressure vessels (14) are
l.isted b$lo'fAf, but apply to the specific. tJuneg-an/Endevc:o
equi.1?~nentused in the t:.e$ts. Slight nlodificat.ion :may :bE'! required
for other equipment •. purinq testing a stepped loading sequence
wa~ used •. The criteria in order of importance are:.
1) Total countis (event.s) in exceas of 5000 (measure. of
ounn,tlative d~mageJ'
2) More than ten events of OVer 70 dB amplitude (fibre damage) •
3) DUring .'a load hold, emissions last .beyond two :minutes (creep
stabili ty) •
4:) A Felicity Ratio of 1(;.·$$than 0"95 (previous damage.).
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2,,:3FailttlCe Prediotion in compositlas

Early work on the: strength .of anisotropio materials· was.
oonducted mainly on wood, single crystci\ls and metals.
:tl1.teraai;::ion equations vl-Sl:e developed to desoribe the strength of
wood as a.function of grain orientation, e.g Hankinson's theo:t'Y
(20) in 1921. .It is signifioal'lt that this theory does not
invol va the shear strength of the mater ial e. Many of the
composita strength criteria we;re influenced by the Von Mises
fa~.lure theory for :metals. Hill generali.zed the Von Mise.s
criterion to inolude anisotropy (20). Hill's theory was
subsequently adapted in vat'ious lYS ~ Initial .a,ttempts to
develop a strength theory which is inv~rr.iant with respect to thlZ.
ooo:r.dinate I?ys'te.m we:t'e.oarried out by GoldEltlblat and I{opnovand
Askunaz i (20), and su.lose~uent.ly by Malmeister, Teai and WU (22)
and others. Cowi,n's the()ry {2l1 was d~velol?ed for bone and 'iV'ood,
using Hanl{inson's and Tsai"'Wu's theor:i.es" Othet' cOlnposite
failure theories include ~raz'il"I Mi;i:lmeister 1 G:r:ant-Sanders,
Ashkt.mazi and Pelt)l:er, Chamis~ Griffith-13aJ.dwin., WU-Scheubleinl
Puppo-Evensenf t,ttsai...Hill, Hoffman, Nor:t.·isl Fisoher and Puck (20,
27) •

It was notcti (22) that nearly all. the oomposite fai.l,ure crit.cr:ta
agree wi:"'!l one anothe.r with rafe).:'en':'e to the principal
strengths; i. e. those 1.:tniaxial and pure shear test data measured
along lilateria.l symmetry axes , The. disagreemel1.ts 9¢nerally oOCUr
in the cOlnbined"'stress state.

It \-/as stated (20) that the following are .. among the great.est;
deficiencies \')1: cUt'rent:. composite strength analyses:
;I.) lack of a l:epresentative hut simple lamination theory to take
into account inter laminar and non-lineal:' effeots,
2) inst3?ficient rell.able e~peril\\enta.l results.



a

....23 -

(\

Th.a follotdng topios are l.isted (2.0) Which IJlarrant fUl!'ther
effort~
1) Whe.na particular ply in ~, laminate fails, h.O\'li and to what

extent does it unload, and how does this· affect the remaining
laminate, i.e , , how are its loads transferred. to the ac:t.ive
plieS~
2) Hot" to detsrmine laminate failure, i.e., Which and ho~"many

plies must fail.
3) Determination of the effects of residual stresses relative

to failure criteria.
4) Extension of strength theex'ies to incJ.ude ':'nelastic and
nonlinear lamina r~sponse.
5) Developmentof a simple but mathematically rigorous failure
oriterion whose interaotion coefficients can be evaluated eas.ily
and with contidenoe.
6) ))'ailure l;>rediotion and 1;ractu)'."e meohanics of bia~ia.lJ.j!

loaded composites und.er oyclic and Impaet conditions and e)ctreme
te~l\peraturl$!.s •
1) Applioatio~ pf :biaxia1 stX'ength studi.es· to hybrid

oomposites should be unaert.aJI;f.\m.

Many different failure oriteria have been proposed for
predicting the point at which failure in oomposite ma:terial$ is
likely to occur assuming linear stress ...strain behaviou:r... Tl1esG
various failure erite:d.a may he applied no eaoh layel:> of a
roulti-layered lall\ina:te to find t."hioh a,re likely to fail under. a,.

9'ivan loading ~yst.ent. 'llhe stresses in each layer can be
cal.c:nlla:ted. using the equations given in section 3.:2. In this
way, the strengths of a. multi ...laye:red laUlinate of differ~nt ply
orientations and materials can be found~
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The:ate are three ma:i.n types of :eaJ.lu:t'e. criteria. Thel....e are
critet'.ia oompri<singa number of ;
1) independent conditions.
2) independent and interactive conditions.
3) fully interact.! 'lie· .conditions •
An interactive term is one which contains more than one
principal e.rcrass. These criteria relate to a single orthotropic
:talTer llt pl~ne stress.

The most useful failur·e criteria involve litinil\lal lamina input
data. 1). normall.y equipped lahoratory should· be ahle to (;'larryout
all thfll test.s ret.luired. The cl'iteria evaluated in this project.
were chosen with this in. mind, the most unusua l, t.est requited
being the bj,axial tension test. A good criterion should account;
for residual. stresses due t.C) fa.b:r:ication and curing I as v!ell as
interlalliinar, non""lin.sia:r:tmd inala$ll':ic a~:feots (20).

The follolflin9' :are pcrtxlar :failure· crite:d.a that have };leenused
in the past: ....

'$1

Failure occurs, when one of t.he pri:r.u.:'lipal stresses reaches :1ts
ullowa1:>l.e value..

Ci



- 25 -

where Xt' Yt = allowable principal tensile stresses
XCI Yo == allot~aple principal compressive stresse~
S ::::allowable il1""'planeshear stress

Fa.ilure OCcurs when one of the principal st.rains reaches its
al.lowable value.

c) Bill criter:ion (34'.

d) Puc}" Simple criterion (22)
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+ (~'C~lr~1

according to the sign o·f 4JI2

e) Puck r:roc1if:1.edCrite.rion (22)

This criterion involveS tensile and compressive interactive
t~rrns.

f) Tsad.-aill criterion (22)
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g) Goldenblart.-KopnovCriterion (42)

where and

h) Puppo-Evensen Criterion (19)
o ,

( )2 ( .' ') (,')2' ):~ICTJ_ , ,X ($1 aa ", " ',4.l1a ( 1.*:1'" _: '1.:- _P,o, __ , ,-l-P· ........ + ,-...:::. _
X '"YXY ,,'J( ,S'

, '

or

where interaction factor

)
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j). Norris Distortional Enel::'9Y(42)

(. (ll.1....).iJ • (•••01 (2). . ...(.. '12)2( .~..1' '.•..~.... .1\7 - X y + -y + ....s}' t:.1

where ••~ and Y. should be ;r:'eplaeed Py Xt or Xc an;2l Yt or 'I.e

ae6ord.:i~nqto the signs Qf (j1" and 0.2 •
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k) Fischer crj:tel:ion. (22)

This criterion. is a modified f?l:'nt of the Norris distortional
energy criterion.

where
1(... 81 "(1 + "21.)' of- E~• (1 +."12)

t2. "BJ.E';. (1+ 'i1~~) .(1 + v2;r

Classical J.aminat.ion theory aasumes a l.inear-elastic,
o:r;thotropic constitutive behaviour for a stacked Ely laminate.
Most orthotl.~bpic strength criteria assume linear elastic
behaviour, \vith mathematical 'yielding" being synonymouswith
ultimate faill.n:~. ]:n practj,ce, ll\('),lW oomposites display
non-linear laminate lllec,hanica:Lbehavic.\ur r esr;>ecially mul't.i-
orientated ply lalllinates such as the +-450 lay··up (20).

Composites tend to exhibit non,,'l.:i.l'learbel'lJ~,tiour in longitudinal
shear str~ss-strain relation I While thtl longitudinal tension and
compression s'tress-strain relation remains J.inear (23). Aset Of,

stress-strain relations was formulated which describes the
non...linear shear behaviour. Experiments with off-axis speci:rnel'lS
showed reasonable agreement with the theory.

The st. Venant"s maximumstrain theory for isotr\';)pio ma.terials
was extended to include anisotropy by pet.i.t and Waddoups(24).
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Their theory anel 'th~' 'theory prt>pose<iPy Sandhu (20) provide for
non-linear lamina material response.

The l?etit~~waddoups the.ory (24) involves fitting a number of
linear stress-strain curves together, such that ~Chey are all
connected and together rese:ntble the actual stress ...strain
behaviotlt' of the laminate. Average stresses are applied
incremently to the laminate t and the average· incremental strains
calcu.la:ted 8 •which are added together to o101::ainthe current
laminate strain ~A stiffness matrix is calcltlated for each cirrve
p:i.eC;'!e. The load is incremented until one lamina fails ~ A

computer program is usually required to do this analysis.
Extens.ive input i.nformation is required, including lamina
uniaxial 'bunsile and comp~'essive stress ...strain data parallel and
transverse to the fibres, shear stress ...strain data, plus the
va.riat ..ion of major Poisson's ratio with ptrinoipal la.rni.nast.rain.
'X'he analyt,ical procedu:re was validated throug'h experinlentation
using Bo:r:onjEpoxylaminates in uniaxial tension. 0/90, +...:W,
+-30 and +"'00 degree lay-up laminat~s we:i.:·eused.

Sandhu's theory (20) uses cubic-spline functions to .c~:9resent
the non"'linear stress ...strain responses to fail.ure. Ply
deg'radaticm is based. on an energy ,to failure criterion. The
criterion is based on total strain energy. Sandhu's :method
req1.lires the same input informat:ion as the Peti t- Waddoups
theory.
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'r.lhist.heory proposes the following failure equation (2Q):

Xt can be shown' that :.

1
~.J~

Sa

(20)

The material. cpnstan.'t A12 must be c1etel:minAd by a biaxial test.

For stability, factor A12 is limited by the follo\\'intljl .aquation:
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The 45-degree e:ef...axis specimsn nay be used to. determine 1\12' In
this case,

and

where U is the tensile strength of the. 45-degree s.peciman.

Then it can be shown that;

HOffman(2.6) proposed the .fol1owing equation for A12:

The Tensor Polynomial Theory has been proposed by various
researchers (20I' 21, 22 I 2.5). The differences betwe~~ntheir
criteria are usually in the determination of the combined"'stress
related coefficient A12• He:-' isearchers St1ggest a biaxial
stress test.

The use of the thin-walled hlbe sh~ecimensubjected to internal
or external pressure, longitudinal load and t.orsion as the most
suitable biaxial sp.ecimen has been recommended (20). The tube
diameter should OS large to achieve reasonably flat laminat.e
conditions.
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Exper...mental sca.tters can be qi-eatly magnified during
oomputation. tn the evalua.r;.on of the ·factor 1\12 it .was noted
(26) that a +....3% va.riation in an uniaxial off""'axis tension test
strength at 4.5degrees will obscure the e.ntire permissible range
bounded .hy the stability condition. Twomethods for critical
determinati.on of A12 are proposed: 1) optimumratios for normal
l:d·a.xial stresses along longitudinal and transverse. directions;
2:) optimum ratios for combined l1orrl1al stress and shea
experiments in .the. off-axis orientation.. The best type 0...

loading in each case is calculated to achieve a good resolution
of 11.12' For the first method, pressurized tensile tube 1";esting
equipment .is reqUired. f while f·or the second method off-axis
ten.sile and torsion testing of tubes ia.required.

The f~ilure t.heories proposed by Teai and Wu (20) I Cowin (2.1) I

Hoffman (26) (;\noMalmeister (20) differ only in, their '''arious
methods of calculating the polynomial coefficient A12· $i11oeAl.2
1.s .small, it is Often taken as zero~ It was suggested (23) that
t.he following.should be usedi

By assuming· that for Zero shear .stress a nOh-dimsnsionalized
form of the tensor polynomial t.heory is a gel'l':.·.·alizat.iono·f the
von Mises criterion, the following equatit.)n l.vl:' A12was derived
(27) :
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Small changes in A12 can sig.nificantly affect the failure
prediction (20).

The A5hkenazl criterion (20) is based on the tensor polynomial
th8ory. The suggested method for finding the intlSlraction
coefficient A12 is by means of a 4S"'degree specimen tens;lon
test. For highly directional. materials I Ashkenazi S~.1ggesteda
fourth"'order polynomial. sene of the coeffi.cients lnust be
determined experimental.ly under three. different biaxial stat~s
of stress. The extent arJ complexity of the mater.ial evaluation
experiments required does not make this version practically
useful. l

Tennyson et 0.1 (28) snggested the ..1Se. of the cubic form of the
Tensor' pOlynomial Theory. Manyof the equation coeffioients mu!St
be obtained from btax,i.al .$tre~s data anfi, constraint equations.
A series of biaxial speciman tests ~using pressurized tube
specimens) 'Were used to obtair~ the ne~essat·y interaotion
strength parameters. It was concluded that the 'luad'r.'atic form of
the tensor polynomial strength equation was not accurate over
the full range. of lamina oriHnt;:rt.ions and can yield far teo
conservati va res\]11ts.

Biaxial test resu-lts Were fitted (6) to several failure criteria
t\'bioh inoluded Goldenbtat and.Kopnoy(Tsai. Wu, MCtUfied Fisoher,
Norris and McKinnon, Norrip Distortional Energy., Marin and.
Modified Marin theories. Conclusions wer/::as follows:t
(1) The fit of individual failure theo).":ies varies from one type

of materi~1. to another.
(2) The Fische ..: criterion provided tl1e best fit for the s.tatic

results.
(3) TheNorris distortional en·, :g'1theory prov:i.ded the best fit
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for simultaneously predicting both static and .f:rtigue
results.

(4) Failure theories disregard failur~ processes 17.11dhence
cannot allow for interacting fa:UUl::e mechanisms eg
micro}.Awkling in cOlnpt'ession.

(5) Apparently the fit of failure thec;.::, deteriorate.s with
inoreasing fatigue lif.e.

Good agreement was obtained (2~) bet'l.lleenpredictions based on
the Maximumstress failure criterion and expel:imental data from
tests on graphite/epoxy 0/+-45/90 degree lay-up biaxial
specimens. A tensor polynomial st·!"ength criterion proved less
satisfactory.

The Tensor polynomial (T.;;ai.....Wu) and Hoffman strength theories
have been evaluated (3(». The conclusion was that both the
Hoffman theory and the l?olynomiaJ. t.heory 1ft!ith A12=0 were
suffioiently accurate for engineering purposes. Therefore tl-

t.es·ts to establiSh 1\12are unnecessary. It was noted that 1\12
highly sensiti ve to small e~:'rors in measured stresses. It was
reported that after four values of A:12were determined through
off-axis testing 1 only one proved to .satisfy the :::>tability
conai tiOl'l. 'rests Were conducted on both looron~·epoxy and
E-glass/epoxy off-axis specimens in tension. Additionally G a
'numerical experiment' was performed on ten different composite
materials with six lQad cases, which were: 1) off-axis tenAion
2) off-axis compression 3) positive shear 4) negative shear 5)
biaxi<ll tensio.1 6) biaxial compression. All experim.antal results·
were tvithin 10%of pre.dicted values for both criteria.

In summary, the following points are note.d:
A failure criterion fit is dependent on the type vf
material.
The simple.r criteria, such as t.he MaximumStre.ss, have



proved to be .aocul\"a·cl"ilp:revJ.ously.
Expen~j,ve. and oomp.licat.ed bia~dal testing' to es\"';.ablish the
propel'c.y A12 .may be unnecessary, and a simple off-axis
tension test may produce invalid results. Simple
apprO){!inlations have often been found to be adequate.
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3.1 Sinqle !,amina

In order to calculate th.e $t~rf!:ngthof a lamil1ats, the pX'Qpet·t.ies
of a. single l.amina must first. be. establish~d.

:k"igure 3.1 snCMS principal axes .en a single lamina whare
direction 1 .is alol1g the fil:n:es, dire.ct.1.on 2 is transverse to
the fibres in tho plano of the platGil and diroction :3 is
transv(~rse to the fibres and normal to t.he plate.

, 3
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The stre$s-strct;i,n relat.ion for a lamina may be wri.tten in the
following fOl;'l\t (dezoived from ~d:andard stress.-strain relations
fo~ any material) (31);

and E ~ Y~ungts MQdulus
" ~ l?oiSf.lml,' S n.at~:o

The Poisson' IS l~atio :i.1') the ('1il:'ecti,':>ntransverse t.o tbs f ib:r.es·
rlnd in·...plE~ne may be olillc1.tla:ted using "',he fOllotdl'19 equation :
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A unidir~ctional :fibre lamina of arbitrary fibre orientation is
shown in figure 3.2 .

}... v

III ._~~~~~,_ .......... ,;......... ~ -~~~;",~~ ."._ ..t

F.l.gure :3.:2 Lam~.na at Angle t

For such a lamina, a t;ransfornuatiol1:ma:trix must be usad:

[

eos2t;
[7j ."'" sinllt

·sin~ ccae

sin:lt;
eos~t

sill t; cos t:

.2 sine cos 1; 1
~2 sint dost
0:0S2 t;-sin~t:l
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using· this matrix, we can tllrite

an~

Then, using [
1 0 OJ

tRJ ~.•••.o 1. 0...
o 0 2

€1
e~
112
2 I

te)~

= [1j •..·••.ey....YJ(Y
T

the stress ....st.:r:ain relation may be oa.lculated. as follows

By defining
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[

0 :xl. .[.~xj
.•"y •••n~1'. e".·
~::zy; ¥:x:y,

[ ~'iJ is called the 'transfcl::med il:'educedsti;f'f'ness matrix. !t can
be shown that (23) !

[ Q] is a synnnetrical llla~.:rix.
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This theory uses the results frcnn single lamina analysis to
caloulate the properties for a rnulti ...layered laminate. If .the
loads on the laminate are known, this theory can be used to
caloulate the stresses and strains. ThEi~theory assumes:

1) A perfect bond exists between each layer in the laminate.

2) 'the behaviou:t., of the laminate is ;lil'lear elast:lc.

:3} The plate. thickness is small compared to the length and
w:ldth.

4) Upon deformation, plane ~\ect:.ions through tl.tta t:hick:ness
remain plane. (strain varia1tion is linear).

5<) Each layat' is in a sttite. of plane stress.

6) strains t:t'ansVe~se to the plane are. assumed .zero.

Classical lan'lin,;'ttion the.ory can thus only be. used at reg-io f.l in
a str.-uctU:t'I;! aWI~~'lfrom stre:S\lll concei1traticm poi.nt·s (sue'; as
points where. load is applied) I free edges. and bOl~ndar,lies (e9
jl:lints betw~~en n\{;lterials) •
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-------------, ------------------------------~.

The strain of the k layer may .be '(,Incit:ten in 'terms of the
rnidl':llanestrain (denoted by em)t t.he curvat.ure· of the midplane
(~~) and the distam::e from k the layer to the midpl~~,a (Z) a.a
f"'J.lows :

"'(1)
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This is based on ths. assumption tha.t t.he stra,in variation
through the laminate is linear.

the stress va::iation, however, is in general not'linear. )figure
3.4 shows possible forces app..,;J.ed to a laminate.

~-------------------------

Forces and moments are found by integrating the st1:.'essthrol19'h '.
the thicl<:ness t C f<;:lrul1i t lenqth} :
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Therefore

'"*'(2)
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simiJ.a:rlY

""(3)

Using equations (1) I (2) and (3) we can define three matrices:



Then

·f.N· .:K.".1..·J\Ty

N)!y
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111..~1r «"1.·B~G €nr/

BGG Yw:y

,1312 .E1:a2 BalS D12 .D:aa .01» lIZy

lei5 BaG JJ.6G Pl.6 £126 ,])66J L 'i:~

Au )h2 Al.$ En .au
A:t2 A22 A.as J312 1322
AJ,¢ A:::s '~$ J31G B2G

!n most applicaticms, a symmetrical laminate i$ used to
eliminate coupl.ing terms (Bmatrix) .If many l.ayers are used, t:ne
coupling terms 016 and D46 t~ncl to zero, and may :be ignored.
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'the stresses a'tl<:i strains in a lnu.lti-layet,ad lam:i.~mte may be
l:::alou.1I:lted using the theory pJ;,'esentad in sectioYls 3.1. and 3.2,
provided that the mat~rial propert (eg ulti.aate str~sses and
s'~iffn~sees in principal directi<H"ls, l?OiSSOl'l'S Ratios, etc) are
known, and that t.he applied loads al:e known.

The mater:Lal properties may be found from tests on the material.
l?rovide<l a symmet.rical laminate is 'Used, tte applied loads on
the lel'ninate q'Ur,i:rv~ra tensile '!:,est are easily monitored, since
there :is no ooupling-.

When the s''''resses i
certain load case,
layer of the lenr I.

.ihata have been calcmla:tec;1. for a
·'\terion may be applied to each

'~rtain whether failure ha$
occurred. If it has nw~. veen the stres3 in the laye~
and the ultilnate stress f,.>".. ,t: (as g.iven by the failttra
oriterioll) may be used to in\"'_ea.s~~thEl l.oading system. by
d.ividing: the loading system by the ratio,. A net\] load.i llg systel1\
is thus obtained which will OallS€; the layer to just fajl. 'I'his
load is then t.he. load predict.ed by the failure criterion to
cauSe failure in 'the layE"li'.

Therefore. this l'l~WJ' load is applir..rl to the laminate, and the
stresses and strains are· calculated in saxch layE'tt' as before.
irhis +.ime the failu:r:e criterion \'.till. predict one or m9r.'e layer
failures. Tl"e effects of the failed layers on the overall'
laminats strength are. removed by reducing the failed l.ayer
stiffnesses to zero. The layers fail only :in one principal
direction~ so they may still ..ave stiff.ness in thA unfailed
pr.incipal directions.



After one or :more layers hal've. failed, the s~.r\esses and strains
lUUS.t be. rec.alculated for the altered laminate;.) and the failure.
crit~l::ion ag'ain applied. If no further fa.ilure occurs; t~e load
may be inoreased ngdin.

If the analysis is done. on a, computer, a loW initial load can be
applied Which will definit:E~ly not cause failure~ The computer
can then increase the load to determine t.be predicted failurGl
points fOl' a· certain failult'e criterion, and save the stress,
strain and load data at each ply failure."
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4..1 ~quipment

ASI F~SHtensile testing machine t-las used (see :figure 4.1). It had
foroe ranges of· 25, '3(} p 100 or 250 kN. The specimen hold:i.ng jaws
were wed9e. type Wl:l.;~':...4 tj.ghten as the loa.d increase~. The controJ.
)anel had faciliti~s to control the rate of J.oad.ing I

displacement range and l~ad range. The maohine wat~ Cil?erat.ed at:.
constant dispJ aC€.1ltlent.t'at~. Figure 4.2 ShOt1S th~ testing machine
and control, venal.

A :Roell and l\orthaus l<GSH 2000"'5A5 e~'tensometer was \1$,~dfor
strain measurements Its free leng:th was 50mm, and. could be
mounteJ. em a Spe(,'lilt1en fitted t¢ the tasting :machine :r.t oper~ites
using a Prec3.si6n Instruments ITA 3000 power SU1?ply and volti'.l9'e
displ(;'lY unit •

.A Houston. Inst:r.unlent lM'Jdel ~OOX'!{recorder, as seen in ti9'Qre
4.2, was used for plotting load and ~:lctension clurin9 testing.

4.1o~ Acoustic Emission Equipment

The aceuard.c emissio:n equipment (see figure 4: •.3) oonsisteci of:
1} A l?hysioal Acoust.ics Corporation :lOryO aoouetic emission

C01,,~uter with "'wo diso dr ives , }(;eyboard and soreen. '.rhiH;
machine utiliZed a zan microprocessor and an Ln-houee CP/M
operating systeln,. which was incolnt.,atible with any othel~
cOllnueroial oomputer. It had an ':RS23;P sel:'ial cOl\u\\unicat.ion
port. for prin'C.iHg~ with a special non"'standard. pin
configurat.ion. Software. was suppl ted Which incl1.lded.
facilities to record data and print d~:rtafiles. and qraphs.
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2) The·COlnpu.ter was intel:"faoed to a I:thysical Acoustics

Corporation 3104 four channel a.cquisit.ion unit.
3) A modified Fujitsu printer was provided. for graph and. data

printing. This printer had a specially tdred serial port
for connecting to the ccnnpu't:er serial port.

4:) A piezoelectric acoust.ic transducer mou.nt;.ed on the
specimen, and !inlted to a model 1220A pre-ampl.ifier was
used .. The pr.e-ampli.fier signal 'IllaS fed into channel 1 of
the data a(::quiaitior. unit via co...axial caJole.. Batr. items
t'1sra made :by the Physical Acoustics Corporation.

S) A RS232 serial communication cable ,"as used to transfer
data from the All::maohine to an IBMcompatible personal
cOlnput.er through the printer port. The cable· had been
espec:Lally modified, as tbe AE machine employed
nCln"'~rt;andardpin oonfi~urations on the communications port .•
A commercia.l data .transfer package wa.s used on tbe PC t",
capture the;:,da. a.

6) An :r.BMcompatible PC was used fot' data manipulation.
programs ~.rere writ.ten in 'l'urbo Pascal for All! data
lnanipulation and graph printing and plotting_ Lotus 123 was
useli for erther results and tables.

7) An Amdelc Amplot Xl and a lien'llett""Paclta:ro' Paintj at 'VIera used
for plotting and printing All!graphs in colour.

A.P.V.D(~scroi2:illes autoclav~ was used for laminate Cluring (sea
figu:t:'s 4.6) and consisted Of :

... (1ontrol board wi t:h automatic timer.
- vacuum pump.
- fan for even heat: distribution.
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carbon :fibre prepreg WCi;$ 'Used -to make the first set of spec:limens
(see figure 4.4). The tnaterial used was FibreQ.l:lx 92OC"''1.'300 ,
whieh is a high strength type earbor fibre prepreg. The spec;i.fic
prepreg used had a high nomi11al resin content (44% by mass),
since it was orif;1inally ilttSlnc1ed f.or bonding to honeyoomb.
The carbon fibre pre!lreg was supplied. .in a roll 300 mmwide. The.
fol1otllil11!j la:minr.i.te lay-ups were used :
1) 0 degrees
2) 90 degrees
3) +·,"45 degrt:~es
4) 0/90 degrees
5) O/'.li-"'45 degrees
6) 0/901+-45 degrees
7} QO/+-45 degrees

SUffia.1ent 300 mm lengths \i'lere. cut from the roll to manufa~;l'ture
seven ,sguar ~ 16 layer laminat.es. lI'he lay ...ups were t..he.nplaced on
an aut!oclaVe tray, 't'lith a layer of tooling cloth on either side.
Four ..layers. of bleeder clcrt:.h Were plaoed on top. Sealing ta:T?e
was 'Used around the edges to seal tlJe vacuum } " 1 ~~hich enclos~d
all the layers. The VaCUUIl\ 190rts were fitted to the bag, and th~'!.
vacuun pipes. fitted. ·'!'he l<am:i.na.tes w:ere cll.red Ln '$ aU'coclave
(see f ig1.u:e -4. 5) f6!' 1; 5 hours, 'Us:Ln!:~ a P.t'E<I~\Zst:lre .500 k1?a and
a te:mperat\1.J:.'eof 125 degrees C. Aft!6r cu:d.r~g, .e~lOh la,y-up was
out into strips 20 mm thicl~ and thel1~eaft.er th.e's1~ri~ls were cut
to the required length aooording to "!~.s'l'MD'J03.~l$leot11;;,n 7. After
cutting- the specimens to the req\'l.ir~d SiZI~ I a.:\uminium strips
were bondelil onto the ends of the speCilll.~n.til" lJ1~'l.eses~r ips were
olamped do'tl¥n and tht? glue .1I1as cUt'ad at 50 qlet;!rees C in the
a.utoclave for 1, 5 heure I or ove.rni\lht at roo.n t~\mperature.



_____ carbon fibre composite

a.luminium ta.b

[_~
Fig'ux:e 4.4 Carbon Fibre Tensile Testing Specimen

,.......------.~._-------~.... _ ~---------Figure 4.5 Autocl.ave
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Additional speoiltl~ns for aooustic emission testing were made in
a similar way fr.om gla.ss t'ibre prepret;1, Ampreg 75 .SPil.l. AE 250.
The following lay-ups were used:
1) +-45 degrees
2) 0/90 degrees
3) 0 degrees

Flaws were purposely introduced into one of the +""45 deg::cee
lay-up glass panels to e.nsure that useful. aooustic emisE;lion
results ~lould be obtia .ed. The 0 and 0/90 l.ay ...up speoimens were
cu·t such that their width (about 10mn\) was ha •.J.' the standard
width, so that tk . .o.:ouldbe loaded t.o fai:'.u:re with the acoustio
al'nissiol'l sensor a., .lClhed, without the chance of damage to the
senst,t' from violent faili.lre.

'.t'he seoond set of glass if ibre specimenr;, were made ill a s im:i.1ar
manner to the carbr.:m spE~cimensexcept that only .8 layers were
used and they were cursq at 90 d.egrees for ten l'I1inutes at 2ero
pressure, follo'W'e l,J~ hrs at 120 degrees Celsius and 300 }tl?a

pressul::e. These e, .nen1Swere :made fron, Vicote:x: BEM9glass and
epoxy 1 sprag ~ E..aohspecb\en was. 20mmwio,e a11daround 3mmthi.:-:lt_
Similar laY"'l.tps to t';.he oarbon specimells were used, with the
addj,tion of +4$ dagree lay-up specimens"

All lay ...ups were symmetric \"ith respect to fibre angle lay ...up
through the thic)\:nc;~S$ uo facil:1.tate stress analysis (is
el.imil'l.ate ¢oupling terms).
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'llhe spe.elman surfa('G was fil:'st smooth~d w'ith fine eme.ry paper~
care being- ta}l;.~nnot to damagethe i!ibres. The 1.:;'Lu:faoe\\Tas then
cleanedt and transverse and longituciinal lines wer~ drawn on the
surface to align the st.rain gau~es. l\dhesive tape was used to
hold and position the gauges. They "hem bonded using
cyanoac:::ylate adhesl.ve, pressure being applj ~d with a finger for
about. 20 seconds wh:i.le the glue dried~

1) The ISpecilTllim to be tested was xlHaasured (width and
thio];;.ness) with the lnicrometer.

2) The test.ing machine ''.fas reset I and ·t.he spec l.man set in the
grips I the grips tightened and the t.ast.ing machine Zero
set.

4) 'llhe el(t,ensom~ter was fit.ted to the specimen and the output
checl<:ed t.o ensure (it zero initi~l 'setting-.

5) The plotter X and Y' a.KGS 't'J'e:reISErt; 'CO ~ero and the plo·ttar
pen was set to the down position.

(5) The test.ing' machine was st'.arted ..
'7) Xt' the ultimate t.ensile strength of the speoimen was

e,pprex.1.mately ltnown, then when the applied force equalled,
1.:1.hc)uthalf that value, the Q'l:!:tensometer \V'as removed to
prevent it frOl1\ heing damaged durinq specimen fracture. To
do this, the plotter pen was first lifted, the exten$omet~r
was rem('wed, and.the plotter ~{axis zero adjusted to get. it
j.n line with the curve I before setting the pen down again.
If the tensile strengt·n of the. specimen was not known, t.he
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first specim!'.Hl was tested to failure without the
extensometer fitted to prevent accidental damage.

S) The spechnen was then tested to failure.

1) )3e:f.o~estarting the tests, one computer disk was formatted
on the acoustic emission oomputer for every two specimens
to b~ tested.

2) The specimen to be tested was placed in the testing' rna('~hine
~aWSt and the jaws tightened.

3.) Do'w Corning vacuum grease or silicon sealant was applied 'co

the acoustic 5ensor surface, and the sensor placed ag-ainst
the specimen surface and held there using mas]\;ing tc\pe.

4) 'rna specimen Was tested as detailed before. 'rbe acoustic
sensor was .removed from the specimen prior to failUre if
the specimen was l,ikely to fail violent.ly, such rs failure
of specimens:. ,'lith some zero degre~ .layer ol."ientations. Wh~.n
testing wealter specimens (such as 90/+""45 ~lY drientations)
the. acoust:i.c sensor was left on the ,pecime.n d1.tringjeinal
failv're..

r.t'hese t.e.sts were. conducted i111 order to evaluate :methodI:; of
fail'lre prediction using r'elioity Ratio and numbElr of events at
a speoific load.

r.t'hAsespecimens were t.asted without. the extensomet.er or the
plotter. All tb.a glass fibre specimens '.lYeretested using- the
acoustic emission equipntent. A vol tme'f;e.r connect.ed to the load
output of the tesJ.::.ing machine was used to monitor t.he force
manually in order that the force. could be released at the
required step intervals. The first specimen of each lay"'up type
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'Was tested to failure without releasing the .force at, step
interva.ls f in ;Irder to ascertain the ultima.te load. and thereby
calculate' suitableforoe intervals.

4.2.5 Testing of Second Set <)f·Glass Fibre Specimens

Before testing of tht. secondtjlass specimens commenced, a steel
specimen was t.E'::stedto 65kN to evaluate background noise. There
was a small amount of emission. On re-applying the leadt no
emission was recordeclt j,ndioating that the emissions were from
the metal specimen (l<aiser Effect).

A series of penoil tests en a con'positt:" specimen using two All:
senSors at eaoh end of the specimen Showeda negligible drop in
amplitude over tbe. length of the specimen. The amplitude drop
was a ma~imum of 1 dB, bu.t the maasuring system accura~~yis only
around +"'ldB..

The amplitude threshold 't1as set. higher than befox'e t.o reduce t.he
amounbof data recorded and to :reduce the effects Of varying
coupling effi~iencil;;1s by only recording t.he. higher energy
events.
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5 RESUXll'S

5.1 Carbon Fibre Reinforced specimens

The aC~llstic emission results for the +"'450 speoHnens were used
to' obtain the shear strength of the material (saa) by using -i-he
load at· which acoustic cceurences began to pc-cur near failul."e
(Fae) to calculate sae, This was. done by first inspecting the
plots of amplitude vs force (Appendix B.:1.) and recording; the
force corresponding- to the point where the final f cloud' of
events occuzs., with events in excess of 84 dB. This foroe was
compared with the force o.orrespond~.ng to the point on the hits
ve force cumulative hi.stogram where ths numbe:t: of events rises
dramatically, and with the forces corresponding to the points on
the cumUlative energy and cumulative oounts 'IS force results
where the slope i. ~t'$ases sharply. In most cases the forces thus
obtained were similar. 'llh,e shear strength corresponding; to the
beginning of· final failure was 'l':.herefore calculated and recorded
as Sae.

Tables s. 1.1, 5.:1. a and s ..1.:3 are results :f1:omthe testing of
90, +...45 and 0 \'i~g:r.·ee:lay"'up spee:l1nens respectively. These
results were used to esta..blJ.sh the material propert:i.es (.see
sample calcu.latj,ons in AppendixJt.l). 'l'he :following r~Yll'!bolsare
used in 'c11.stahles:

Fut ::;:ul til"lCl,te tensile load
UTS ~; ultimate tensile st:r.-I~ngth
E -= tensile modulus
Sui;:.:::;ultima.te shear strength
Fl?F ::; first ply failUre load obtained from All!results
SPF = second. P...l fai.lure load obtained from All:l:esults
LPF :::;last ply failure load obtained from AE results
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Sae ;;::shear streng:tl1 calculated from last ply fa.ilure load
G12 ~ shear modltlus



Tabla 5.1,' Carbon Fibre/Epoxy SpG'.cimens
90 Degree Tensile Test Results

Specimen
No,

--'-:j
2
3
4
5
6
7
8
o

" ,,)

1'1
12
13
14
15
16
17

average
std dey.

UTe
(MPa)

E
{GPa).~~----~--------------48.82 i3.13

44.19 13.73
39.69 12.30
43.43 12.68
41.29 12.'75
43.18 10,30
45.93 10.97
39.92 11.32
50.74 10,57
30.13 8.75
22.08 10.29
47.91 10.19
50,28 8.67
69.83 9.50
32.24 10.33
25.43 14.74
42.15 10.22

4~.51
7.78

10.50
1.14

Fut
(!<N)

2.86
2.66
2.39
2.66
2.49



Table 5.1.2

-----,------------
Specimen
No.

1
2
(3

4

6
7
8
9

10
~1
12
13
14
15
16
17
18
19

Carbon ~ibre/EpO){y Specimens
+-45 Tensile Te,')tResults

------~------------------------._.~
<312
(GPa)

Fae
(i<N)

Sut
(MPa}

Fut
(kN)

,---------, '""--'-..--------,---:-:-5,01 14.17 10,00 124.80
4.69 13.20 7.88 111.73
4,99 13,75 8.40 114.80
4,813 13.42 9.05 1t1.32
4.62 13.60 8.65 115.23
4,7~ 13.60 9.25 114.$0
4.87 13.81 9.46 117.C5
4.da 14.12 10.23 116.23
5.06 14.10 10,83, 115.14
4.48 13.30 112.61
4.23 13.40 1i1.ti2
5.94 13.20 114.36
4.57 13.40 H2.28
4049 13.10 1i0.62
4.46 13.10 1'10.a3
4.55 13.40 1i1.65
4.74 1C~.40 115.54
4.82 13.50 11'1.56
4.66 13.10 11::l.04

average
std dev.

113:10
3.60



Tat', '1.3

Specimen
No.

average
std dev.

1
2
3
4
5
6
'1
S

10
11
"12
13
14
15
16
17
18

Carbon Fibre/Epoxy Specimens
o Degree Tensile Test ResuliL -

UTS
(MPa)

E
(GPa)

Fut
(!<!\Jj----~----------..-------------~-1235.48

1204.17
1210.23
1086.90
1006.23
1083.44
1203.42
1130.6S

,1264.46
1337.78
1265.05
i157.31
'I 19C.83
1208.93
1177.76
1270.35
1245,70
'1265.81

119.25
115.34
119.23
12"',07
; 16.63
i 12.86
122.96
125.18
122.94
123.71
122.46
121.94

1196.93
78.58

120.30
3.57

74.00
72.00
72.50
66.50
59.50
64.00
72.50
68.40
7B.61
70.60
rase
70.65
71.89
11.39
72.64
78.39
74.63.
7S.11

71.95
4.99



- 65 -
The 90° ult.i.J:ncd::eten.si2.e strength CUTS)result.s (table 5.1.1)
show a standard deviation Ot lS% from the average. This
magnitude of standard deviation oan generally be expected for
transverse tel1sile tests, since failure is due to failure of the
luatrix only, and th'l mat.rix is brittle with a low toughness and
low tensile strength.

The +"'450 shear strength values (Sut in table 5..;1.. 2) had a
stanoard deviation of 3.5% from the average.

Since. 0.11 the plies in a +-450 specimen should fail at the same
time (they are all at the· same angle to the direotion of load
applioation) r only one significant. increase in ASevents should
be found corresponding to the beginning of al)' .the. layers
failing. This ,:Lncre.asein AEactivity can c).earl:' be seen in .all
the. +-45° specimen AE .resul ts (see two examples in Appendix
13.1). The load correspo~d;;'ng to this increase in aotivity is the;
load at which failUre begins to OOCUrfor that speCimen.

Sae was about 3/5 times sut ~ It vias found ·aft,er testing 'the
+-450 specimens that the fibres had failed in a~l t:.#sts, so pure
shear did not occur, and the ultimate failures Wer-ahigher than
they would have been if shea:!;"failure only·had oocurred. Sinoe
the shear str.ength. obtained from the AEdata corresponds to the
begitming Of' shear f~ailure (resin cracking) or final ply
failUre, it was considered to more accurately rep:;--esent the
shear strength of the material than the strength calculated from
the final load of the +-450 specimen, Which is usually used as'
the material shear strength. For this reason,. the shear strength
from aooustic emission was used for further oalculations (S12)..
Similar results were obtained pr.eviously (21) whentesting +...45°
specimens for shear, when to:rsional s.pecimens. pr-oduced shear
strength val\.les c)f around 3/5 of the values from +-450

specimens. Torsional specimens vlere considered to be accurat~
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sinca they f.ail almost purely in shear.

The standard deviations tor Saa and G were 8.9% and 5.4% o:fthe
averages respectively. 1'he Sae :resuJ.ts are dependent. on the
accuracy of the All:results {see .error analysis ;in.J\ppendix )\.2).

The UTSand .E values ;for the 00 specimen$. were consistent wi.th
a 6% and 3%standard deviation from the averages respedti veIl".

The.maximum errors Ln E and. G: were both just over 10% (see error
analysis in Appendix A.2). Since the. actual errors. should be
less, t:his·iS-Cnot considered excessive.

sample calculations are inoluded in Appel1lttixA•.1.
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- Acoustic Emission Results

The carbon fibre speci:mens·wer~ tested to failure in tension
using the AB.eqllipment:. The AEdata could either be printed .out
directly or graphs oould be. drawn OYl the AE computer and tbose
could be pr:i.nted. Since each event had numerous parameters and
eaoh specimen test could produce ("lver1000 events, printing tbe
d.ata out. and typing it into another computer vloulli not have been
pl:"actical. Tl'~erefore printed graphs were the only form. of outpu.t
obtained from the AE.eguipment.

The AE computer allo,.,ed any of the recorded parameters to be
plotted, and the. graph type could be. ou:mulative. or non-
cumulative in the form of histograms, line graphs or point
plots. Exa:\1\plesof the AE results for the carbon specimens· are
hOWll in figures 5. 1. 1 to 5.1.;; I and in A.ppendix B.1 F t'l1here.AE

plots fx<m two specimens of each type o:t"laminate are included.

In 'Jeneral, the unidirel":tiollal specimens were f0und to emit less
AE than the multi-directional laminat.es. Data plots of AE :from
two SlOP specimens and two 0.° s.pecimens ..are shown in Appendix
13.1••In all these graphs, the total e~,ents Were less t;,an 601 as
oppbsed to aroulld a thbusano. for a +....45p specimen.

From the plots in Appendix B.l, it is indiCated that the number
of events 1:'$.ooro.eo.varies si'~nifidantly between specimens, and"
this is due to varying sensor coupling efficiencies.

COllntsWti:::J:efound to show the same Characteristic trends as hits
(events) and ellergy, and ris.e and dttt'ation times also showed
~'Similar trends.
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Figure 5.1.1 ~"nowsa typical amplitude vs load result for a
00/+-450 specimen. The graphs have poor .resolution. whioh could
have contributed to inaccuracies (see errOr analysis in Appendix
A.2}. The amplitude varies between 48 and 100 ¢B. The amplitude
limits are defined by the. sensor responGe, tht~ thresJ'1old voltage
r.md tne amplifiers~ Two 'clouds' of events ~t:.1 vi:·ible on the
graph, Which were expected and represent the >!;"" and +- '50
layers failing respectively. '1'hefailure load for tht! gOa layers
was taken as the. start of emiss:,~onsfrom those layers.

Figure 5 .•3.~2 shows the counts (cumulative line graph) vs load
result for the· s~nnespecimen as fig\.lre 5.1. The steep rises .Ln
the slope correspond to the '0louds' of events seen in fi9ure
5. L 1. The +-450 layers el\.arly fail ovel: a broader load rang's
than the 900 lo.ye1:'S.

Figures 5. 1.3. and 5.1.4 showthe amplii:ude vs 100.<:"1,and COUl1.tsvs
load results for a OI90l+"'45° speeim~h. Again, 'c.loUf1s1on. the
amplitude 1?o~ntplot correspond to steep rises in the count.c
slope. Since the sensor was removed before failtu:e to prevent
damaqe., the two visible failures are the 900 and. +"'45° layers
failing.

:ply fai.lures were· taken to be variations in the· count vs load
":'esult slopa correspondinC,f to density varic>tions in the
ampli tude point plots, and an abundance of hi9h energy events on
the energy vs load plots. III all cases I the ply failure
experimental result was taken a.s the beginning Of the acoustic-
eluission data vari.ations.

Apositive percentage differel)Ce in e~peri:mental and theoretical
results corresponds to an experimental load result lower than
theoretical prediction.
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In many cases, distinct breaks could not be ;found bet.ween event
'clouds' .or distinct slope changes could not be identified. The
ply failure loads could then not be reliably identifie.d

Figure. 5.1.5 shows non-cumulative energy vs load line graphs for
90/+...45° s.pecimens. The peaks where the line rises :t;romthe>eero
energy axis snbstantially define high energy layer· f;:d.lures.

It Was found that the number Of ellergy I counts and events to
failure dif:Eered widely between st~ecimel1sof the same.type. It.
wa.s therefot'a impossible. to compare these quant.ities between
speed.mens. xh.ereason £o.r thl.s wide variance Al'taybe that ,- low
thresll.Old was,:used, reSUlting in a lot of low energy> events
bei.ig recl')t'ded Whenthe sensoz was well coupled to the specimen,
and fewe,r being recorded :for spe... ,nens which did not have as
gaud sensor cQUp.ling.

The non-cumulati:ve energy vs hits re\'mlts were inconsistent,
with acoustio occurrences starting. almost at the beginning·of
'the tests. High energy occurrenlOeS ft:eguently occu:t:'t"edat.
unexpected !JOints ~mthe plots ...This could be due to compression
of the specimen by the grips o.r tab deponding. A1). tbe results
'Of spe9imens with 00 layers:' had more high energy cecurences
clOse to failUre, which could denote fibre .fa.ilures( as opposed
to .the lower energy occurences which may :Oematrix craCking and
failur~. The acoustic emission ultimate failure points were
taken as where the rela.tivalyhigh energy occurrences began on
the non-cumulative energy 'IS hits. acoustic emission graphs.

The energy units on the At graph;; are not standard units, but.
show·relative sizes of ellergy occurrenoes.
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- Experimental Results

The e>cperimental rest;tlts are derived fr.om t.he acouf$tic emist:don
result:;; for the ply failures.

Tables 5.1. 4 to 5.1.•7 ~r~ the eXp(~rinlf.:mtal results fe)r the
Varioils laY-l),ps. The symbols used a:t'/e s.1.l',ll.ilarto, those l.isted· in
sectiol1 5.1. .1.

It was decided 'to use force units fo;t' results. analyrsi.s and for
ali the figures, l.$ince the ove~taJ.l stress in a multi-layered
laminate with varying ply ori(er'J.'tatioh$'t is .:()t a true
representation. of the aotual str1esses involved" ~he Stress~s
vary· dramatically between. the: laye.:t·s'f and. Change ;qapidly duriri~
ply failure t~Arou.gb. the t.hioknes!,s. The stress in a fibre.is
usually Cllso different iroltt th(e ltlatrix stress"



TabI65.1.4 Carpon Y,libre/Epoxy Specimens
__ - __ . 0/90 OdgreeTenslle Test Results

Specimen
No.

FPF(AJ2)
(kN)

Fut
(kN)

LPF(AE)
(kN)

UTS
(MPa)

1
2
:3
4
5
6
7
8
9
10
it
12

17.30
17.70
18.70
18.20
"19.10
19.10
"14.60
16.60
1840
13.50

35.9Z
36.8il

37.01
36.32
[-1,13.81
34.83
36.22
40.05
41.39
36.72
41.24
42.64

33
26.2
26.1
29.3
28.1
25.3
24.2
29.1
35.5
21.5
26.2
24

591,81
616.97
618.38
603.62
649.32
583.71
600.09
675.02
683.31
620.45
679,31
7t:5.91

average
std dey.

17.31
1.83

38.17
2.45

27,38
3.76

64~6.49
40.96

TableS.i.S Carbon Flbre/E;_)oxy Specimens
Ql+~45DegreeTensileJes_t_Re_s_u-lts •....-....._~~_

Specimen
No.

FI.!;.(exp)
(kN)

LPF(AE}
(kN)

UTa
(MPa)

1
2
3
4

46.32
40.80
42.19
39.130
45.52
44.13
35.82
37.6'1
49.25
39.80

43.8
40.8
40.2
45.7
32.5
49.2

755.56
673.27
695.86
664.66
729.8&
716.21!
60SJ;S7

8
9

10

614,06,
79fJ.56
6t15.S1

avera-tge
std Clev.

42.12
3.96

42.03
5.22

690.52
$6.71



Carbon Fibre/Epoxy Specimens
0/90/+45 Degree Tensile Test Resl..!its

Table 5.1.6

Specimen
No.

FPF{AE)
(kN)

SPF(AE)
(kN)

5

7.9
5.3
2.1
5.6
3.0
9.4
3.S
9.4
6.9

16.4
16.0
14.5
17.2
17.1
14.2
17.2
17.5

:::\.It(exp) LPF(AE} UTS
(kN) (kN) \MPa)

so.oo 29.0 503.61
30.00 23.5 506.14
zaso 23.2 491,J.7
27.00 25.6 456,3Q
29,80 21.3 506. eo
28.00 21.S 462.:28
27.00 22.0 446.44
28.50 '19.1 489.04
29.40 28.9 477.64
2S.30 21.S 500.55
29.00 49'1.53

28.59 23.6 484.71
1.07 3.1 20.21

2
3
4
5

7
8
9

10
11

averaga
std dey.

5.9
2.S

16.3
1.2

Table $.1.7 Oarbon FibreJEpb,,'Y Specimens
90;+-45 Degree Tensile Test Re$l,Jlts

Specimen
No.

FPF(AE)
(kN~

Fl..t(exp)
(kN)

("PF(AE)
(kN)

UiS
(MPa)

------~----------~--,--------~----------------~~-----~---~~~1 4.0 18,03 7.0 267.13
2 4,4 13.83 7.7 233.65
3 4.5 14.00 7.2 239.0S
4 4.1 1e.22 5.7 2?t ')2
5 3.8 15.12 7.3 252.76
8 2.8 13.63 8.1 228.77
7 2.6 15.12 6.5 265.75
8 15.32 7.8 259.51

average
std dev.

3.7
0.7

14.98
0.$16

7.2
0.7

~52;8$
16.16
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5.1.3 lP.heoretical Results

The theoretical results are the ply failure loads prt!!oicte;d
using theory to calculate the stresses ·in the laminC1:ceand then
applying a failul:e criterion to establish where :tailure OCC'4rs.

The theoretical results where obtained usO.ng the computer
program in Appendix DF Which uses the theory detailed in
sectj.ons 2..1 .and 2..3 The· program input· data. includss. the
mater;i,al prbperties and laminate lay"'up, and the program reads
this data .from tl~liekeyboard or from a file .. The program allows
the loading on t:.(1e Lanti.natie to be spl7!cified.( calculates the
laminate stresses a~;c strains, t;l;pdl:lwn tests for failure using
a chosen fa:i.lure ci iter ion . If no failUre does occur, the loads
may be increasePt utitil failure does occur. After removing the
effects of 'the ...fal,led layers (setting their stiffnes ..se.s to
zero) t thfo prog:eamaU':01l1atioallyrecalculates the neWstresses
and strad..hs. on.. the laminate. An exatttple of an output file
generated by tht" ,;n: i?gram is also im::luded in Appendix D. The
program .a.lsQ places load-.st:r.a.in data i'~ a d~ca t.ile for
inoorporation in a .wotus worksh~et for plotting if required.
Fig:ur.e 5. L 6 is an example of a curve obtained in this way. In
prac;ti.e;e the ply failures are not sharp definite points, as
sncJWl1,but. cccur gradually over a load l:'ange, as indioated by
the \E results. The curve is linear up to where ply failure
ocr..·..(rs. Then the strain increases under oonstant load due to th.e
SUddenweakening o:e the laminate, before more load can be ta)ten~
The laminate has -a lOWer te11Sile ·modulus after ply failure.,
hence the decreased slope.

It is not uncommon to superimpose events vs load. plots with
stress ....strain curves, in order tq relate PlY failures directly
to aCOU$.t.i r.! emission activity. Whismay help in fU.ture. res.eqrch
to identify types of ply failures Ul':lingacoustic emission.
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Tables 5.1. 8 to 5.1.11 show the theoretical res'I).:t.ts for each
fa.ilul:'e criterion. A compariSQl'l is mad.ta between the theore.tical
results and the experimental. results from ,AE, and ..is sho\\rn as a
pe.roentage. difference.

The criteria are numbered as follows:
1) P.fa)dxttum stre.ss
2) ~[aximum l1t.train
:3 ) l?ucl~ Simple
4) Puck J!.IoClified
5) tt'sai ....IUll
6) Puppo-Evenson
7) Norris-McKinnon
8) Norris
9) Fischer
10) Goldenhlat-Kopnov
11) Tsei-Wu

Table 5.1.12 lists the. percentage di£fe:t'el1ce.s for' each li.Y"'up
for all the. failure criteria.



Tabh~5.1.8

Failure
Criteria

Carbon Fibre/Epoxy Specimens
OlSODegree Theoretical Results_'i---"-' .............._ ...,..__ ..... _

FPF
(kN)

LPF
(kN)

%
differenoe

%
dlffet.ence

1
:2
3
4
5
6
7
8
9

'10
11

--_._;,---------------- ............~......-----__.._----16.06 "1.~! 35.79 30.7
15.93 -8.10 ~j6.10 31.8
1e,06 "'1~2 35.19 30.7t,
16.06 ..7'.2 $5.79 30.7
,..6t05 a.~;.3 29.24 6;,6
16.0~ i1.3 38.15 3~~.3
16.05 ..7.3 28,9S 5.9
16.06 ~7.2 35.79 $0.7
16.25 ·a.1 63.10 1:30.5
15.28 .1i .7 24.72 ·9.7
1~.9n -a/l, 133.75 23.3

rable 5.1.9 Carbon Fibre/EpO)(y$peclme11S
01+·450egree Theore'ti(:al Resull$·_ .......... _. ~ _ _._~ "'~ ... 11-.- ------~~~,.._.,,!-I....,.._..~~,~ ..__ .....;,~..__....... ........~

failure
Criteria

FPI:
(kN)

CPF
(kN)

%
dlfferene'1

%
difference

1
:2
:3
4
S
6
7
8
)3

10
11

________ ...,_..,..___"'""'~~~~t ............._~~-_,__ __ ~~
. ·0.1' 41.72. ~O.O

"1.7 41.31 ~1;7
~M ~~ 4M
~20.a 37A7 ~10.a
·14.$ 3$.94 ·'14.5
-32.4 36.51 ~'J3.1
~14.6 35,90 ,:g4.5
~11.4 31.47 ~10,e
~9.0 55.50 32;0
~59.9 46.35 11'),3
4~ ~OO 4~

36.31
33.30

28.42

37.25
3a.23
16.87



Carblm Fibre/Epoey SpecImens
_.,_~~_..._~ ~ __~O~~~O(.+'4aOegr~ethl~~~al~~sul~.~~~ __
Table 5.1.10

Failure
Crlterle

FPF
(kN)

%
dIHeral1l';r.)

SPF
{kN}

____ -.,~ ~_I~_~~ " __ .... ......... -~M

1 12.6(; 11~,~ 23.53
2 11.48 !l6,~1
3 12.66 n5.'~
4 1::.06 115.1~
5 12.36 110.~
6 9.5El 62.~
7 12.43 111.4
a 12.66 115.3
9 14.99 154.i}
10 13.51 129,6
11 11.~O 90l,5.

1!M!)
18.35
16.89
19.25
HM33
21.08
23.12

20.71



%
difference

M(rr"__'"
a5;,r
19,'('
·t~J,9
HI.2
11/1.4
1n,8
~!J,a
4:2.2

301~.5
~:·r.4

lPF
(kN:

%
dlffarance

._ __ .~w..,;.·_._.;, ...._ _

~3.92 1.4
:at1.95 14.3
23.92 1.4
2:l.92 1.4
23,9 1.4

23.4$ ·0.13
23.91 1.4
23.S~ 1.4
24.14 2.4
S6.59 1mM
23.S9 1.3



Carbon Fibre/Epoxy Specimens
90/+...45 Degree Theoretical Results:--------------~~~~~~~~~~~~.--~----------.~~~--~~Table 5.1.11

Failure
Criteria

FPF
(kN)

%
difference

LPF
(I,N)

%
differerlt;e

i
2
3
4
5
6
7
8
9
10
11

7,56
10.01
6.62
6.34
6.41
6.55
6.41
'7.27
8.14
5.11
7.34

-'i 1,5

5.51
5.22
5.51
5.51
5.48
5.57
5.48
5.61
6.'1 i
8.48
5.14

47.4
39.5
47,4
47.4
46.4
48.8
46.4
47.4
63.2
126.7
37.5

~[6
3~'.8

w10,5
-8:,5

~10.,5
1.6

13.6
..28.6

2.6



Table 5.1.12 Compatlson of Failure Criteri~ Predictioni$-____ _....,_

Failure Laminate FPF% . SPF% Fut%
Criteria. Orientation difference difference dlffertlnce

Me.ximum Stress alSO ·7 31
0/+45 ·1 -1
01+45/90 115 45 1
90/+45 49 5

Maximum strain 0/90 .8 32
0/+-45 .a ·2
0/+·45/90 95 14 14

f_)

90/+-45 41 39

Puck Simple 0/90 .7 31
01+45 .<.4 ·11
OI~h:45!90 115 ·93 1
90/+-45 49 ·S

~)
Puck Modlfied OlSO ·7 31

0/+-45 ·Z1 ·11
0/+45/90 115 13 1
901+-45 49 ·12

Tsaj-Hill alSO -7 7
0/+-45 ·14 ·14
0/+-45/90 110 16 1
90/+-45 4a ·11

P!Jppo-~v@n$lm '0/90 ·7 39
01+-45 ·32 -13
0/+-45/90 62 18 .,
90/+-45 37 ·9

Noms-McKinnon "'SO ·7 F,)

Q/+-45 ·15 ·15
01+·15/90 '·,1 ~6 1
90/+-45 48 -11

Noms (Oh;t) 0/90 ·7 31
.0/+45 ·11 ·11
0/+-45190 115 30 1
90/+-45 49 1

Fischer 0/90 ·6 130
0/+-45 -9 32
0/+-45/90 154 42 2
901+-45 $5 is

GoldEmblat-l(opnov 0/90 -12 -10
0/+-45 ·6 10
0/+-45/90 129 182 182
90/+·45 125 -29

Tsai-Wu 0/90 ..a 23
0/+45 ·17 -17

~ 0/+-45/90 90 27 1
S()/+-45 39 2



- 83 -

502 Glass Fibre Specimens (First Set)

Examples of the a~oustic emission output r j Jtained from the glass
fibre spec Imens are shown in Append5'{B..:L Figures 5.2.1 to
5. :2 • 7 show'the acoustic emission results obtzlin.ed.for d. typical
+-450 specimi$n. Final (and only) ply failUre can clearly be seen
on the amplitude vs load point plot and the hits vs load
histogram. The counts and energy .vs load oumulative line graphs
look similar r but are useless in finding failure~ ",'henviewed
independerl'tly because the. unit~$can not be quantified to specify
limits over wl1ich failure cO'Jld·be. ocourring. ThiiS Ls bsoause
these parameters.de.pend on sensor response and s~nSor coupl:'..ng.
The slope chu.nqes 0.0 however correspond to layer failn.res,
suqgesting that event rate may be a Useful parameter to study.
The rise times and duration times vs hits histograms showmost
emissions are short, as expected.

These specimens were a.ll loaded in steps in o:r.'derto obtain hits
and counts AE data at various load. levEals for failure load
prediction, and to calculate the !I'elicity Ratios. The specimel'ls
were eventually loaCied to failure to establish their streng't;h
relative to each other" one AEplot: Was obtained for each step
load, and these plo·t;s are all included fa:!:'two spe("'imens (one +'"'
45° and one 0/900 laminate) in Appendix :8.2.

The acoustxic emd.ss.Lcn rc:lsults from the glass fibre specimens are
limited in accuracy by the erro.r$ as shown in the error analysis
in Appendi}~A.2.

The Felicity Ratio ~'as calculated from the force at which hits
above 15 were recorded. This was done to enauz e that the
Felicity Ratio obtained waS not based on. insignificant or
background noise. !t may cause the Felicity Ratio values to be
higher than othervlise, but more consistent results can be
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expected.

Figures 5.2.8 and 5.2.9 are results obtained from the AE data
from the +-45 degree. glass <fibre sPeoimens~ They show the.
cumulative. counts VB hit.s for each specimen at various l.oad$~

Figure. 5.2.10 to 5..2.12 show the: cum.ulative hits (events) vs
ul timete load results fOr various lay-ups at.various load. steps.
FigUres 5.2.13 to 5. 2.1~ are ..sil'n;ila:r.but show cu.1V\"Ulative count~;l'
instead of hits.

Figures 5.2.16 to 5.2.18 show .the Felicity Ratio vs u.ltimate
load at variou.s load steps.
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Figure 5. 2 .9' GLASS FmRE PREPnEG i,-45 LAY-UP
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Figure 5.2.10 GLASS FII3llli PllliPHEG +-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 FIDlll PREPUEG 0 LAY-UP
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FiCJ~re 5.2.13 GLASS FII3lll PlillPlllG +-45 LAY-uP
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Figure 5.2.14 0/90 LAY-UP
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Figure 5.2.15 GLASS FIBRE PllliPREG 0 LAY-UP
2

1.9 -
LB- o1,7-

® 1.6-
..:I 1.5 -
Cl 1.4 -

~ 1.3
~'tl 1.;Z-
U~ 1.1-"-ll'l
fu~ 1 -
f-t0 c.s -
<t: O.B -
II'J~ 0.7 -
~ 0.6 -z- 0.5 -8o 0.4 -

0.3 -
0.2 -
0.1 '
0
29 30

~----------------~

a

o

31 3~
VLT .1['pAD2~~~)

33

n

34



Figure 5.2.16 GLASS FlI3Iill PREPREG +-45 LAY-UP
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Figure 5.2.17 GLASS FIBRE PHEPlffiG 0/90 LAY-UP
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Figure 5•.2 .18 GLASS FI13REPIllPlmG 0 LAY-UP
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5..3 Glass Fibre Specimens (Second Set)

5. :3.1 TJ.laterial Properties

Tables 5.3.1 to 5.3.5 show the results from the tet.ting of 0°,
90°,. +-450 and +4.5° speci!tlens to obtain material p:rope:t'ties (see
sample calculations in Appendix A.11. Table ~~.,.5 lists the
shear s.trengths obtained from the last ply failu';,'e results from
the AE data.



Tabfe 5.3.1 o degree. tensile test results
Glass/Epoxy pr~.~p::..:;re.:::!g...:.;M~9 ........_ __ ._........

1 84.0
2 68.0
3 84.0
4 84.0
5 iLO
6 71~
7 81.S

51.6
55.0
52.8
53.5
56.3

Utt. Stress
(MPa)

-1348
1276
1399
1382
1270
1204
1303

SpeC:imen Max.Load
(kN)

E1
(GPa)

aver. 7'lJ3
std dey, 6.7

53.S
1.6

1312
64

Table 5.3.2 90 degree tenslle test results
Glass/Epoxy prepre.::::.g_~_'9 _

Specimen Max. Load
(kN)

, E2
(GPa)

Ult. Stress
(MFa)

1 3.93
2 3.44
3 3.23
4 $,58
5 $.91
6 3JO
7 3.75
8 3.98
9 2.7~
10 3.63
11 3.51

16.7
17.4
17.2
16.4
15.7
16.4
16.2
1f$.7
)7.1
16.9
16.1

61.8
63.8
64.5
60.5
56.8
62.9
85,7
65,1
68.0
66,1
48.4

aver. 3.60
std dev, 0.38

16.8
0.4

62.0
5.1



+45'degree tensile test results
______ _§~$!Epoxy prep regM9 .........._.......,.._.....-..-___
Tnb!e5.3.3

Specimen Max.Loa.d
H<N)

G12
(GPa)

ShsarStr
(MPa),~------------~--~------~----~~--~~----1 5.05 5.05 48.2

2 5.25 4.98 47.6
3 5.50 4.47 42.5
4 5.54 4.75 44.2
5 5.43 4.81 15.3
6 5.40 4.47 46.6
7 5.65 4.73 45.7
8 C.73 4.17 45.5

aver, 5.44
std dev. 0.20

4.68
0.28

45.8
1.7

Table 5.3.4 +·45 degree tenslle test results
Glass/Epoxy preprag M9

Specimen Max. Load
(J<N)

612
(GPa)

Shear Str
(MPa)

------------------~----------------1 8.50
2 8.25
3 8.60
4 8.25

7.95
7.98
8.30
8.36
8.08

70.7
e8.i
68.3
71.1
71.5
69.2
73.0
70.7
72.8

6
7
8
9

4."i9
5.10
4.95
4.97
5.07
5.37
4,77
5.33

5

aver.
std dey.

8.25
0.21

4.42
j,66

70.63
1.70



Table 5.3.5 +~45 degree tensile results fronT AS
Glass/Epo}{y prepreg Me

Speoimen Max.Load
(kN)

Shear Strl~ss
(MPa)

1 7.93
2 7.88
4 7.8S
5 7',88
6 7.50
'7 7.60
8 8,39
9 8.05
10 8.20

87.9
eas
72.2
71.8
67.4
64.3
67.4
65.1
67.4

aver. 1'.92
std dev, O.Z;

68.06
2..65
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The uaterial prOpOl"t.!es for the second set of glass f:i.bre.
specimens obtained from test: data are shown in tables P,,:3.:1..1:.0
5.3.5.. The hi~hest standard deviat.ion for ::;rt:r~S'S ,,\rall.l~$ tvas fOl"
the ilOo te.nSn(~ properties (:1.1.8~}~ This if;) be(~ause the. 90°
failure load i~,; a lnatri:l1t-doluinated prop'...,'" resulting in
brittle fai.lure and therefor~ xno:r:e scatt.ered !s't;L11:f.,). :l'ho nel"t
highss1;:,stress standard deviation was '1. G!J fOl~ the Ot., lay""'up
properties, and is not considered '~xcessiva.



t'. 3 .:2 AFtExperimental. nesults

xt lvas olear after evaluating' the fi:c·st. set of data from the
c'lrbon f,:bre specimens, i:hat i:.\ mot'e l:'(lfliablc;'l method of data
al1alysi~~ was required f since l\Ulny ply faill~res could not l'le
cleal:ly d,istinguished from the PACproduu~erl AE plots I and eus'tom
written soft'ltJal:'e WEtS required.

AftGt' toml'tjl'l9, ttlO All: datfJ t-IUS tranSferred fl:'om tho AJ] COloputel:'
to atl, IBM compatibl~ compute):.'through the printer port., lUi.ling' a

specially adapted RS.232 cable at stellenbosch t1n1versity. File
man.ipulat.:i.on lJl·ogra.ms were vlritten and used to rl,~move
ltlctaningless data (s1.10has that t"ith ZGl"O energy) ilnd to format
the data f.or ' ·lot'.ting. A plotting packa~e was written in Pascal
to ~lenel:'ate. graphs on either an Anlplo': plot.ter or a P;;lintjet
printer in oc>l.our. It \'las desj,gned to rend data :f't'Qmfilos, and
ean thcl."afore plot unlimited da'J:.apoints for up t.o ·ten diff\;~rent
eUl'''1l0S in cUfferant f.tlos em one graph.. A twonty pOiYlt moving
av(~ra9'Owas 1:10\10 on the dflta during file l'aan:i.pula:tion.

Afto:t the :fi:r:st test results ba.d bee:n analysod, :it tvas decidod
to plot. energy vs .load, e.vont ra".e vs .load anc" duration vs load.
Duration was chosen to eval.llate \\1hioh layol."s produced 1\\oro
o.olaminatiorl A:m (lonu t.w~n,t.L'?), and alt1H') to s11.0'ltl hotl7 :l.ts graph va
J..oad dj.fforod fr·cm\ onol49Y va load. J:t~ Was felt thai: Jilottin9
eeunba, hj.t~1, ri[}G time o,r aaoplit:u,do va load as \17011woulcl not
provido any mora useful i.nfot'l\\ation, ail"lOe 'ChE1curve trenC'ls ace'·
similar t.o those for enct'9Y vs load (the prov:lous ref;lults
oonfirm this). This can he seen int~uitiv~",)ly if 'Che dlagram of
the AI!: .parameters is e"amined (.figure 1.4). Tho wave <lIllvelope
r(;,~lated par;;m"lters such as eflOl."gy, counts I clUl"'atiol'l, ampJJ.t'luio,
e\-:e are likely to produce similar ·trend.s to each oth~1r.
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'1:ab1;es 5.:3.6 to S~3. ro show tho experimental results lrOl\l each
lay""1.1ptype, c)btained from unal:,tsis of the AE data.



1'able 5.3.19 Acoustic Emission
E)(periment~1 Results

________ +,_,45_.~~ IS~:u_e_

LPF
(I~N)

-~-~1-·~--""--'----'7.88·
2 7.88
:3 7.88
4 7.50

SpeCimen
No.

5 7.75
6 7.94
'7 7.86
8 7.89

avg. 1.82
$ltddev. 0.13

"iSlblEr5.$.1 Acoustic Ernlssl~rl
E)(psrimental Results
0/90 degree lay~u!j

~~~~~l'."""·""-_,",",,,,,_~~~~~

Specimen
No.

p~!,:
(~\N)

LPF
(I<N)

~~~1"U~~"~
2.
3
4
£$
6
7

-'~-YM""""""-""'--"-""~"'"._.-"'4-1;;sa-
7.85 ffj9.46
1.85 '$9,23
7.62 37.73
ass SS.4:a
7.85 36,12
6.92 34.85

avg,
std dey,

r.so ~vg.
\).47 ~tddey.

37.14
1,89



Table 5.3.S Acoustic Erl isston
E){perlmentalResults
90/+~45degree lay-up

Specimen FPF LPF
No. (kN) (kN)-----~----------~---------~~1 3.09 5.15

2 4.34 5.19
3 4.09 5.23
4 4.16 6.27
5 3.92 5.35
6 4.00 5.23
i 4.09 5.31
a 4.00 6.~3

avg. 4.60 avg. 5.24
std dev. 0.69 std lev, 0.06

Table6.3.9 AcousticEmission
E~perlmanta!.Results
0/90/+-45 degree lay"up

___ ~ ...",~~~, .. , ..... ,,;,;." ,'.',' ." ,,",,:Ioioo~~_~;_',:"""'-. _ ............._ ......~ ~

SpeGimen
No.

FPF SPF
(kN) O~N}

LPF
(I<N)

1

3
4
5
6
7
8

5.65 10.04
5.65 10.Z~
6.12 10.39
0.12
5.42 9.12
6.23 8.77
a.81 10,85
6.42 12.12

avg.
std dev,

5.93 avg. 1O.~¢ avg.
0.45 $ltddsv, 1.0~ std dev.

21.00
21.00
20.88
20.89
20.0S
19.13
20.63
19.13

20.45
0.51



Table 5.3.10 Acoustic Emiss10n
ExperImental Results
01+-45 degree lay~up

Specimen
No.

FPF
(kN)

LPF
(l~N)

t
2
3
4
5
6
7

avg.
std dey,

33.46
33.46
33.46
35.08
29.54
34.50
32.71

33.17 avg.
1.65 std dey.

48.88
45..12
46.15
48.88
39.12
46.62

39.72
3.29
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Tables 5.:3 .11 to 5.:3 .14 show th(ip tneol"'t-'ltical r~~sri.lt$'obtained
with the use of theoretical analy!sis (tudng the CiD:mputer p.rogram
in Appendix D) for each type of lan\intl.t.e lay-up.,

Three additional failtu;e. critC1lria were. evaluated for the. second
set of glass specimens, thel;iS being the Hoffmain, the Hoffman
wi.th A12 ;.,;0and the Hill theQl:.'ie.s.

Tables 5•.3 .15 to 5. :1. 1$ :present the percenta'qe d.iff~:cence's
between the var.iou~ £aiJ,llre criterion prediqtion~~ and the
experimental results for .'each type of lay-up.



Table €k3.11 Theoretical Results
0/90 Lay-up~--~--~- -~~~~~~----------------~---------

CrIteria FPF
(kN)

LPF
(kN)

MaxnStr!ass
Max.•Str'ain
Puck ~iimpJe
Puc« r.l1lodified
Tsai-Hill
Puppo~Evensen
Ncrr;s ...McKinnon
Norvis~Di$t,
F!jsCiher
Go(denblatt,·K
TSf:!i"Wu
H(.>ffrnan
Hoffman A12=O
Hill

7.99
7..92
7.99
7.99
7.97
7.98
1.97
7.95
7.94

29.89
7.93
7.96
7.96
7.98

34.60
40.16
34.aO
34.60
26.35
32.72
26.07
34.60
39.48
29.89
35.20
27.42
26.83
26.38

Table 5.3.12 Theoretical Resl.llts
__ _....., __ , __ 0_,;..1+_. ,......45Lay~up . _

Criteria

i\IIex.Stre$~'-
Max,Strain
Puck Simple
Pucl< Modified
TSJ1·HiIl
Puppo~Evensen
Norris,;McKinnon
Norrls-Dlst,
Fischer
Goldenbltatt ..K
Tsal~Wu
Hoffman
Hoffmall A12=O
Hill

FPF
(kl\l)

21..99
21.99
16.08
14.87
16.04
1(1)8
16.02
16.53
16.61
14.73
15.79
15.3rJ
15.35
16.04

l..PF
(kN)_~~I~
44.fJ8
42:99
44.08
44.08
31.92
28.78
32.90
26.69
26.30
23.40
28.08
$7.12
38.51
31.92



Theoretical Relsults~ 9_D~1+_·~1$,~~"e_. ,__ ~ __ , __Table 5.3.13

Criteria FPF
(~{N)

LPF
(kN)

4.:25"-----"- -----------, 4.74
4.08 5.90
4.25 4.25
4.25 4.25
4.23 4,23
4.24 4.24
4.24 4.24
4.14 4.14
4.13 4.43
6J~1 6.91
~1 4~
4,17 4.11
~B ~W
4.23 4.23

Max.Stress
Max,Straln
Puck Simple
Puck Modified
Tsal-HIII
Puppo.-Evensen
Norris-McKfnnon
Norrls-Dlst,
Fischer
Goldenblatt ..l<
TsaiNI{u
Hoffman
Hoffman A12=O
Hill

Table 5,3.14 i'h~oratloal Reslults_________ 91.901+..45 ~(;\Y~y\_P ... _

Criteria f=PF
(I<N)

spp
Q<N)

LPF
(kN)

Ma){.Stre·ss·....._-
M~,Strain
Puck Slmp',s
Puok Modlfie~d
Tsai ..HilI
Puppo~E\ ..msen
Norrl$ ..Mol<ll1n~m
Norrls ..('Jist.
Fischer
Goldanblat ..K
Tsai~Wu
Hoffman
Hoffman A j... )

Hill

6.4,0'---·-n.7o-
6.03 14.65
6.40 9.6'1
6.40 9.06
6.36 9.57
0.40 11.26
6.38 G.55
6.16 10.00
6.14 10.01

10.43 10.43
6.10 9.87
6.23 S.41
6.24 9.43
6.36 9.5'7

26.78
26.61
26.78
26.76
25.80
23.38
26..14
23,73
23,45
28.66
24~8fj
2B.53
29.f)4
25,(30



Table 5.3.15 % Difference between exp. and theor. values
a/so degre(;' If!:!-Y~.;;..up~ ._ ____

Criteria FPF SPF LPF

Ma~S[r6i$----------~2-.4-------------------------'-8~.3~·
Max.Strain 1.5 6.4
Puck Simple 2.4 ~a.3
Puck Modified 2.4 ..a.3
Tsai·HiII 2.3 -30.1
Puppo~Evensen 2.4 ...13.3
Norris-McKinnon 2.3 ..SO.9
Norris Dist. 1.9 ..as
Fischer 1.8 4.6
Goldenblat·K 283.3 ..20.8
Tsa!-Wu 1.7 ..6.7
Hoffman 2.0 ~27.4
HoffmanA12=O 2.1 -28.9
Hill 2.4 ..30.1

Tabl~ 6.3.16 % Difference between expo and thecf. values
_______ ~.._Qt.:!:.-45 .d.~ee I~y~ye,_.__ __,. _

Criteria

Max, 'Stress
Max.Straln
PwcI( Simple
Puck Moc!lfled
Tsal·HIlI
;'uppo ..Evensen
Norrls ..MoKlnllon
Norris Olst.
Fischer
GoldanblaM(
Tsal·Wu
Hoffman
HoffmanA12=0
Hili

SPF LPF
<033.7 ------,-
..33.7
-51.5
N55,.,2
..51.6
..51.5
..51.7
,,50.2
-A9.9
..55.6
·52.4
..53,6
·53.7
..51.6

..3.7
-6.1
~3.7
..3.7

..30.3

..37.2
-28,2
..41/3
..42.S
..48,9
..37.4
..18.9
-15.9
..SO.3



Table 5.3.17 % Differenoe between expo and theor, values
90/+-46 degree lay..up___..._.......--~--

Criteria FPF SPF LPF

Max. Stress
Max.Strain
Puck Simple
Puck Modified
TsaH-IHI
Puppo~Even$en
Narris"McKinnon
Noms Dlst.
Fischer
GoldenblatoK
Tsai-Wu
Hoffman
HOffman A12=0
Hill

4.6
0.4
4.6
4.6
4.3
4.5
4.5
2.0
1.7

70.2
1.3
2.7
2.9
4.3

~9.8
12.5
-19.1
,19.1
-19.4
-19.2
-19.2
-21.1
-15.6
31.S
~15.i
-.20.5
-20.4
-19.4

% Difference between expo and theor, values
0/90/+ ..45 degree lay"up------~.------~~----~---=~---------------~-------

Table 5.S.18

Criteria FPF SPF lPF

.Max. Stress
Max.Strain
PuokSimple
Puck MOdified
Teal-Hili
Puppo-Evenssn
Norris-MoKlnnon
Norris Dist.
Fischer
Goldenblat-K
Tsal ..Wu
Hoffman
Hoffman A12=O
Hili

7,9
1.7
7.9
1.9
7.S
7.9
7.6
3.9
3.5

76.0
2.9
5.0
5.3
7.3

14.6
43.1
~6.2
~11.5
-6.5
10.0
..6.7
..2.3
~1.1
1.9
-3.6
..7.5
-8.0
...6.5

30.9
30.1
30.9
30.9
26.1
14,3
27.8
"16.1
14.7
40.1
21.1
39.5
42.0
26.1
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6 DISCUSSION

6.1 Carbon Fibre Specimens

6 ..1.1 ACQustic E:m.ission Results

Examples of some of the .All: results for CERJ? specimens are
included in Appendi~ '6.1.. Acoustio emission observations on the
900 specimens showed few high energy cccurxences , An\plitude~
were mainly in the 60 to 70 dB range, indicating that matrix
cracJdng and delaminaticm causes ernissons in this range. Rise
times Were mainly ver): low, below 60 microsecs. Cumulative
energy showed a sudden· increase at failure, but was otherwise
lor~I as was expected, since the laminate is uni-directionaL
Ourpl.tion times were also lOW! mostly less than 200 miorosecs.

The .00 acoustio results sh(J'\vedscattered high and low energy
cccumrences., These are likely to be from the breall:age of Weak
and bacllY aligned fibres and due to lnatrix crack,~.ng. The
amplitu¢''"''S are mainly between 60 and aD dB, ind.ir;ating matrix
cl::aoking and fibre/matri"" deponding 0 The em.issiol1 tests "lere not
continue.d. ...to failure for the 0 (j specimens to avoid sensor
dama.gep sinoe the CFRl? specimens tended to rail violen.tly.
Therefore the fibre breakage effect can not be ·seen. ~ise times
"tvare short (mostly less than 60 micros$cs), and so were
durations (mostly less than 200 .microsecs). There ·was not as
much matrix .f(lilUre as ocouzs with glass FRl?, with pieces of
lamin.ate breald:ng w:i.th clean tensile type failures. This is due,
tic the f i}:)::r;e$tiffnes';,s I and tenes to reduce the amount of
acoustic emissiol"l prior to failure.

A signif:l.cantly low amount of acvusti'G events occurred duri.ng
testing of unidirectional fibre specimens, due ~o the increased
homogel'leity of a unidirec.:tional laminate compared to a
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multidireotional lantinate,. '1'his may limit the Use of accusui.o
elnJ.ssion monit.or ing in pra.ctise. to n\ulti-direotional laminates.

The 90/+",,45° specimerls vlerS tested to failure. 'rhe energy/load.
$missipn results s11o,\,ta rise ill high energ.y· oocurrences,
followed by a reduction \\ntil failure, with.a sudden high energy
OQcurrence at failure. 'rhi.s peak obviously represents the onset
of fibre breakage. the amplitude distribution shows three peak:s
t'Jhich may relai:.e to the three failure mechanisms (2); namely
matrix or.azing at 50 to 68 dB, fibre/matri:>c delamination at 68
to 85 0.13and fibre breakage at 90 to 100 0.13. 'l'he ri$6 times
range .frotn 0 to ·180 microsecs. 'rhe prese)1ce of a significant.
number of slow' rise times indicates delami41atj.on and
fibre/matrix debonding. Cumulative en~rgy snC'W$ an increase. in
energy rate at a load of about :3 volts I ~V'hichis also the point.
at which the high amplitude events began. This suggests the
onset of fib.re breakage. The numereus large du:rat.ion times
record.ed indicate delamination and f:ibre/matri~ debondil'~g.

The O/90/+-4:P acoust~c emission results sh.ow the onset of high
energy occuz rencas at.· just over two volts. Most. ocourrences a.re.
in the 60 to 80 dB range, indicatinq mainly matrix cracking and
de.lamination. The absence. of hilJh amplitude occur:renoes is due
to the acoustic sensor being removed from' the specil'nens prj.or to
failure. Ri,~e times Were mostly less than 60 ltlicrostacs an\<i,
duration, times lel:ls than 400 mic1:osecS, indicatin~ more mat:r.i:k
cracldnq than delantina.tion. The amplitude V$ load point plots
show two peak areas at two different loa.ds where more emissions.'
occurred than elsewhere, one being just betor-e failure. These
high density patches indicatE!' different ply failu'l'"~:;'. '.rhe
cumulative counts "\r~ load graphs .have slope varJations tvhicn
generally match the a:r~as of high emission hits. 11his indicates
that. ply failUre. lnay l:;!efound by examining the changes. in slope
of the cou•.(ts vs load graphs. The absenca .of long: even'cs in
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these t.ests may indicate that the long duration deJ.a1 ..nation
events occur very near £ail'lU e,

Agah'" t.h( sensor was rl-1"'lovedfj;'OXtl the 0/+-45° specLnc.ns prior
to the onset of fibre failure, as can b(~ seen from .I••oe amp.litude
~~\atri.oution. Rise times and durat.ion t.imes 'fJ/rre again low.
S,' nee :Far more .delamination and fihl:,e/matl: ..i~ debonding is 'ikely
to occur during f.f.hre breal{age, the pr'edomi.nanoe of matrix
cracking emissJ.ons may be expected. A r:1.se in 'the counts v« load
curve slope lnatc~hes the. increased densit.y iarea ':;.f the amplit.llde
vs point plotl, in most. of the specimens.

The 0/900 emission results ~how the onset of high ener'::)1
emission.s at au.:>ut 2. 5
doubl~ peaks i.ndj.catil1<,
are also high amp1it

q alnplitude distl:'ibutfons show
-ing and delamination. There
~ (from 85 to 100 de) ~

indicating some fibre. i'alJ...... !. lont; and short rise and
duration times I again Ine., matrix oracking and
delamination. 'l'he amplitude/vol'!::ag.... di~t:ribution' sbow~ high
amplitude signals starting at around 2.Y> volts, whioh might he
I:ne point at which f1pres in the. 0° layers began. to .fail. '.1'he
senSOr was removed fl.·om the 0/900 specimens before f'Q.ilure
oocurred. Two distir«1t arear of high rates of emissions ~an be
diFiltingl.Ushe.d on litOS1:. of the amplit:.nde point plot.s.· 'rha count;
increase. is in genAt.'al uniform and eX!i\)ne.ntial towards :failUre~
The fact that long duration. times oco·..lrre.d l'l\ay L>edue to the
very low strens;th 90° plies mixed with very high strength 0°
plies. A large amount of rubbing and inter laminar debonding is~
li}call" to occur when some layers ar-e subst.antially stiffer and
fail after ot.hl?rs.

The. +-45 d specimen :t'esults Show the onset of high energy events
at aro,und 4.5 to, S volts. These events were also high amplitUde,
p:t'obably firl.1$ :failure .. The amplitUde distributions sho'itVmainly
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:matrix cracklng and delamina:tiori, with some fibre fa.:i.lure, as was
expected. r:t'herise times and duration times at'e spread 0\1'1::.,

indicatir" a number "'of failure modes. The count ve load results
showuniform count jrt\. eases to :failure, with no sharp variation
in slope. Acoustic ends;siohs begin at around :1/5 .tlf the final
load.

All the crH:e:da chosen to be evaluat.ed are rel];(tively tlimple tA

apply, althou,gh biaxial tGs:ts are required for the addit,ional
material prclperty for the Tsai ...Wu and Goldenblat-Kopno'V
critel:'ia. For a :f~ilure criterion to talte other specific~ l:ailure
modes into account t more cOl11"llicated te.rmsmayhe required whif.!h
may involve adc1it:L'Onal mat..arial properties and therefore
difficult tests on th~~material. This will obviously ;t'E))duce its
.appeal and make it Utlp\,;>pular,although it may be very aocur~te..
'l.'he ,~rant...Sanders is one such. oriterion. The most: popular
criteria involve the commonmateriaJ. ~rvpertie$ sUc'has the per
layer tensile, oOi"l\.pressive. and sO'laarstiffnessos and stre.ngths.
Any 0 t.her properties regu1red must be simple to evaluate f us i:rHJ
common'testing equJ.plilent.:.

The terms of the fail\Lre criteria 'v')rmaJ.ly take a simil.a.r form.
that being t\,lO pr incipal stre~ses di vided by two maxi::num
strasses~ Failure has l10CU:I;,'red when all th.~ oriteria terms in an
equation add up to one, whet'eas they are l.ess tban one prior to
failure.

An interactive criterion i$; one Which contains. l110re than 01").e

prinoipal stress term in the failu:t.~eequation. Anon-lnte:r:a.ctiva
criterion considers th~ various principal, st:"'esse~ seperatel~'"
The Maxhjum stress and Maxblum strain orlteria have no
interaction equations.. The l?ucJe Simple; and Puck !vlodified



...119 -
criteria have both types of equations. All the inte:rl,ctiv~
criteria uae the. sam~ basic equat;j.on, and. have e~f;,;ra terms in
01' (12 or 0'1112' The basic equation is the No):."r.l..s McI(i.nnon
interactive equat.ion!

other d:ifferenc~s hetwGoen cl'."ite.r.i.a ar$ in the ac1ditic;)nal t~rms,
usua.lljr one term in 010'.~, and multiplied by soma fact.:>r.

Theroi'f''')re the crit.eria give s:i.milar results when only cne
pri,ncipal stress is involved, and differ \'Vben interaction
bet'\\ler;.ln ltrincipal stresses occurs.

5 ..1.3 !~~'Parimental :!Results from Acoust.ic Emission

..~ 0/90° Laminate - ,,/\high em~rgy 9(.1(1ply fa:i.lure could be found
in cartai,n graphs (see exarl,ples in Appendi" IL1). High. eL~el:9'Y
acoustic, l':lCCUrel'lees (.\3.ose to t:ailure can be seen in all of the.
g:r:al?hs. Th(~Norris-McKinnon (irl'l':erac.1tion) and Tsai ..·tiill criteria
produced the closest predictions to t.h~se failure point.s (Sw9$l.;
anrl (;).8* diffe:t:'£tm(~e above). AIJ. the. failure j?l"ediotions (table
r;.:t. $) ~xcept FL~chf\:r.w'lin:ehighet· tlUl..nFut. ',l;his indioates th{\t
interaction .I:le't::.weeni~he principa 1 stl:esses in 'chs layers t'llas

signifioant, res1Jltinq in the on lay~:'!l:'s failing (:Hlrlier thiltl'
\lIould otherwise l:>e $xpl!lcted. F~b:st ply failure was most
accurately predicted by F'i.tloher ~G.l.1\) d:lff.erence belo"t'l) followed
bj' the MaxiltlUm stress, l?Ut'Jk Simple, •. PUt'Jk Modi:f'ied, Tsai ....Hillr
l?uPPo"'Evensen, Norris""lY!o1<ir1non and Norl'i.s cr.iteria (all 7. :-.l3
below). The fj.r~~t.ply failures :eonn.d by aoousrc.io emission wet'a
not consistent and thereforllil l'.,ay not be aocurate.
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... 01+...JH:)o Lal\"i.nat.e ... T'rJ.~ tt('}c:'IUst.ic ami l~sion :rcs\,\lts for these

apecim®na we.:ra very inconsistent and only a ;few provideCl
information tin 'V'lhCllt'm £ina1 failu:t:.'a was heginning-. First ply
failut'(;a and ul.timate failure. could oftnn not:. be aepe:rately
disting~ished, due to continuous ejnj,ssion~;. 'rha MaXll\\Umstress
and Maximum strain critnt1"'ia produced the most accurat.e
l:'>t'edictions to first l)l.y failure, b<:dnq ,:,m',y o, 7%.and. 1. '1% out
:respectively_ This indicates -::h.n.t the tw':) ply or:i.entations
failed sill\\~ltaneOUt7ly, and t.~c!. ariteri.a 't'l;l:th int:eraction
equations and '\'\or~ siqnifie~nt correction faetors were lSE\S

i\lccuratl.1l, tdth l"~FOCcul:'t"ing lat~r than p:t'ed.ir:tecl.

- O/90/+"'4So Laminnte ... InfQ:t;'mation em p~.y failure t"as
difficul.t to o.cq'l.lil':ef':r,.·Qlil the aCollstic ~':missiol'l g'l."aphsI 't>J'hich
d5.rl not show consistent. chEu:-acter.isties. Ultima:::e. fcd.lul."e was
wall l?rf'lldict~d (1.4% at*rQl.'")by all the orJt~~ria (~c'H;il table.
5.1.10) e:Kcmpi~ (;;toldr.mbl.at""1(or1'lOV and l-!l:a~il1l'umStrail'l. l"irst ply
,failure Wta!i pr.eclicted lilO~~t accurately by the J?uPPo"'Evensen
oriterion and sl.~conaply failure was predicted most accurately
by the Puek Modified o:titerion. :£i'ailure predictions trJ'sre
pro9'r~ssively 'mor~~accurate from f:i.l:'S.t, to last plies. Th.ts eoulci
bc~at least pal':tly clue tC" the fact. t.llat; the last ply was the
most clearly defined Oll all the AE plots.

... 90/+-45 Laminate ....rx'he acoustic emiseion graphs for thaEl~
specimens all show a :rls~ in hi9h ene:r..gy acoustic oceuenences
YlOJU: failul;'G. 'l'base.no! ~es begin at. aro'~nd half tho ul t.:l.lnata
l.OilQ (seo table 5.1. 11). This is pa:l':tJ.y due to tho faot that the,
-i- ...450 layl?t' does not fail i~tpure shear, but tho fil:n:-es fajJ. as
well as tho matr.'i,'(. The fi.~$t ply fa.:tlux'o \\I'asindistinct! in many
of the, acoust~ic emission ;raphs, al'ld was not prodiQte.d \\1ol1 1;)y
any of the crH~eria, due t,o emissions occurring seener than
p':c~dictod by the. criteria. The closest p:redic:tion was; the Tan!'"
WU criter,ion (37,5% ove:r.pr,ndicted). Ultimate. fail.ure was best
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};n:edicted by the Nt:lrl."is and 'l'Slai··Wu cr.i:teria, indicating
principal Ert,:ess interaction producing early failure.

It is c1''::(;\:I:'t.ha:t. there iEl no \u1iversally accurate ori t.er ion
w'h:i.chis significantly better than the root. The cr.i te:cia
generally ran.gel. fl"On1 bein9' frequentJ.y too c0111a:H;)rvative t.,here
minimal pr~.neipal stress interaction occurs I to the cOlnpletely
nOl'l""int(!;ractive (£lquations. The failure criterion t.o be used
should b~ se.lected accol;.'ding to Which ply failure is to 'be
predicted, and ·-:hat the. larninate lay ....up is. trhe values in table
5.1.12 ar6l lil"! ted by the accuracy of th~ acoust.ic emi.ssicm
results, but the final failm~e results are dependable. :i,n most
eases, as discus.sed a.bove. The Tsai ....Wu c3:.'iterion. gives
oc:msistent resul.ts, but could possibly be improved by chOOSing
a bt1tte:t' valua for Al2• A combination of Cl;:' iteria 00\.\10. be used
'CO achieve accurate. l):r:edictions.

For a $'>0/+-45°or 0/900 J.ayer, a simple intst'C'4(';;:tive equa.ti~~l
s'l..lch as the NOl':r.is"'Mcl{inn<:m i~t l!'equi:t:ed. The Maximum Strsss
criterion is most;. accurate for the 0/+"'"4$(1 lamina.te.. A
consc~rvative int~eract.ive crit.erion, such us thr) 3?uppo"":mvensen 01::
Tsai""Wu, i~lindicated to be most. accurate :for the l,-"PFi:n a
0/90/+""'/1:jO laminate, \'lith a less cmnscrvative irrtf.\iractiv~
e.qtli;ltion, such as the Puck. Mo<.'li;fie.d.01." 'l'sai"'Hill ( bei1'19most
aceurata fell,- the seoond pl.y fail.ure. The }lu~d.:mum stress
cri'':.sriorl is ae'lecaua.te f~')t' LP.T[.
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6..2.1 Acot1.stic Emissl.on Plots

Exa:uples of the acoustic emission results for the first glass
fibre specimens are shown in figures 5.2.1 to 5.2.7 and in
Appendix 13.2:. For the +-450 lay-up sp~~cimElns,the amplitudes
a:'antire1nain1y between 60 and 103 dB, which is t.he fUll :range of
zllnpl:i.tudes which the machine Cal) record on a O.lV threshold
set:tinq. An amplitude paal~cceurs :frequentJ.y at 74dB1 'It,hichmay
be caused by matr.Lx crac1dr.tg. Higher amplit.udes could denoi:SI

del.amination and fibre failure.

'l'he amplitudta 1:'all9'es pf t.he 0/90 Q sp~cimens frequently reach.
l03dB, with peul"s at. 14 dB. The.0/90° specimens in general hav'G
less emission occurrences in "he mid....alUplitutie range (74 ....
84dB), but. n\o:r~ hi~h energy ocourrences (90 ... l03dB), than the
-!- ...t15° lay...U};I specimens. since a 0/90° specimen E!.:)cperie,nces more
fibre. failur~ than a +""45° specimen, t.he high. energy oocurrences
could. demote i'.ibre failures .• Again, an 'nplitude peak occurs at
around 7405.

The. 0° lay-up acoustic emission results again show amplitude
peaks at around 74dB~ .l\mt:litude. ranges are from al,·ol.md GSdB to
sees. Since little dalam;ination is expected to ocour in a 0°
lay ...up specimen and the 0° lay-up $pe~imens show less high
amplitude Occurrences (ne,ar l.O:idB) than the 0/900 specimenras, i~he
high amplitude Ot'!CUl.."'l:'el'lCe.s could he caused by a nd~<.ture of-
d(~lamina.tion and .riln-e bra~k.age.
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6.2~2 Counts-Hits Relationship

Figures 5. <3. a and 5.:;).9 shot<Jcounts vs hits l?101~Sfor the +-45 Q

lay ....up specimens at a load of S. 75 kiN and 10 kiN resp.ectively.
The relationship is not as linear as expected." For a specimen
with a high number of hits; it is expected tha't the l1umberof
counce shou~d be simila):'ly high. This trend can be d.is'I::i.nguished
in the graphs. Clearly both hits and counts were substantially
higher at. the 10 kN load than the 8.75 kN load. 1'he wide
scatte:t' i:n~l is a good indication of the reproducibility of
aCOl.ls'l:ic ~~mission results, and is prouably due to varying
degrees ot .sensor acotlstical coupling efficiency during testing.
The counts/hits ratio does not increase significantly at the
hS.gher load~ as WO'Llldintu:i;tively :be expected. This essentially
indicates that the event duration ana ener~y are not; inoreasing
with inoreasing load, sinoe the count; frequency is. a function of
the. sensor rlasonant frequency, and thel"e:eore constant.

6.203 HIts I Counts - Ultimate Load ~elationShip

For 'the +...45° lay"'up, the hit.s va ultimate load plot. is sh n in
figure 5 • .2 • .1.0I and counus vs ultirilate load in figure 0'.2.13. The
weaker specimens should generat.e more aooustic emissi!'"'
occurrences than the stronger .speciml..~nsup to the aame load r
This trend is not shown in the graphs. The weal~er and stronger
specimens show no significant differences in hits or counts~
HoweverI t.he number of hits and counts increase sig'nificantly at
higher loads. The. r~'H::ults for the 0/900 lay-up specinlens'
(figures 5.2.11 and 5.2.14) show similar characteri,~t:iLcs. 'rhis
show's that weak and strong spsc.imens can not be distinguished
fro:m the nt.unbarof hits (."ll:' C0U11tS recorded at s\:)meload, Where
the weak and strong specimen strength difference is about 3kIl"
(around 30~IPa). A d:l.t.eerence in number of hits. or counts
bet.ween specb\ens may have been distinguishable for higher
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stress differences, such as if the flawed specimens had peen
much weaker.

Figures 5.:&.12 and. 5.2.15 show respectively hits and counts
plotted against ultimate load for the 00 specimens and show no
other significant trends.

The Felicit.y Ratio va ult.imate load plots for the +-45°, 01900
and 0° loy-Ups ar:e Shown in. figures 13.2..16, 5.2. .17 and 5. 2.~18
respeotively. The Felicity :Ratio doeS not vary sign.ificantly
between 't'leaker. a.nd stronger speoimens .where the strength
cliffl~rence is around. 3klh The Felioity Ratio It\O(1I$reduoe as the
load is ill ....:eased. For the +...45° lay ....up speoimens I the highest
Felicity Ra.tio at failure was 0.93•. It was 0.95 for the 0/90°
speCimE:ms, and 1.25 for the OCI specimens. t;'t,e. Felicity Ratio
therefore d.ependis on. the l.aminate ply orientation. The high
Feliclty Ratio for the 01) specimens indicates tbat they may be
resporlding acoord.i.ng to the l{aiser Effe(;lt, at. least ~p ulltil
very near fal.lure. Clearly, when testing U11id:lrectiQnal,01)
la.minates! any hi9h energy emiss:i.o:nsmay be signalling .t~at
failur~ is about to cccur ,
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6 ..3 Second Set Qf Glass lI'ib;re SplE!cl,mens

6.3.1 Acoustic emission resul.ts

The results of AE ene.r9Y vs load are sho....m in Appem.'.(}~c,
figures C"1 to C.10. Each colour on the graph co:rresponds 1;.':',1 one
specimen (ie three or four specimens on each set .0£ axes).
cert&in ply failures can easily be seen, such as 0° and 900

layer fail\lt'Gls. From the +'·45° 1 'r-up results (figures C.1 and
C" 2), it can be Seen that the enerqy ral'lge for a 450 In,yer
failure is between 0 and 40 ..•.. +s , which is very low compared to
a 900 or 00 layer failure, vii.. -as the event rate is high (0 to
30 per second, see figures C. 11 and C.12). These t;,rends can also
be seel"! on all the AS graphs of lay ....ups with 450 layers :i.n them.
This was nsed to obtain the 45° layer failures :Eron,the AEdata.
The 90Q layer produces AS of energy between 0 and 120 units, and
low event rates of between 0 and. 9 !':ler second. This can bea seen
on the 0/900 lay",,;!.pgraphs ( z-es C.3, C.t! and 0.13, C.14).
The 00 layel':s are always tha .. to fail .. 1;ll'Ad produce very high
energys (see fi<;1'.1:1''''s C.3, C.4, C.7 r C. 8). (nearly the energy and
event rates for the different k,ind.s o.f layers is quantifiable to
a certain extentl but obviouslY.depends on the 1\l,l,\chinesettings
and type of material •. If these pa:t'ame'l:~ers(;l,re specified, it may
be easy to detect and identify a ply fai.lure dUl:'ing testing-

conversely, the angle of the ply failing may .be deduced from the
AE results, and therefore the direction of the stress causing
the failure. MQt'e tests on laminates with other an~Jled plies'
need to Pi?'oarried out; to assess the feaeahi.lity of this.

To ~iul!\marize, the ply failure detect.ion proca.Cl1..lre was as
follows~
3.) Plot gl:aphs of event rate and el"tergy Vel load.
2) Obtain energy and event rate data l::anges for the ply



oriEn'ltations \~'hich are. being looked for. Unidirectional
laminates are no good for thi$. Use laminates v!here one ply
failure will be. obvious, e.g 0/90° tension specimen laminate.
fer 90° ply fai,lure data.

'3) Decide. :howmanyply failuY'es are lik,ely to occur, and where
they ara. lil~ely to occur I ia.. do a laminate failUre
prediction using a suitable. rel.table criter.ion such a~ the
Maximumstress criterion. Acoustic emission data from plies
which fail at nearly the same. load is not. likely to be
separated, and might be one long set of high energy data.

4) Identify the. ply failures by supe:t:.~imposing the event rate
and energy vc load plots. Ply failures are characrterize.d by
relatively high peaks or groups of pealts.

All the acol.lstic e:mismionresults in('lica:te that ulti~Q.te failul:'e
is normally. preceded by high dut'ation d.~'!leu1\ination in :most of
the multi-orientated laminates. These are also hig-h enerc;y
cccuzrencea, In ·unidirect:it!mal lamina.t€l£:1,where al1 the layers
fail at;. the salne tiltH!!.,it ie! fa~~more ;:tifficult to predict when
failure is about to occur. Failure is usually tast. 'rne 0°
lai.\\inates fa;i.l \itith a brush ...type tailure, with ma.tl!'ix fail.inq
cOlllpJ.et:.elywell before the fibre failure.

The hi9h event l"ate and low energy for 45° layex:s may be due to
many ~~mallcracll;S growing quiclcl:y in the brittle matrbct but.
stoppirlg at fibres. Thera may also be mueh secondary e:missions
due to inter fibre and inter laminar rllbl;:lin9. A 90° layer mar
have cracl<s which grow quickly across the entire width of '1::.11,&
specimen, causing a h.i.gh anergy OC,,1c,urre.nce.

li'rom the i;\bovet the +-45° layer fail.ure after a 900 layer
failure can be. seen from 'where the event rate begins' to rise and
the. ene.rgy beg ins \-..0 drop. Energy and event rate vs loa"" curves
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are superin\posed on figures (5.1 to 6.4 for the differ,ant layed
up ~.aminatas. The points ~Jherethe divergences begin can olearly
be seen.

On all the AEplots, it oan be seen that in general, a steep
l"ise 1n energy is accompanied by a drop in event rate. ThilS may
be due to the instr.umentaJe,j.onin that. long high energy events
taJ{e luoro time to 10g[ causing the data acq;uisitio+, unit ICO log
fewer of them in a secona, especially near failure when long
durc(tion delallilnation events occur. The actuo,l event rate is
pt'obably still high for high e.ne;t·gy event periods.

Figul!'es C.21 to C.30 show the duration times "IS load. If these
results at'a compared.to the en~~rgy"IS load results (figures C.l
to, C.10) 1 ie. can clearly be seen how sbd.lar ths two paramst~rs
are, as 'predicte:d.The low duration times in a 45° layer (seen
on th~ +-450 laY""llpgraph in figures C.21 and C~22) compared to
a 900 or .00 layer indicates\ less delam:i.nation, and a
prec:tominanoe of matrix ('.;!raol~ing•...From the energy g:r:aphe it is
cl(l1ar that the main type o'f failures in a 45° :lay'3r are low
energy oocurrences cuch as matri::< craoking, anj~ very l;tttle
fib!l;'t;";breal~a~e and delamination. It. was ohserved 'that the +....450
speoime:tls failed cleanly t'lith·~ninima,tl :fibre breakage. The higher
energy OCCurrences whit..:n are seen Ln a 9..00 layer failure are
prooably caused mainly bY' intel)"laminal.· effects such as
dslamination, since a 9.0°layer on its (-wnproduc~s very little
high energy AE, and very litt).e AE111totaL
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Tables 5.3.15 to 5.:.3.1S show the percentage differences =~tween
the theoretical and 6:xperimer..ta).failure res\llts. It can be seen
that certain \')ly failures were well predicted by most of the
criter.ia, Whereas others were ill general badly predicted. The
following plys .\\~erepredicted to ,~ithin 10 % accuracy by most of
the criteria:
both 0}90r. plys, +-450 ply in 0/+""'450 laminate, 90}+-45°

failure, first and second ply failures in 0/90/+"'450 laminate.

- 0/900 laminate.
The first. ply was well predioted by all the cr iter if'. «3% el'ror)
except the GoldenbJ.at-l{opnov. The last ply failure was predicted
well by the non-interactive criteria «a.5~ error). The.Norris
O;i.stortional, Fischer, ~sai-Wut Mi:lxilnUmStrain, Puok Simple and
Puck Modified criteria prodUC1ed accurate. results for .both ply
failll"'es. The basic interarcive .equatiol'l with no aCl:ditional
terms was teo conservative In predicting last ply-failure.

- 0/+-45 laminate
No (7:riteriop pred:tcted tiT +...450 layer tailure well, the Ma,dmum
Str~~ss being clos~st witl11 33.7% underpredicted ••trhe inter.ference
bet\\reen the 0Q layers ar.~dthe +-45 I) layers mayhave contributed
to the high failure load; of \';.he+....450 laye:t:s. The.OQ lq_yers were
well predicted by the ncm-d.nteractive ori teri,,~ «4% error). The
interactively termed criteria were too conservative (most over
30% error) •

...90/+-45 laminate
'l'he 90° layer failure was well predicted by all the criteria.
«5$'$error) •. The +""'45°layer failure was best predicted by t1+e
Maxil'num stress criterion «10% error) I followed by the Fischer
and 'rsa.i...vVucriteria «17% error). The other criter.ia produced
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more conservati v« predictions, Jllost of them underpredicting by
20%.

- 0/90/+-45 laminate
The 90<) layer was well predicted by all the criteria «8%
error). The in*.,':?,raotiveJ.ytermed oriteria produced the best
results for the -l--45()la.y~r failure. The best prediotions for
'i!he 90<) and +-45<) layers were froln the Norris Oistortional,
'11sai ...Wuand Fischer criteria (<:4%error). The last ply failure
overprediciced by around 30% by all the oriteria except the
Fischer, Nc)rris Disto];'tional and l?uppo...Evensen criteria, Which
oVerpredicted by less than 16.1%.

From tne re~~ults, the or iteria can be grouped into theories
Which produoe similar results;

(i) Max. Stress, lVIR:ll:. strain, Puck Simple, puck Modifj.ed
(Criteria with h()n ....intera<'tive terms)

(ii) Tsai-Hill, N~ ris-McKinnon, Hoffman, Hill
(Inte,raotively termed or:l.teria with -no or less
signifim:tnt ,corre(:ltion factors)

(iii) Puppo-Elvensen, Norris"'Oistort.ional r F,iscrer, Tsai ....Wu
(Int.eracltively termed cri'l:eria with significant
correction factor~)

The Tsai ...Wucriterion pl.-oducedmore accurate l'!'esults than. t.he
similarly der:l.ved Hoffman criterion.

Only one crit.erion proo.uced substant.ially different results and,
was unreliable, 'chat being the Goldenblat"'Kopnov criterion. It.
is also the most. complicated of the criteria. tested. The value
of the material conatiarrc 1\12 used ill the Goldenblat-Kopnov
cri terion was dacuced from the acoustic emission results for the
+-450 specimens. In the 'I~~i""Wucriterion, the approximat.ion
detailed in reference (22) was used. The Goldenblat ....Kopnov
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more oonservative p:rediction~, most of them unde:t:predicting by
20%.

- 0/90/+-45 laminate
Tbe 9QQ layer \'I1as well predicted. .by all the criteria (<:a%
error). The interactively termed crit~ria produced the best
results for the +""45° layer f4ilure+ The best predictions for
the 900 and +....45° layers were from ~'he Norris Dis .ortional,
T~ai ...\~u and Fischer t':1riteria «4% error). The last ply failure
overpredicted by around 30% by all the criteria except the
Fi,scher, Norris Distortional and Puppo-Evensen criteria, which
overpredicted Ly less than 16.V'o.

From the :r.esults, the criteri ....can be grot.lped il'ltotheor-t.es
'h'hich produce $imilar results:

(i) Max. 1~l;ress, Ma~. straJ.n, Puck S.imple, PUC)I: ModIfied
(Critel!'ia with non'""interactive terms)

(ii) Tsai-Rill, Norris-McKinnon,
(Interactively termed criteria
significant correction facto':s)

(iii) l?ttpl?o"'Evens~n, Norris",oisto:t'tional, Fie;.oh~t, Tsai"'l'tu
(Interactively termvci criteria with signifioant
co:rl:'ecticm factors)

Hoffman., Hil.l
with -no or J.SS$

The ':esai-Wu cl~iterion produced more accurate results than the
similarly derived Hoffman criterion.

Only one criterion pl"oduced substantially different results and,
was unreliable, that being the Goldenblat~Kopnov criterion. It
is also the most oomplicated of the oriteria tested. The value
of the materi~l constant A12 used in the Goldenblat ....Kopnov
criterion was deduced from the acoustic entission results :for the
+"'450 specimens. In the Tsai-Wu criter'ion, the approximation
detail.ed in reference (22) was used. ':eha Goldenblat"'I\opnov
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criterion might produoe lnore accurate results if mcZ'~accurate
value,\; of A12 could be used.

cex.tain lay-ups and I'll's W"erepredicted better by certain
theories, eg all thE; 0/90/+-'450 lay"'up ply failures were bes~
pred.ic::ted by the theories in group t:hree above, and the 0/+_;,:,0
lay-up ply failures were best predicted by the group one
'e.hG1ories. The 0/90° and 90/+ ....45° ply failures were .best
predicted by the group one and three criteria. Figure 6.1 shows
a 0/900 el~~....gY/event rate vs load AE plot with the Maximum
str\~ss .C',nCll'i.scher criteria failure predictions shewn, Figures
6.2 to 6.4 SllO\I1' the same plot for 90/+ ....45°1 O/9!'1.'+-4$1> arId
0/+"'45° 'ay"'ups, The ply failures can cl1early be sefi.\U comparecl
to the pre\.1icrtea failure points .•These graphs give an indication
of the relative aec~~l:'acyof the fail1lre prediotion$~
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6~4 Summary of Results

The previous A:8result graphs from the first set Of tests were
printed direct.ly from the AE computer. The data could net be
properly analysed and the graphs were of poor quality compared
to the $eC0nd set of data results" This underlines the
importance Of having the·data in an.l:BMDQS oompatible form.

On comparing the failure predictions for the two types of

material, tested, it is clear that the second set of failure
predictions Were far more accurate than the first, perhaps
partly due to the improved ply failure determination method·and.
better data analysis as discuss.ed above. It may (.'llsopartly be
due to the differF)nt material used, carbon fibre 1<1;:> being very
different in nature to glass fibre R1? The stiffness difference
between the carbon f.i.bres a.nd:the ma.trix is obviOUSlymore than
that for the glass fibres. The in"'platie shea::; strength was badly
predicted by the +-45 Q specimen tests Ln the carbon .fibre
specimen easel Whereas it was well predicted in the ~'lass fil;:lre
specil1'.encase. It has been suggested previously (6) that failure
prediction accuracy js very dependent on tYPE vf material.

'l'ables 6.1 and 6.2 provide a guide to the best criteria to use,
according to the results presented. in this report. The same type
Of criteria should be used :for all the laminates for both
materials ~xcept the 0/90/+"'450 laminate, where a group III
criterion can be used for tbe first and l.ast plies of htlth
materials, but a group II criterIon shOUldbe used for the +"'45°~
carbon fibre layer and a group III criterion for the +-45° glass
fibre layer ..



Table 6.1 Carbon Fibre

Lay-up
Orientations

Layer Most Accurate Crlteua Group
+; Overpredit:tlon -:Underprediction

0/90 90
a

I, n and III
+11

+~45

90/+-45 90
+~45

+111
III

0/90/+-45 90
+~45
a

+111
+11
I, n and III

Table 6.2 Glass Fibr~~

Lay-up
Orientations

~..1I.)stAccurate Criteria Group
+:.Overprediction -.:Underprediction

'0/90 90
a

I, II and III
-I,ll

0/+-45

90/+~45 90
+-45

+111
III

0/90/+-45 90
+-45
o

+1, II, III
111
+111

Suggested Criteria;
Group I..Maximum Stress
Group II ~Tsai-HiII, Norris-McKinnon
Group III ~Norris Distortional, Fischer, Tsal..Wu
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6.5 Acoustic Emission in NDT

predicting when failure is going to occur accurately using
acoustic. emi::;sion is a complex problei~.•:mclwi11 require ;fUrther
research. The (mset of high energy fil. 'j ~res:;auch as fibre
fracture and delamination can easily b~ d,-,~.(;J~cted'i us, ing a

non...cumulative energy vs bits graph, as was done:. for the.carbon
fibre specimens, or by investigating when the high a.mplitude
events beg:"noccurring, using an amplitude va load plot .• Failur~
occurs at a load after the first f3,bre failures depending on
the fibre orientations. The onset of AE can occur well before
final failure, and .depends ..)nthe. fibre orientations in the. lay-
up.

By monitoring tlte l'l.urobeJ:of hits at a specified load, it should
be possible to determine the remaining strength of the material.
This :methodwas fOUndto be. unre.1iable i.n this ;r(:sea.rch, with
such predictions in general not possible, OVer the stre~::-rth
variation of the specimens tested. 'l'his was the oa.xe even though
aome specimens .had fla\V's introduced delibera.t.ely during the
manufacturing procedure. Nevertheless it may b~ possible to
detect vsry significaht. variations in strengthj such as those
produced by veJ:Ylarge flaws.

Using the methods of data analysis used for the second set of
glass f:l.bre specimens, it Wc.uldbe possible to determin1'3which
ply is failing as it occurs.

At. this stage confidence in using acoustic. end.ssion is thus
limited and a great deal more. experienoe should be acquired
before a final decision as to its overall suitability for NOT is
made.
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'7 CONCLUSIONS

1) A failure criterion shoQld be chosen according to the type
of laminate and the ply failure to be predicted, and the
type of material.

2) Ply :failures were detected using acoustic: emission energy
and event rate vs 10?:dgraphs. D.ifferent.ply. failures are
quantifiable in terms of these parameters t acc'Ording to t:'le
instrumentati'On settings and typ~ 'Ofmaterial. Numerical
techniques shem1":f.I:>e used to facilitate data a...~alysis,
since large qUf'thtities 'Of widely scattered data are
p.roduded from acoustic emission.

4) The Felicity Ratio did not provide accurate or reliable
information as to when ultimate failul"e was. t(J occur. The
Felici ty Ratio .depends on the ply orientations of the
laminate.

5) The onset of high energy. failures such as fibre faitur·a and
delamination near .failure can be d.etected by monitoring
high anlplitud~·ocurr:lnceS or· high energy ocCUrrences.

6) Ac'Oustic emi~sion is an accepted NDTmethod, but fUrther
research is required. t'O understand it more thoroughly.

7) The· quantity of counts and hi ts at a certain load is
dependent an ooupling efficiency. The counts ys hits~
results did noJ

" provide aC.Jurate or reliable information as
to whenultimate .co.ilure.was t.o occur.
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1) The amplitude peak events shoUld be correlated ''lith rise
times, duration times and counts to estqblish without doubt
what the significanoe of· these parameters wi th .regard to
failU;t:"emodes is. Each event should be 'Olas~ed according to
its duration times .and amplitudes t and the three fa.ilur~
modes may then be di.stinguished avent for event.

3) The shear mtJdulus .for the material .should be calculated by
means of a +-45 Q laY....up speciX(len test and the shear
strehgth.should.be caloulated by a tot's::on t'lbe testior
more accurate results (21). These. :t'el~ults may compare
faVoul:ahly with tbofie. obtained from AE test.ing Qf ,t ....45 Q

specimens.

4) The supe1:'i:mpositLon of ev~nts ",IS load plots with .stress-
strain curves. maybe useful· in order to relate ply failures
directly to aooustic emission activity. '!:his may help in
futll;t'e research. to identify ply failt~t'es us:lng· a.collstic
emissiol1:.

5) Oi~her ply orie:ntat.ions sho';'d also be tested such as
laminates with 150, 300 or 6r0 layers.

6) The petit"'Waddoups and sandhu theories shou.Ld be evaluated
:e()r both 91ass and carbno fibre reinforced specimens.
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.APPENDIX A
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A~1.1 :£.la.terial p:t'operties

For 90 degree laminate area = t x TN

= 3.03 x 19.81

'" .. dF )c 50
area dL

"" 2000 x 50
60.02 0.121

It: 13124 MFa

for +-45 degree la:minats
V =. trfu~sver$estrain
xy lo.ngi t;.udina.lst:rain
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.1;> 53 ·eu 0.663SO
Cross-sect~onal a:.;ea

8000 x 50

b 4227 MP;;.

t:;I ... 13.4
2x60.02

1;:1 111.62 MPa
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for 0/90/+-4.5 degree laminate

ar.ea .", t: .• w

""59.57 mm2

.30
59.57

I;:l 503.6 MEa
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A.201 Failure Criteria

typical errors are

'Oed!) ::;:;+- O.5]{.N D(dL) :::::+... 0.001 rom

'Oct) ::::Dew) =< +...0.1 mm

sinoe At. w

~ .0 .•1...+ 0.1
3..03 19.81

sinoe

~ 0.5 + 0.0381 + .,O.q.t!!8 0.464



since.

D(G) I:l

G

....141 -

""10.3 %

.,. 2(·· 0 , 001)1.•
. . 0.464

G.~ elF • 50
2•~.r(:)a.dL. (1 + v)

'"10.7 %
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The errors presented here ari.se due to the low graphical
resolution of the acoustic emi$sion plots, from which the first
set af acoustic emission information 'Wasobtained.

Ma~intt.4.mel~ror in voltage (para. med.n)

dV 1.3.rom
V c 12.S tam

(corresponding- to one bloCk)

,:1 0.104 ox 10. 4 .~

whis error is the same for all the X...axis parameters on the
acoustic e)nission graphs (amplitude, rise time, etc).

• 0.185 ox 18.5 •

Obviously the incurred errors will be lower:

The error over the :full Y...;:uds range will be

el?e; 0.96.rum
Y 53.0 mm
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",,·••0.0:1.8 or 1.8 %

iX'heerror over the £1)11 X....axj s range will be

""0.010 or 1.0 %

The ~rrors in the re::oults.should be between the full axis range
error and the ma}¢imum error"
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APPENDIX B ~ Results from AN Computer
B,,:t Carbon Fibre Reinforced Specimens
These plots. were used to. obtain ply failure inform.ation. F'ive
plots were done for each specimen:

1) non-cumulative events vs amplitude histogram
2) non cumulative events vs rise time hietogralu
3) non cumulative amplitude vs load.point plot
4) cumulative counts vS.load line graph
5) non....cumulat:i.ve events vs duration histogram

Two examples of all the plots of each lay-up type arn inoluded.
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AMPLITLJD;! FIRIST ARRIVAL.

~,1 CH. H-Pump is ON

OATA FIL~NAMES:DATA0!'illQ

HITS
FJ:RST ARRIVAL
GRAPH :2 OF 5
H!TS "'" $99

FIRST ARR!VA{~



"tRS1 AF:fUVAL.

COUNTS
F!RST A~RIVAL.
GRApl-I 4 OF :3

HITS ~ 899

W!'7"S =OM~QSZT5:S T:rS~ le/0~le0 !J~:46:Z~r..J-_ '=-;-~~'1
t
~~

'- '--=r. -~-"''\E'''''''''''_-'''''~... 6 ..!::i

4S

~RSjARRIVCtL.

LOAD <11~



,':; 1 eH. A-Dump i $ ON

GRAPH 5 OF 5

8.0

wns COMF'OSrTi;:STcST. 11l'l/(J~1! 1t3 1S: 4i';.S'~t~~~~'" ,lI:==~...._"_""'-~,,,""~'

~:;j

]
f
1
1

···,S",.~ '7!c:::U~~~~J~.!~'~~"''''''I''''.J:o 80~ . 16lZJt; ;240w .. :;l~11.lw • 4!Q0~

PURATlON







$i'.\A~'H ~ OF' e;;
HITS r::1 l1Zl1

AMPt..xrWl:IE:
t='I~$T AI=UHVAt.

GRAPH ~ OF S
HITS ~ 1,.~q

FIRST ARF\!VAI ..

WITS COMP09.!TES T5$1' l~/e~/=W 18:42:S~

~

~~';"'~."dl"'='."'_~~~~"""'_ t'"
" 1>1$

~ r
49



COWNi"$
·i;F:.S·j P.RRIYAI...

HtTS
F!f\.Si ARF:::t VAL.

GRAF'H S OF s-
HITS ~ 11!2IY

DATA F:tL5:NAMS.B=PATAIiI~l

LOAD en

DURATION·



a/soi ~ -45" carbon fibre specbne:r..s



HITS
F!~ST AR~!VAL
G~AF'H 1 OF 13'

HITS:::: U6l

!:;;). CR. A-Pump i$ ON

HrTS
F:tRST ARR1.VAL..
GRAPH ~ OF' S

HITS;:;; 1161

DATA F'It,.ENAM~B=DATA!.?!.?0

WITS COMPosrTE~ T£ST

AMP!.,. rrUDE::: F'!RS1 ARRIVAl...

270

WITS I::Cll'll~iOSlT~ST~s1' .. . 10/19/99 15:~2:49
oJr'="",~~jJt~btJ't-=t;;::'t'"#Z~-~~~~~"--i'.~:\' ,','", "h~-'" ~1IJ1.,: -~',~ t,

r."

RtsS TIME FIRS! ARRIVAL



";'')1 OH. A-Dump

AMP!.. 1i"WOE
=!RS'i ARRrVAL
\.JRA~H J CF S

DATA F!L~NAME!S.; DATA01ZieJ

is ON

COUNTS
F'!RSi' Artt\!VAL
6~AF'H 4 OF 5
H!iS .,. 1161

DATA FIL5::NAME:;
1:1;DATA0'00'

LOAD el[)

LOAD (V)



HITS
F:!FI$T ARRIVAL
SRA?H S OF S
H:trS to: 1161

OUF:ATtON



specimen 2



",? 1. CH. A-Dump i s ON

HrTS
FIRST ARR:·";~!"

GRAPH 1 OF :5

H!TS = 772

wriS COMPOS· e;s 'T'E:S"t' 113/17/98 1$::27:::S61:: r~~""'=""·.""..~<;"""",,,,,,,,,~g,,,,,,,,,,,,,~~~--= h"l
~~ ~

C

AMPLITUDE F'IRSi ARRIVAl...



H..--.:. I';:'

rRST Ati:RI VAL.

GRAPH Z OF 5
HITS =:; 77'''2

AMP!... rruos
t::'IRST ARRIVAL.

GRAPH 3 OF s
HITS ""772

DATA F!LENAMEB:OATA!1l!1l1

FIRST ARRIVAl...



:::auN'T'$
'::9T AR~=VAt...

GRAPH 4 OF S

DATA FILENAMl;!B:OATA001

':l L CH. A·..Oump is ON

HITS
F'IRST ARR!VAL

GRAPH S OF' 5
HITS := 772

DATA FILENAME:B:DATA13101

LOAD ('II)

WITS C~\MPO$t1'e:$ TES'r 1~/:l'?19EI 16; 2.9: t1S
4!Otil r-=-~ "",,,,1, •. " "lkc:::t. ........~,.J!. ..~~~~·""'-t

, I320 ,-
""



gO/ -+- __45" carbon fibre snec::mens., ... - - ',- - - --, -- - ..,..

specimen 1



HITS
F!:=;ST ~1RRrVAL

Gr::At:'H 1 OF 5

DA1A FILENAME:B:PATAl:I00

;:.: 1 CH. A;-DulI1p i$ ON

H!TS
FIRST ARRIVAl..
GRAPH 2 OF' 5

HITS = :1.660

PATA FIU::NAMS
B: DA'tA0Iill~

AMPL.ITUDE

F:tRST ARRiVAL



,;~M~L.!iUOS
. ~$T ARR!VAL.

COUNTS

P'IRSr ARRIVAL

\SR~'!'{4 OF .5

H!'T - 16813

.
PARA. MA!N • F!~Sj' Af\FUVAL



..I,; l eH. A-Dump i 5> ON

HZTS

FtRST ARF:::rVAt...

GRAPH s Of:' S

HliS - tbSll.l

W!i$ COMPOS!iES iEST. 10/021:$ le::?6:37
!t~ ;t...&~~ ... ~~~Jt.=AJ;:;:;;; ...~~~"""",=-,,,

PUr:A'l"lClN rlF~ST ,~R~,;:VAl



specime..TJ. 2



~. 1 .....!,..t
... ... .\o;,jt, .• _-

HITS
WITS COMt-"OStTES tEST 1£3/021: £3 18: :::!!fJ; lei

.!'L....; __ .,n.......:...,""~-"'= • L"",.",,· =""".~.....===""."..,JS",,,,,,,,,,,,, """"""",,'heW! '! ~\,

rtF A~FUVAt_ 80

GF:APH 1 OF :3

H:'fS =: !S:2:1

f::'IRS'fARRIVAl..



HUS

IEiRAF'H :4 OF" 5
H!TS :::: 1521.

" ~ 1 CI-l.. A-Dump is ON

A~1P!..I TUDf:!
F'tRST ARRIVAL

IEiF!APH :) OF' 5

H!TS "" 1921

WIi:; COMPOSITES TESi !!2f/~r:~, .e 18: 2!2f! 4"':r-""-""'.."",""""""d\,·""""===,dll"===~===,"v,_!,="".",,,,-,,,=,,,-_,/,i===o====="==""",====>!,l,
'f
#,
Ii

FIRST ARRIVAL

10/02hl2i le=2!~17
"4"" "~.

96

49

24

LOAD (V)



r; 1 CH. A-Dump is ON

COUNTS
!RST ARRIVAL

GRAr'H 4 OF 5

HITS == :!.s:a

DATA FILENAME:B;OATA002

"; 1. eH. A-Dump is ON

HtTS
FIRST ARRIVAL

GRAPH 5 OF 5

HITS:; 181.1

DATA Ftl.ENAME:
S:OATA002

TESt.

112960'

94720

5648121

!Zi. "
LOAD (V)

DURATION



201 -

fl...2 ....Glallss Fibre Reinforced $~~ '1imens

These specimen8 were. loaqed in st.eps, wIth the AEdata from each
step stored in seperat.e files •• Seven plots were produced from
each f:i.1e:.

1) non-oumulative events vs amplitude hist.ogram
2) non-cumulative events vs.rise time.histogram
3) cumulative events vs load line graph
4) cumulative counts vs load line grap··.
5} non-cumulative events 'ITS dur.ation. histC'lgram
6) non-c\..mul&tiv~,amplitude vs load point plot
7) non·"cumulativ~ events v'> lead hist.ogram

Exa:rnplesof all the plots frczlffi· one specimen of each lay-up type
are included.



specimen :.;



l. crt. A-Dump is ON

HITS
F!RST ARRIVAL
GRAPH 1 OF 7
!-IITS = 29

DATA FIJ.,..ENAME:B::DATAIZI0!!i

.? 1 Crt.. A-.Pump is ON

HITS
FIRST ARRIVAL
GRAPH :2 OF' 7

HITS = 28

DATA.FILENAM~
B::.DATA00tZ1

AMPLtTUDE FIRST ARRIVAL



• 1 CH. A-pump i '!Ii ON

GRAPH :3 tF

COUN'TS
FIRST ARR!VAL.
GRAPH 4 OF' 7
HITS == 28

DATA FIL.ENAME
3.;DAYAI2l0~

~OAD ('I)

WiTS COMPr.lSI"rES 'TEST . 10"/11/80s···r>~~·.....~
40°l ••~.
300 n~.. (
1.:1." ~ ~_ ... ! ......~

LOAD (V)



A-Du.ma is ON

ARRIVAL

~ 1. eH. A-Dump is ON

AMPLITUDe
FIRST ARRIVAL
GRAPH 6 OF 7

H!TS == 28.

DATA FILENAME;
Eh PATA0!21lfj

WITS C::ll'''iPO$rT~SrE:ST 10/11./90 !.7:36;i!:~·
SQI r ."""""_,L=== ....J!-.ri~b:===d"'""'="""=~=i"=!k====="'-__ d\i.""'"'· t
1 ~

4~ 1 [.~ ~

.. 110

~ ------sQl~ . 16121 24121 320& 4!Zl00

bURATION

..
:l.lt30 17'::$=:45

~<~'== ••=. ""'. ==i.t~~'<===~--t
t
ftr, .J

LOAD (V)



::1 CH. A-vt,Imp i 5. eN

FIRST ARR!VAL
5RA?H 7' OF 7

H!TS = 28

HITS
F!RST ARRIVAL
GRAPH :1 OF" ?

HITS == 1:'.2W2

DATA FILENAMEB:DATAl2lG1

LOAD (V)

WITS COMPOSITES TgS.,.> 1$/11/Si?l 17QS:4?
112l~ ~~==~~~~=d~~~~~~~~~", .•.& ~~ , r

i80

AMPLITUDE FIRS" ARRr'v'AL



• 1. CH. A-ul.nnp :i s ON

FIRST ARR!V~L
GRAPH ~ OF 7

..·1 CH. A-Pump is ON

ENERSY
FIRST ARRIVAL
I3RAF'H ::3 OF 7

H!'t'S == l-2@2

DATA FILENAME:S;T.)ATAW01

FIRST AKRIVAL



,SAPH 4- OF' 7

~l CH~ A-Oump is ON

H!TS
FIRST ARR:rVAl...
S.rtA?H S OF" ('

H!iS ::::1202

tOAD (V'j

OURHr:tON



AMPL.!Tl!OE:
F!RST ARRlVAt..
$RAPH ~ OF i

HtTS
FIRST ARRIVAL
GRAPH '( OF '(

HITS :::: 1~2

WITS COMF'OSIn:.S r;:$1' . . . 10/!.1/SlZl ~1:41~.1:'
1::!l?J· f··"-&,!",~~·)f~~ -_..J!~1
~6

48

2:h·..·~·.~_."._~~
LOaD (V)

LOAD ('II)



.; 1 CH. A-Du.mp i'$ ON

HITS
FIRST AR1-trvAL

GRAPH :I. OF '?

HITS ::::4SS

HITS
FIRST ARRIVAt..
(3RAt='H 2 OF 7'

HIiS =:; 46$

WrTS COMPOSITES r5:ST. 10/11.190 lS:~€J~"::r ~--,~
::~
l~ ~

o ~'.~~ '~~4~9F~~.~~~~~~~~~~~~~
AMPUT.l.roE:: FIRST ARRIVAL

urrs COt1POstrs:s T5S1 lw/3,.1/S$ :La:01 ~:.::r'-"~-~-
::~~.

@ ~~~'"Ur- <~ ~~~



ZNEi.:::$Y

FIRST ARRIVAl..
GRAPH :) OF 7

HITS.::: 4SS

COUNTS
FIRST ARRIVAl..
SRAPH 4 OF "

HrrS :::;4S$

LOAD (V)

WITS C::O!'1~OS:nc:S Te:ST HI/U/Sta 3.9: f(J!!:~ Z:1
l!41S0m~~~

1'29@~ ~ J [
14460@ J ~
964W@ J fin !..

.J . n

4e2~:II~~ =l......~ ,I
...,:.1f~'ll' ~~ - •.. 4 - ..••. . .~... - •••• 13=-=11"- r~

!JOAD (Y)



HITS
F'!RS7 ARR.!VAI..

SRAPH S OF 7
H!TS =:: 4SS

j t eM. A-Pump i!'.> ON

AMPl..ITUt)E:
FIRS'" ARfUVAL..
GRAPH 6 ClF ('

!-ItT$; t;:; 485

PURAT!ON F!~ST ARRIVA'_

ILOAD (Y)
1



HITS

9RAF'H 7' OF '7

HtTS ,." 4;;;5

LOAD ('1)



a /901) ~lass.fibre specitn.ens

specimen 23



.' 1 CH. A-Pump

HITS
f!:"!RS1' ARRIVAl...
$RAP~; 7' OF 7'

HI7S :::> 773

is ON

LOAD {VI



F!RSI Ar.:RIVAb

GRAPH 7 Cll=' '7

HITS := 567

.: 1 CH. A-Durn;::l i IS ON

COUNT'S

F! ~ST A~R! VAL.

eRAPH 4 OF r

-w 'f-. Q

tOAD (V)

W!IS COrU:'OSITI::S re:ST. '1)!l111/:.el ~;t.: 1:$;49

< ~lr··L""" .~.~·.·.·.··l
n .

«R
un

un) . . .

til ~~"'_''!=~~~-.··-(m· •.~
LOAD (V)



ARRIVAt...
(' .OF 7

COUNTS
t=':R$'i ARRl:VAt...
C3RAi='H 4 OF '7

WITS COI"l?OS!TES TEST. ... l@/H!:1?l 21. :'1;11!::r~~
6(5 J

<';~

LOAD (V)

LOAD (V)



H!TS
F!RST ARR:VAL
GiRAPH 7 OF' 7
HITS "'"7&64841

COUl'\17S

i='!RSTARR!YAL
GRAF'H 4 OF 7
H.!:TS ;;:: 6@~

DATA FILENAME:9:PATA$J2I;Z

W'rTS COMPClSITES 'JEST. 10/11/:0 :21:@9:37::r~~'~
c:

LOAD <'I()

LOA]) (V)



HITS
FIRST ARrz!VAL.
GRA!=>H .1 OF' 7
HITS == 7864941

H!TS
FIRST ARRIVAL
GRAPH Z OF' 7
HITS ::;7864841

DATA FIL.ENAME;B:POST00::3

AflPLITUDE 'F!F\'STARRIVAL

W!TS COMPOSITESTEST HUll!:: I!J :21: !Q' ~29:::.~~~~~dk~~~·~=~~~~·.=~~~·==.#.~-=-~~=.=E~~~~k~"~~,

H r

R!SE> TIME FIRST ARRIVAL



A-Dump is ON :2:t:~7:e:!

1EN.ERGY

F!RS7 ARRIVAL 20b40

6RAF'H '3 OF 7

nATA F!.LENAME:S:POST012i'3

. 1 Crt.. A-Dump is ON

CO!JNl'S

F:RST ARRIVAL
GRAPH <4 OF 7
HITS ;:::.7964841

')AIA FILENAME3;?OST0~3

LOAD .CY)

tOAD (Y)



..: : CH. A-Dump is ON

:=-I~STARRIVAL
G!=IAPH :5 OF 7

HITS ;::;.·7964$41

• ~ 1 CH. A-Dump i;; ON

AMi='L 1:ruoa
ARR!VAL

GRAPH 6; OF" 7

H!TS =.:: '7964941

nAtA FILENAME3:F'OST0S'3

OURATtClN F'IR~T ARRtVAL

.LOAD (V)



... 227 ...

Results from :tB£,i cmnputer

2nd Set of Glas$ F.ibre Reinforoed Spe{';:i:mens

These plots Were used to obtain ply failure information. 1'hree.
or four specimens are plotted on each set of axes, and there are
two .similarly labelled graphs for each laminate. type. Th:r;ee
different parameters viera. plotted:

1) duration time vs load
2} event rate VEil load
.3) energy vs load

All. the paramet~rs are non-cutnultl.ti ve .



0..0

0.0~"""':S"" 1.4 , ",,,_~~,,,, .•'i.jl' .•"'M
load (kN)



J

350.0
:fi.0'
i, 30000
ill
i:OJ 250.0

200.0

160.0



4~.0.•°11.•.•
360.0 ,

320.\} 1
2$0.0

:J'I
tfc
1. 240.0 t:
ill
C
OJ 200.0 1

1600V 1
12M]
SO~O I
40~O)

120.0

aM 1
~o~ot



40000 !
36M J
320,,0

I2aO 1
eO~I) ~'

40.0

Flgmrre C~B 01 /+«=45 LmnW21te
~oo.o

120.0 I
8030





Figm~ C~9 01+~415 Lm:lJlW~ste
,

140.0:;p
Q't
~ amoo I
b jru 100.0 ...

BO~O 1



~o.o
3c.O

jt"\ 3~.OU'l
\
v 29.0
W
oI-t 24.0ro
'-
M 20.0
t:
OJ 16~O>
(Y

12.0

a.o





~M I
la.O

~.O

m 1~llO
\
V 14.0 !
W
1ii 1:t.0
$..,

M 10..0
b
OJ> S.O
(9

~i~.O~ "10.0 ~.o ·''--'''®:r - - $_{fJ .. 4'OQO -. ~1iJf '__'l~I)Qo
load (kN)



0.0 tSfo.o· ; ;;~o.rTIUf' XL~or=_:~:o~ ··30~O~~.O -'·~~~.f;· ·"~·jo.o
load (kN)



31M; ]

2M I

12.0]•.•
9.0· .

load (kN)

In at/gO (
\
v 21.0

'm 24.0
\
v 21.0
OJ

~ I~~ 1
15.0



~Ol
27.0

(140 IM{
0.0 ~~~-1.0c~O~~'t(}~"1f.if . ·l~.a·.~~.~ f(A-.•O~?-_O--"-"'o.o

load (kN)



20Q{I t
lSuO J

1ft !~.ol
~ 14.G J
~. i2~O .
~
4-t 10.0
b
~ ~O
~ s.n j

4~O t,

0.0 C"~"'_ ~~O~~ '"'~j2:r1ij:O ··is:o~~···1tQ,"'21-0»tO· ~OBO
load (kN)



lCe2

lb~ r.

n J'b.(t,t::o=:::;;;Wil=~*o~-=' :::::::;?ar~ ~ru' ,,'=tiM) ~~.O.', '0.","~i:H4.0 ~o.o
load (kN)



!ooo.o

$00.0
;!"'Ii.16 ~oo..e
L
U 700.0
.t=l

s
v ~OIM)
C
,~ 500.0
¥
(iJ
L 400.0
:::J
'Yj SOO.O

200.0



200.0

--..~
0.0 u=;=............ t;;:;;:;:-" • ~ ••• 7fJ •..••~~~ $ ur:.=& •... ~ ...•... 'Li==n:;;; ~~o ~3 I(?D~ ~~S 7~2 ;.6 7.~ $.1 $.4 ~~( ~.O

load fkN)



1800.0
"r'\

cghiOOiO -r,

L
U1400.0

.o::!

S
'V120ijl.O
b
°1000.0 '.1"1
4-t
.tij
L $00.0
:J
"tJ GOO. I

400.0



~O'l
1800.0 il

,,'m •.01~OO.O
L
U1400.0 c

.<=l
E
v!200.0
b
.81000.0
u
IV
L soo.O
:J
'U dOO.a 1

400.0 t

0/9f} Lmnfuate

R!



2250.0
A I
~20Q(j~O
t..
Ul750"Q
·Fls
Vl~Of.).O
t:
,£1250.0
.w
~!OOO.o ,1

:::J
"t'i 750.0 [

OOl1P ~
t~Ml

0.0 to

2~,O,.~••
2250.0 ,••

.'1'"\

0Cj20~t\ '~

.~!itU0 ~
!..
vU100.0
e
.~1250.(J
.!.J
fII1..1000.0
:J
"tl 750.0

eoo.o

I I
)i
I



0/90/+-415



~Ol .•
,.'" . r
~32QM 1
U2300~O li.

's l~2~MJ

'tJ120o.0

600.0



~()n~.o~

tSOlJ.O t

4GO~O ~l·
aC(Ml Jl .i.~.
ooJ.---"~~-~ ---- ..--...~.~· "\O:ir~~~'---i~76---'~--14:i '-lio"-1fO'~--"'4i:O'~ ~4~~..~ ..•~o~o

load (kN)

C
.91OlJl'Ml t
oMto
1.. SO(MI
::J
." 600.0

FiglEe C~3[) O/+~45 lA31JL1Q).itllN!1lre
rlr~'='
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t;Chec..omputer program Jsed to calculate the theoretical results
is listecL A,n.el<:ampl~~of thGl output file obtained after each
r;1nalysis is ~lso incl:Jdad.



unit fail.u:r.~s;

INTERFACE
USES
globori t., tiles, calo111at, Ira;tilVe:r:2,Crt., glob, 'menus I' spread.st fralllGS t strings J

VAR
upto ; illtege~ i
fllesa.vetloadflag:booleani
filepath, direct('l, direct ; string;
tangle :arl."ay(1••251 of realt
E>dtsave : pointer;TWfact :real;

PROCEDURE FAILURj

!:tvU?LEMEN'rATIOi'l'

l?ROCEOtJJiUJ: DEFN2;

Begin
wordl[:tJ:~fNum}:)er of laye.rs'; inlayers}
wo:r:dl(2];~tNO. of material types'; {types}
"lordl [3] :="'l>ro. of different angles r; {11an91~s}
value (1.). :onl.ayel:.s;
wllue.(2J :::;;types(
\d.lue[3J::::::nangles;End;

£ ·og.tn
nlaye:r..·s:='trul1c(value.(l]) t
types:=truno(value(2))inangles;=trunc(value(3J);
End;
PROC:ret)tJ:B.E OEFN:3,

Begin.
wordl(l)== IE1';
wordl[2]:= 'Ea';
t'lorctl..( 3 J : t:lI!G12' 1
'ttlordl(4J :r:::'mcwl:l';
t'lord1. [ 5 J : = ,xt I ;
wordl(a)~~ Ixe';
t..]ordl.(i J ~::.:: , Y't t ;
\l1o:r.dl(a J :~;; t "1.0,1 ;
wQrdl(9];::.:'S';
'>lordl (10) ::zu t th:l.olt\,\EH;l~I ;
valua(lJ;:::::GC1[i];
value[2J==ec2[i];
vll:llue [3 J ;:::::9012 [i) ;
value(4]:~mewo12tiJ;
valtleC5l :=xtc[iJ;
Waue[GJ ;~xcc[il;
va.lue[7] ;ll:::ytc(iJ;
val.ue( a j :=YOC[ iJ ;value(9J:=sc(iJ;
vnlue[lO):l::'ltc(iJi
End;

PROCEOUR~ OEFN3A;



End;

PROCEDURELAMINPUT1; {to input laminate details from the keyboard}

{lnaterials and their properties}

Begin
assign(input,!f);
reset(input)i
alrsar;
gOtoxy(20,lS);
write(IE:nter material I ,i, I name •.••. ');
read ~':tat~~rialname (iJ ) ;
clrl:or;
pos;i:tion: ,-.;;:1;
t.Ot.X:=10;
Ol'~FN3;
gtrtoxy (15 t 24) i
write ('material: r ,mater:i.alnameti) );
spreadsheet (totx tpO$itior~) ;
DEFN3A;

End;

PROCEDURELAMINPUT2; {ltIa.te:r;.'ia.l types for each la:Y\:lt'}

Begin
clrscr;
upto : ;:;t:r:unc (types/3) ;
if t.lpto«types!3) th(\m upto:::;;tlpto+1;
for it=O to uptO~l dO

begingotoxy (b~20+1 (;'+2) ;
write(i,' : ',materialname(i+1]);end;

frame(1,ltBO,upto+3);
if types » 1 t,hen

begin
gotoxy{3,upto+5);
write(' Enter matel:'ia.l type for l,aye.r ');
:Eal'" Jt:~ 1 to nlayers di"ll 2 dobegin

gotoxy(35,upto+5);
write (k t f •• ~ .... t) i
read (:rna:t:.type[kJ) ;
mat.type[nlayers"'l~+ll ~~lnattype[kj iend;

end
els~

for k~= 1 to nlaya"s div 2 do
".Jegil'l.
mCl,t.t.ype.[Ie1: 1::1 i
mattype[nlayel~s...Jc+:q :~lmlt·type[kl ;
end;

Endj

PROCEOURELAM!NPUT3; {anqle sJzes correspondinq to types}

Begin
clrscr;
gotoxyp, 12) 1
'N'rit.e ( I Enter size of a.ngle number I);
~~~ 4._ 1 ~~ ~~"N'~~ AA



Begin
clrscr;
upto :=tr',.mc(type~/3);
if upto«types/3) then upto;!::Upto+l;
for i;=o to upto-l do

begin
gotoxy{i*20+1,i+2);
write (i, I : I 1angle [i):3 I' degrees');end;

frame(3.,1,80,upto+3);
if. nangles > 1 thenbegin
gotoxy {3 I up·to+5) ;
write('Enter angle type for layer I);
for k:= 3.to nlayers div 2 dobegin

gotoxy (35 t upto+5) ;
write(k,' ••••• ');
read(angletype[k));
angletype(nlayers-k+3.J:=a.ngletype[k)iend;

end
else

for k;= 1 to nlayers div :2dobegin
angletype[k);::::lj
mattypernlayers~k+l)!=mattype[k];end;

End;

PROCEDURE LAMINN.J:ESAVE;

Begin
!<'11Input (inpresp) ;
Name(inpresp,directo,'lam');
assign(inputf,inpresp);
rewrite(inputf);
writ-eln (inputf) ;
wr it~'\).ln(input£',nlayers) ;
writeln(inputf,types);
wr itell'),(input! ,nang-les);
for i :=: 1 to types do

begil1
writeln(inputf,materialname(iJ);
writeln(inputf,EC3.[iJ);wri tl;Hn(inputf,ec2 [i]);
writeln(inputf,gc12[i]);
writel~(inputf.xtcIil);
writeln(inputf,XCc[i]);
writeln(inputf,ytc[i]);
writeln(inputf,ycO[i]);
writeln(inputf,sc[i);
writeln(.inputf,mewcl:2(i));
writ:.eln(inputf,tc(i]);~nd;

for i := 3.to n,';l.nglesdo
writeln (inputf F angle [i J) ;

for i :::::1 to nlayers div 2 dobegin
writeln(inputf,mattype~iJ);
mattype[nlayers-i+l]~=mattype[iJ;end;

1"1"\"" ; .;::: 1 rt'l '1"11 ~'rp'l"'l:t A; 'tt ? i'3!'l



clrscri
word1( 11;==I N~t' ;
wordl [4 j := 'Ny' ;
wordl[~) v=fNxyJ';
Wordl (4 J ;;;:'MX';
wordl I.5 J : == 'My I

wordl.(6J :=='Mxy' \~
for i :'== 1 to 6 do

value, [iJ ;=lo~\dingtiJ;totx;==<5;
position;=l;
spreadSheet (totx t PI\)S itio:o)i
for i r= 1 to 6 do

lQading[ i J p=val1.le(i J ;End;
PROCEDURE INPUT2i { load input}

Begin
writeln('input2 ')i
for k:= 1 to nlayers do

beg-infor i:= 1 to types do
if (mattype[k) = i) then
begin

e:l.[kJ ::.=; ec:qiJ;
e2 (k 1:;:;;:ec2 Ii J ;
g12(k] := yOl.2(i];
xt[kJ := xtc(iJ;
xC(k] := xoc[i] ;
yttk) := yto(iJ ;
ye(k) !=ycc{iJ ;
s[kJ := se[i] ;
meW12[k] := mewo12[i);

t[k] ::;:;to[i)i
end;

for i::=.;: 1 to ~langles do
begin

if (angletype(lq = i) then thett:llk] r= angle(i];
end;

end;
for k:=t 1 to nlayers do

mew21[lc) :..:;:meW12(kl oJr e2[k] I al[k) ;
for i:=l to nangles do
tangleti] := .angleriJ 1 S.).4159 1'; laO;for k;= ). to nlayers do

writeln(' layer ',k,' at anl~l~ ',tangle(angJ.etype[k)]:5:2)i
writeln;

end;

PROCEDURE INPUTFILE; { input ()j; data :from :file }

V<arinputf :text;

Begin
clr.scl:i
filepath:=directo;
insert ( , \'1; .lam', fil~path/len9t)1{filepath} +1) ;
filpl'~T{rilpn;:lf'h.'a"~ilF1.hl~ f'·ilp~ •• ,1\ e



readln(inputf,materialname[il);
readln(inputf,Ec:tti);rei!;tdln(inputf,eC2[i] );
readln{inputf,gcl2[iJ );
readln(inputf,xto[i) );
readln(inputf,xcc[i] );
readln (input:fI ytc [i J ) ;
"":'eadln(input:ff yco [l,] ) ;
readln{inputf, so[iJ);
readln(inputf,meWc12Iij);
readln(.:i.nputf,tc(i);

end;for i::::: 1 to nangles do
beginreadln(il1putf,angle[i]};
1rlriteln(,angle[',i,'J ',angle[i] :8:2)i
e.nd;

for ie:::: 1 to niayers div 2 do
begin
readIn(inputf,mattYPe(i]);
writeIn( 'mat.erial typer' I it' J . . I I mattype C iJ :S: 2) ;
mattype(nlayers-i+1J:=rnattype£iJ;
end;

tor i:= 1 to nlayers div .2 do
begin
readln(inputf,an::rletype.[i]);wri teln (,angle t~,?e(,lit' J ' ,ang.letype(iJ) ;
angletype [nlayers"i+l J : =a.ngletype Ci 1 i
end;

close(inputf)i
for i:= 1 to .types do
begin
~.,riteln(' E1[',i,'J = ',eo1[i]:8:2);
writeln(' E2(',i,1]:::: I',e02(iJ:8:2);
writeine' 012(' Ii, 'J ;:::r, 9'012 (i]! 8= ~n;
writeln(' Xt(' ,i, ') = ',xtc(i]:S:2);
writeIn(' Xc(P,i,'):::: ',;)tcC[il:fH2);
writeIn(t '!ltC/,i,') =:: ',yto[i):8:2);wr itein (' Y'c[,Ii, I] :::; I t yeo [i 1-'a : 2) ;
writeln(' S[',i,'] == ',so[i):8:2);writeln (I met,712[',i, (J = t tmewc12 [iJ:a: 2) ;
writeln(' t[',1,'J = ',to[i}:S!2);

end;
en!::::;readl~ey;

end;

PROCEDURE BOOST; {to. hoost.the loading}
Var

R,R1lnax,R2:max,R12max :rua.l;

Begin
writeln('boost ');
for k:= 1 to niayers do

begin
Rl[kJ r= abs(Rl[k);
'l)?rlri "= :":I.h",('p')rlr'l'.



:R12111ax:== R12 (1];f.or k:= :2 to nlayers do
beginif ( Rl(k] ;;. Rlmax) then Rlmax:= R:t[kJ ;

if ( B-2[kJ > R2luax ) then R2nlax t= R2Ikl ;if ( R12 [kJ ;;. R1Zma~c ) then R12max ~=R12(lq i
end;

if filesave==true thenbegin
writeln(outputf);
writeln(outputf, tfailure ratios .•• '>;
for k:= 1 to nlayers do
begin

writeln(outpu'tf,'rl='/rl[lt.J :6:5, r :1:2=' ,r2(k] :6:5,' r12=' ,r12(kJ :6:5);
end;writeln(outputf);

end;
R :==R12max;
if (Rlmax ;;.R2.max) and (Rlma~c ;;.R12m(;uc)then It :.= Rlmax ;
if (R2max ;;. Rllna>c) and (R2max >- R12max) then R: => R2ma~, i
if filesave=trl.le. thenbegin
writeln(outputf,' ratio used ••• I',R~6:5);
writeln(outputf);
end;
if (R <> 0 ) thenfor k:.;::;1 to 6 do

begin
loading ttl ~= loading[k) I R.;
writeln(' New loacling •••• ',k,' .••. I,loadingtk);

end;
End;

l?ROCEDURr.. ouc:r.rU',t'l; {da'ca out.put procedure }

Va.routresp
Begin

writeln('outputl ');
if (failure = true) thenbegin

for It ::=.: 1 to .nlayers do
begin

if ( failCkJ :=.:trUQ ) then
begin

,lTriteln(I The I I k, , layer has fail.ed.')i
writeln;end:and;

end
else writeln (' No ply failure '); .
if (failcount >= nlayers ) then ltl:riteln('complete failure') i

:char;

writeln(' Layer No stress 1 stress 2
for k := 1 to nlayers do

writeln(' ',It, I I, (stressl,[k)) ;(5:2,'
shear stress');

I I (stress2 [It]) :G:2

if filesave=true thenbeg.in
M"'~+01 'Ii'> IAn....,..,"01-1 \ •



'S ':
9 ~
10
)',1 :
12
13
end;

writsln (out:putf, I CRITERIA') i
writeln(outputf);
if (criteriaI:;10) or (criteria=:tl) then

bsgin
writeln(outputf, ~ A12 ;:;; (,A12);
writeln(outputf);
end;

wri'teln(outputf,' output number I fcount+1) iwriteln(outputf); .
writeln(outputf,' Layer No
for k ;= 1 to nlayers do
writeln.(outputf, f r ,le, r

w:riteln(outputf);
writel.n(outputf,' Layer No
for Jt : = 1 to nlayers dowri teln (outputf , I ,k, r
't ~iteln(outputf) ;
wr,i.teln {t')ut·putf,r tayer No
for. 1t := 1 to nlayers dowritaln(outputf, ( i ,It, I
~ll:iteln (output:f);
writeln(outputf,'Exx = ',e%:6l2,'w:riteln (ou:tputf) ;
for It := 1 to nla:yers do

begin
if (fail [k3 = t:r\le) thenbegin.
write (outpu'cf, 'The ' ,k, ( layer has failed ');
case fa. iltype (J<l of

1 : wri.te.ln (outfi\,\tf, 'by pri1'lcipla stress X "i t
2 ~ writeJ.n{outputf, 'l:ly prinoiple st:res$ Y');
3 ; wtfiteln(outputf, tby interaction term') ;end;

encl;end;
writeln(ou'l:putf) ;
writeln(outputf);wl:."i tPtltt.('out.putf,. 1·.. .... -_~_~_..........-~........._~.w;............""'-.,.,......._4 .................. _ ......... ~ .... ioooii, ............. """'~ ......... _""'~;....: ...... _.~ ... _.,t .........1
wl'.'iteln(outputf);
writeln(outputf);

end;
countn =: count; + 1. i

end;

writs (output!, (NORRIS DISTORf.t'IONAL');
w:rite(outputf,'FISCHER') ;
write«')utputf,'GOLl:)ENBLAT-l<Ol?NOV'};
wt'i.te(outputf, 'TSA: ......WU') ;
write (outputf t 'GERJVi..ANS'l'ANDARD (HILI.,)');
wri te (out;,putf t ' MARIN ') ;

stress 1 s'l:ress2 shear stt'ess/);
',stress2[kJ

r I strain2 (l{.l , I

strain y
't strainy[kJ, ,

PROCEDURE GRAPH; {placing the loae.....strain points in a data file
for incorp~rating in a lotus worksheet }

',streSS1[k]:6:2,'
str,ain 1

',strain1[kl/'
strain x

I t strainx[lq ,,
By':! ;::: ',ey:6:2,'

Var
dat :stringi
dat:,a 8 text;
dat.aresp:char;

Begin

clrscr;
filinput(dat);
Name.(dat,directo,I'.d.at');
assign(data,dat};
,"'.::.t.l'1"';'1-t.:I (rI~+-!:l \ •



B',;I.'l~t'1
wri tern ('coords ••••no. of po ints \= .. Infails) i
ss :--strain:x:[l] ;for k :== 1 to nlayers. doif (strainX[k] > ss) then ss::;; strainxtk] ;
xeC/ord(nfails] := 5S;
ycoord£nfails} := loading[11;

End;

PROCEDURE FILEQUTPUTi
Begin
files:ave:=-true;
filinputCoutputfilename);assign(outputf,ontputfilename»;
rew:rite(outputf);goto~,y(.5,24);
write('Label for output file? ');
assign(input,");
reset(.input);
readln(labe);
writeln{outputf,labe);
wr.iteln(outputf) ;

writeln(outputf,'numbe.r of layers::= ',nlayers);
'writeln(outputf, 'numb~r of material types := i ,types»)
writeln(outputf,'number of lay ...up angles"" ',Dangles);
writeln(outputf);for i ::;;1 to types. do

begin
writeln(outputf,materialname[i));
writeln(outputf,'El;:::: ',Ecl[i):8.:4,' E2::= ',.ee2(i);S;2,' 131.2::=',gel
writeln(outputf,'Xt == ',xto[i):8:2,' Xc == ',xccti]:.8:2);writeln(outputf, ,yt == I ,:)lte[i]:8:2,' Ye::= (,yea(i] :8;2);
vlriteln( outPll.tf,'S ;::::I (so (iI;8:2 ,1 mew12 == I rmewc12 [i J : 8n~I r thickne

end;writeln(outputf);
wr it.el-n(outputf ,.'Angles; );for i :;:;:1 to nangles do

write(outputf,i,' :;:,,angleri] :8;4,' ');
writeln(outputf);
writeln(outputf,'layer material types');
for i :== 1 to nlayers dowri'i:e(outpU'tf,i, I ::: , ,ma ;type (i) :8:2 t I ();

writeln(outputf)]wr i.teln (outputf ,,layer angle types f) ;
for i :== 1 to nlayers do

write(outputf,i,' == .I'.,angletype[i],' V);
writeln(outputf)i

End]

PROCEDURE DEFNJ
Begin
nheads:=4;
word (1).= =='input' ;
word[21:='caleulate';word[3]:::=.I'options';
';'lord[4] ::::I quit I ;

pnheads(1):=:;5;
bead[l,l]::::/use file';
head [1,2) :::= Iuse kbd';
head[1,3]:='eha.nge laminate';
head(l,4):=='loading'i
}u!I;:.rH1 ,t;1'::="',..h~hN4Ai~=>,..f'r\,..\t',



head[2/11] :='TSAIWU' i
head[2,12)::::::'<:ZERMANSTO';
HEAD (2 f 131: = 'MARIN'.;

pnhaads f:3 ) .:=5 ;head{l,~]:=/screen/;
head[3,4J~=/save laminate';head[3,3):=topen file for output';
headP, 4 J :='view laminate';
head[3,5]:='save load-strain data';

pnheads[4];=O;
End;

PROCEDURE CALC;
begin

nfails :::::;0;
count:;:::O;
faiJ.count := 0 ;
counter ::::00 ;
for 1{ : = 1. to Nlayers do
fail[k] :~ false;
thickness := 0;
for kr= .1 to nlayers do
thickness :=thickness + t[k];

wr iteln ('thicRness = I r thicknes$: .5:;5) ;
z(O] ::::: -thicRnessj2;writeln(' Z(O] I ,z[OJ) i

for k := 1 to nlayers do
begin

'Z[kJ :~ ( Z[k-1~ + t[k) ;writeln (t Z ( r f k, ,J == , t Z [k]);
end;

repeat
begin

repeat
begin

MA'rRIXCALC;for i :;:.:1 to 6 do
begin
if loading[i]<le-l0 then loading(i):=le-loiload[i] := loading[i);
end;

SOLVE;
s'rRESS;
failu:r.e:=false;case ( criteria ) of
1 MAXSTRESS;
:2 : MAXSTRAINi
3 J?UCKSIMPLE;
4 PUCKMOPIFIED;
5 ~ TSAIHILL ;
6 PUPPOEVENSEN;
7 NCRI{ISMcKINNON;
B NO:tmlSDIST;
9 . FISCHER ;

10 GOLDENBLAT;
11 : TSAIWU;
12 GERMANSTDi
13 MARIN;
end;

OUTPUT1;
nfails := nfaiJs + 3,COORDS;

end;
until ( failure =:: false) or ( failoount >= nlayers ) or (h='n');
{" 1'(':"",';, ,..."'" ...-l- .... ...1.,no.,...."" , f.b""' ....



PROCEDURE PREPIUFN;

Begin
for i;:::::lto (5 do

begin
10ading[i):=le-15;
load[i):=le-15iend;

nlayers::=;°i
ty pes: =-1"\ ;
n,mgles :=0;
for i::::: 1 to types. do

begin
materialname[i] ;=11;
EC1[i):=0;e02[i)::=;0;
g012[i;:=0;xto[i):;:::;O;
xco(iJ:=O;
y1:o[iJ:=O;
yoo(i):=o;
50[i1:=0:
mewc12 [ :1.] : =0 ;
tofi] :=0;end;

for i;= 1 to 5 do
ang1e[i]:=0;

for i::::: 1 to 16 do
mat'l::ype[i) :=0;

for i:= 1 to 16 do
angletype [i.J:=0;

End;
PROCEDUR.3 MATRXXSAVE;
Begin

writelln (outputf r 'stiffness matrix for this laminate: I) ;
writeln (ou:tputf);
write1n(outputf);
ror i:= 1 to (5 do
begin

for j~= 1 to 6 do
begin
write(outputf,l'ilatr':':x:(i,J J I r I) i

end;
wri teln (outpu.tr) ;

end;
close(outputf);

end;
PROCEDURE FA!LUR~
BEGIN {main program }

{Exitsave:=ExitProo;
ExitProo:=@MyLxit.;}
01rsori
filepath:='o~\ian\pas\*.*';
direoto:='c:\ian\pas';filesave:=ralse;
PR.EDEFN;
DEFN;
counterf ...a9' : :;::"i::rue;
posj==liposn:=l;
cirsor;
....""""'''''' .. +-



DEFN2Aic:lrsc:r;
tOl. i r= 1 to type;s do

begin
LAM1.Nl?UTli~nd;

!.AMINPU'r2 i
1,AMIN1?UT3 ;
IJAMIN1?UT4 ;
Pnd;

3 Hegin
Jlrscr;
Ilritei..n('l materials and tbeir properties');
H'ritei..n('2 material type sequence');
'''l.~{teln(I 3 angle sizes');
'N'riteln('4 angle type aequenoe") i
'rl:r.iteln (r 5 no. of anglG:s') i
I'1rl.teln (16 no. of .xnaterial types') i
writeInC'? no of layers');
writelniwrite{'What. do you want to change? ');
ch:=rl!!adkey;
case ch of
'1' : beginwr:i.te('Enter mate;:.'ial type numhar.... ');readl.n(i);

LAM"!'tU?UTl ;
end;

./2 ' LAMINP'OT2 ;'3' : LAMIN1?'OT3;
14' ; LAMINPtJT4;
t 5; .~ begil'l

wl:'it...ln;
wl:'J.te('Enter, no. of e.•• ';1, , •• ') ;roadln(nangles);
end;'6' beginwl:'iteln;write{'Enter no. of material types"")i
readln(types);
end;'7' begin
w.rite.ln;write('F.nter no. of layer~ ••• j)i
reaclln (nlayers) ;
end;

end;
end;

4 ;)EFN4i
5 begin

gotoxy(l,lO);
\>lriteln (' OlJ directory ••• I I dir~cto) i
wri te (1 E:rreer new directory ••• ' I ;
REAPLN(direct);if di:t:ect::::1 t then direct;;;.:directo;
directo:=direct;
end;end;

2 • begin
loadflag: =fal ':;1.,;..;

for i:=l to 6 do
if loading[i»O.OOOOl then loadflag:=.true

criteria:=posn;if loadflag=true then
begin

INPUT2j
,....l\ 'r I'" •



ch: ~rea\.~key;end;
2 LAMINATESAVE;
3 begin

if fj.lesav~::;;false then FILEOUTl?UT
elsebeginclrscr;

wt:'ite('A f is already open for output. Want to ohange it? I

ch :=readl<ey ;
if: ch in ['y', /'If.! J then

begin
MATRIXSAVEiFILEOUTl?tJT;
end;

end;
end;

4 : Begin
for i:= 1 to types dQbegin
wrlteln(' El[f,i,'J := ',eo1Ei):8:2};
writaIn{' E2[',i,'~ - ',ec2[i]~8:2);
writeln(' G12t',i/'J:;:; ',go12(i):8:2);w;t'iteln(1'xtp,L~J:= l,xto(iJ;8:2);
write.ln(1 ){o(' ,i,'J 't; '~xoo[i] :8;:.0;
WX'iteln(' llt[',i,'] r.::: ',yto(i]:a:2);
'I.7riteln(, ¥cL',i,') IJ;: ',yoo(1J:8:2);
write.ln(' S[',i,') :;:;;',s(:(i):8::2.);
wr:i..teln(' mat.,12 [' , i, I J - I ,:me:t'1c12 r iJ :8: 2) ;
writeIn(' t(',i,/) - ',tc[i]:a:.2);
ch.: =readl<:ey;end;

01r601";
writeln('numbe1" of layers •• ',nlayers);
writeln ( r nU:ll1nerof :material type~'Z••• ' J types) ;
w.r.t teln ( I nun\b~rof angles ••• r I naugles) t
oh:=readl::.ey;End;

5 : GRAPH;
endiend;

countBrfla9:~false;end;
until posj=4t
if file.save=tr1.1B then MATlUXSAVEi
0). 't'sor;
END,
END •



unit Calculat:
in'terfuce
uses glohcrit,crti
PROCEDURE MATRXXCAtJC; { calculating the laminate matri){ }
PROCEDURE STRESS;
PROCEDURE SOLVE;
XM1?LE!I1ENTATXON
PROCEDURE SOLVE; {solves the matrix}
EEGIN

for k:= 1 to 5 do
for i:= k + 1 to 6 dobegin

mult(iJ ::-~matrix[i,lq Imatrilc(x,)'J;
for j := k+l to 6 do
begin
matrix[idJ:= ma:crixli.,jJ ...mult(i)~':matrix[l<:,jJ;
e.ml;
10a(:1(iJ := load(:i.) ... n\Ult(iJ ~':load.(l<:);end;

straino [6 J ;:=: loa.d [6 J Imatrix( 6 t 6) ;
for i := 5 downto 1 dobegin

strainori] := load[i)ifor j 1= i+1 TO G DO
peg'in
straino[i] r= strainor!] ... straino£jJ 'II matrix[i,j);end;

straineri] r= strainor!] / matri)c[i,.iJ ;
G1l'djend;

PROCEDURE MATRIXCALC;
var

;)C ~real;
n , store: char i eheoJc : te~~t;

Begin
for k:= 1 to nJ..ayers dobegin

x ::;;:.1 ... (mew12(kJ ~':muw21Ck» i
Qll[k] := E1(1{J / x ;
012 [k) := meW12[R] ~~E2 [kJ I x ;
Q22[k] := 12[k] f x J
Q66[k] := G12[k] ;
sl := sin(theta(k]);
$2 r= sqr (ell) ;
93 : ':': S2 * sl ;
s4 : ~ sqr (s2) ;
c1:=cos(theta[k]) i
02:::; sqr(ol);
03 :e.: 01 * 02 i
c4 :.-:: sgree:'.) ;
QT(1,l,k):=Ql1[RJ*c4+2*(Q12[1<:]+2*QEHi[kJ)*s2 * 02 + Q22[lq '* 1341
QT[l,2,k] :-C Qll(k] + Q22[k] - 4 * Q66[kl)*S2 * 02 + g12tk} * [84 ~ 04};
QT(2,2,k) :~ Qll(k] * s4 + 2*(012[1<:) + 2*Q66(kJ) * sz '* 02 4- Q22(kJ ,,,/04
AJ'fI r '1 ') lr 1 • _ I t\ 'I '1 n .., _ 1"11., r lr "l _ ., .!.1'\tC: t: n .., \. + ...1 + ..."3 .J. 11"\1 ") I'lr' _ '''1'') r"..~ .4



un! t. Calcula:lt;

in·ta:rface
us~s globo:rit,crt;

PROCEDURE ~1ATRXXCALC; { calculating the laminat~ matrix }
PROCEDURE STRESS;
f~CCEDURE SOLVE;
!MPLEMENTATION
PROCEOtJRE SeINE; {solve.s the mat.rhe }

:tIEG!N
for k:= 1 to 5 do

:for i:= 1.-: + 1 to a do
begin

multrij :~ matrix[i,lt)/matrix[k,J\.] F
fox: j :::.:::kA'l to G do
l")og:il~
matri1lC[1, j J : = ma:trix [i t j J ... ntl.tlt (:l J ~\ntatrix (k, j J t
endi
lQad(iJ :If,:: load[i] ... ll'lUlt(i] * load[J<;];

$11<:1;
straino[S] 1= loadt6]/matr:lx[6,6J;for i ~= 5 dow~to 1 do
l:l~gin

straino[il :c:l lo~d(iJ;
for j :c:l :1.+1 rro G VO

be9instrainor!] := straineri] - straino[j] * matrix[i,j);end;straino [i) ::.'.::l straino ri1 I lnatrilc [i, i1 ;end;end;

var
x :real;

h I' s~~l'.)ro: OhM:; check :tc~,t;

Ell 'lin
.or k:= 1 to nlayers do
begin

}I': :~ 1 - (mew12(lQ * ffiEl\.,t21[}<:J) ;
Qll[k] := Bltk] I x ;
012 [kJ ::t;: mew12 [l<:J * 12 [lq I ~ ;Q22[k] := B2[k) I x ;
QSS£k] := G12tk] ;
sl ::::;sin (theta r.l<:] ) ;
$2 : -::::sqr(sl);
s3 : ~~s2 * a1 ;
s4 ::::::sqr (s~l) ;
cl.:=ct)s(theta.[k) ;
02::::::sqr.(cl);
03 :;:;: ,'1 '1:1 02 ;
04 := eq:r(c2) ;
Q).f(1/1/.'<):.=Q1l(kP~c4+2"~(Q12[l!:J+2*Q66[1<1)*S2 * 02 + Q22~1{J r( 64;
(~T[j.t2,]t:J :=( Q11[k) + Q22[1\.)- 4. * Q66(k»*$2 * 02 + Q12Ck] ~{ (s4.· + c4);
QT(2,2,lq := Ql1(k] ~': s~l+ 2~;(Q12[1\.] + 2*Q66tlt]) 1~$1 r:f"\~~rt, ~2~~*~,,~ :1
J1.TL1 ~~,,~.....::;._..,(l~1.1J.U~::_.QJ~7~~t~~::.,~~r\i!:~n..." o!o ,..1 <l< ",,*J



:s [ i, j 1 !.t;:l 0 i
0[1, j J : ~t 0 i
for It.:.,,. 1 t.o rslayers do

begin
152 :1"':; sqr(Z(l<:J) i
s3 :- Irk] * s2 ;
02 r= sqr(z(k-i);
03 :- I{k-i] * 02 ;
A ( i ,j] ;- A C i ,j J ... ( QT I i I j ,lq oJ; ( Z C It] ... z; ( k "<1.] ));
B[i,.jJ := B(i,j] + ( QT[i,j,lJ;) * (s2 - 02 ));
n[i, j J ::::- 0 li I j J + { QT[i, j :k J I~ (133 .... 03 );

end;B[i,1J 1= B{i,i] I 2 ;D[i,11 1= O[l,i] I 3 ;
end.;

:8), p,<j (A[l,lJ .,. sqr(A[1/2J) I A[2,2) /thicJtness.j
Ey := ( A(2,2) - scrt:(A(lt2J) I A(l,lJ /thicltness;G~y := A(3,3] I thiokness;
mew~y : = A p,:a] I A C 2 I 2 ] ;
for 1:= 1 to 3 do

for j:l;':: 1 t9 3 do
begin

ma'1.:.r iRe L , j J !=: ALi I :i J i
matriK(1+3 t j J r= B.(it j J;
matr i)'. (i ,j+3 I :::::1 1;1 ( i I j ]I
matrix( 1+31 j+3 J := O(i, j 3 ;

encl.;
count.er : t:;! ODUl'l'ter +1 ;and;

PROCEDURE STRESS; { stress oalculation }

Bagin
ft)r k := .1 to Nlayer$ do
begin
sl ;= sin{theta(k]);
S2 := sqr(sl);
01 := oos(thetaCk);
02:;::; sq:r(Ol);
stl::-ainx[lcJ : e::: s'trainOrl] + Z[}I;J * straino[ 4 J
st.rai.ny[lc) :t:!l strainC(2J + z[kl '* strainorS]
strainxy[lc:] :!::!s~rai~lO[3J+ z[lc] ~'t stl.:aino[G]
str~ssx(lcJ := Qr.i:C1tJ.,kJ * str1.1.inx[k] + Q'.r[112,lc] ~'< stli'ainy[lO +- Qt'(1,3,lc] ~{
strecssytkJ :l!;t QT(2/1,k] \\> o:traimc[1tJ + QTC2,2/1tJ l{ strain~;Clc] + QT[2,3,leJ ~I

stress.)l!y(k);!::! Qtl~(3.,l,lcJ I]: strainx[lc) + QT(3,2,lc] ,~ s'.rai.ny(kJ + QT(3,3,1l:J 'It
stressl [lc] :;::':02 ~'t st.ressx[k] + s2 >': etressY[kJ + 2. ~'t $1*01 '* streSS)~lr[kJ ;
stress2 (1\.J t'*' 132 '* stressx (l~J + (.~2 '* stressy (lc) "" ,2 '8 Sl'j'tOl * stressxy CkJ ;
stress12 (kJ :>:::;-1* sl '* 01 .,~stl:essx(kJ + sl '* 01 * stressy()c] + (02 .• 62)
straini (Ic) := 02 * stra:i.nx[l1:J ... $2 ~';strainy£kJ + ,2 * 61 '* 01 * etraimcy[k];
strain2 [kJ Pl! s2, ,,: strainx[kJ + 02 * strainy[k] .. ,2 \'( $1 * 01 '* strain~Yn'l i
strain12[k) :- ""1 '* sl *01 * straillx[ltJ + $1*01 * stl'ainy[l~1 + (02""'62) ~':.st):end;End;

Et:.O.



unit FailVer2;

interface

use.s crt,globcrit;

l?P"'~EOUn.E MAXS'fRESS; {spe.clfic criteria procedures }
l?ROCEOURE ~lAXSTPJ.\!Ni
PROCEDURE PUCKSIMPLE;
PROCEOUEE PtlCRMODIF1.EO;
PROCEOORE TSAIH:t:tltiPROCEDURE TSAIWUi
PROCEDURE PUPPOEVENSENi
PROCEDURE NORRISMCKINNON;
PROCEDURE NORRISDIST;
PROCEtlURE FISCHER;
PROCEDURE ~OLOENBLAT;
PROCEDURE GERtVlANS1'l);
l?ROChOURE MARIN;
IMl?LEMEWrATIcN
VAR
xx, y:V, m,p ,q, n, sl, s2, s3 :real;

PROCEDURE IJAYERFAIL;
Beg-in
fail t.kj := true
failure :.= t.rue F
.failcour,\t := failcou.nt +1 ;
E2(k):=O,
G12[kJ:=O;
if (st:ressl(kJ/xx >= 0.999) then E1(kl := 0 ;
E11d;

PROCEDURE Rl,TEST;
Begin
if (Rl[K) >= 0.999) than

begin
failtype(k] :=1;
LaY(2rFail;end;

I End;
PROCEDURE R2TESTiBegin
if (R2[k] >= 0.999) then

begin
fail.typeCk] ::.'::2;
LayerFail;end;

End;
PROCEDORE R12TEST;
Begin
if (R12tk) >~ 0.999) thenbegin

failtype(ll:) :=3;
LayerFail;
end.;

End;
PROCEDURE }{TEST;

I R!ONlh



~.. )(

Begin
R12(k] := stress12 [It] I S{J<:) i
R12Test.;
End;
PROCEDURE STRXTEST;Begin
Rl(l<] := (STRESS1[K] - MEW12[K) ~'(.SIJ:'RESS2(I<])/ .xx
R1Test;
End;
PROCEDURE STRYTEST;Begin
R2[k) ;:::: (streSS2[k] ....:mew21[lc] * stressl[ltJ)/ YY
:R2Test;
End;
PROCEDURE STRXYTESTiBegin
R12tk) != ....bs(stre$s12[k])/S[k);
R12Test;
End.i

PROCEDURE PUCKSIMPLETESTiBegin
R12[kJ:='~ (sqr(streSs2[k]/yy) + sqr(stressl2[k]/s[k));
R12Test;
if fail(l\,]=false then

begin
m := sqrt($~r(ol/YY) + sqr(c2/s(k)));
R12[k] := (m * stressl(k));
end;

End;
PROCEDURE l?UCKMOOTEST.;
Vat'

Dun-any: real;
Begin
r{'12tk)== (sqr(stress2(k)](yt(lt]* york])) +streSS2[kJ * (l!ytPt) ....l/yorlQ) + sR12Testj .
if fail[kJ=false then

begin
m := sgr(el) / ('1t(k) * yerk]) + sqr(c2/s[k]) ;
n := C1*( llytEkJ .~ l/york)J
dummy t= (2~~ 11\ ~'( stress1(k] )/("'n + sqrt( sqt:(n) + 4~~m»);
R12(k] := (2 * m * stl"eSsl[k] )/( -n - sqrt( sqr(n) + 4*11\»;
if dummy>R12tk] then Rl'Z[l~] :::;;dummYiend;

End;
PROCEDURE TSAIHILLTEST.i
Begin
sl := sqr(stresS12[Jq/s(kJ);s2:~ sqr(stresS2[k]/yy);
R12[k) : =: sqr (stress1 [k] Ixx ) - (stress2 [k] 'f: stt"essltkJ) /sqr(xx) + s2 + sl;
R12Test;
if fail[k]=false then

begin
m !;:;: sqrt ( l/SC.o:."(xx) ... ol/sqr (xx) + sqr (Ol/yy) + s9,r (02/S [k]) ) ;
R12[k] := ( m * stressl[k] );end;

End;
PROCEDURE TSAIWUTEST;Var

Dummy : raali
Becd.n



end;
El'ld;

PROCEDURE PUPPOEVENSENTES~r;
Var

Dummy real. ;

Begin
s1 ;;:::3 '* sqr {s(kJ) I (x:.[kJ '* yt[k]) ;
52 := sl '* stre5s1tk) '* stress2[k] I sqr(yy)
s3 != 51 '# stre5s1.(l~J ~I stress2 (k] I sqr(xx)
if ( S1 <~ 1 ) then

begin
R12 [kJ :;:;: sqr (st.ressl. (k] Ixx) -S2+s1.*sqr (stresls2 tkJ Iyy) +sqr (s.treSs1.2 [kJ Is [k
R1.2Test;
if fail[k];:;:falsethen
begin
dummy::::R1.2pc] ;
1<1.2[k]:= s:}.II~sql:(str~~ss1 [k] /xx) "'s3+sqr (st.ress2 [kJ /yy) +6'1r(stress12[kJ Is
R12Testi
if fail[kJ=false then
begin
m :;::: ( :I.!sqr(xx) + Sl*c1/sgr(yy),*(cl"':L} + sgr{ c2Is(k] ) ) i
if ( m > 0 ) then nu= sgrt(m) else mr= OJ
R12[k' :::;, m '* stressl (k) ;
n P= ( Sl./sq:r(>cx) ~ Sl*cl/sqr(xx) + sqr(cl/Yy) + sqr(c2/s[k]) ) ;
if ( n > o ) then nr= sgrt(n) el.se n:=::;0;
dummy:= L '# stressl[k] ;
if dummy>R12[k) then R12 [kJ :=dtlmmy;
end;end;end

begin
writeln (' FATi\L ERROR •.•.');
writeln(' 3 '* sqt'(s(kJ)1 (xt(kJ '* yt[k]) is gt'eater than:l. Ill');
ch:=readkey;
end;

else

End;

PROCEDURE NORRISMCK!NNClNTESTi
Begin
~12[k]:= sqr(streSS1[kJ.lxx) + sqr(stre$s2[lt]/yy) + sqr(st:.ress12(kJ/S[kJ);
.a12Test;
if fail[k]=false then

begin
m t= sqrt ( l/sqr (xx) + sgr (cl./yy) + 'sgr (C2/$ [k)
R12(k] := m '# stressl[k];
end;

End;

PROCEDURE NORR!r,~IS~TEST;
Begin
lU2 (k)!::;: sqr (stressl [k] Ixx) -stressl [k) ~~stress2 [kJ / (xx*yy)+sqr (stresS2 [k] /yy) +sqr
R12Test;
~f fail[k]=false then
begin
m ;= sqrt( l/sqr{xx) ... cl/(xx*yy) + sqr(cl/yy) + sqr(c2/s[k» ) ;
R12 [k] := m 'It stress1 [k) ;
end;

End;
PROCEOUFE FISCHERTEST;
Begin
if ( 0 <> 2'*sqrt (e1.[k.Jl:e2 (kJ * (1+lne.w12 [l{.l)* (1+me.w21 [k]) ) then

begin
nn:::'(e.Hkl * (1+met12J. fle1 ~+e2rl<11< (1+mew12 rkl \ , I (.?'#sart (elfkl *e21 kl* (l+mew:l



PROCEDURE GOLPENBtA'I'TEST;
Begin
p r= ~/xt [k] .... l/:x:c[k);
q e= l/yt[k) - l/yc(l{];
n :== sq;)::'(stresS1 [kJ )/4*sqr (p) +sqr (stress2(k] !/4~\:s.g:r (q)+A12*stress1 [kJ *stress2rl~.l
n := abs (11) ;
Sl:=sqrt (n) ;
R12[k):= stress~[kJ/2*p+stress2[k}/2*q+S1;
R12Test,
if fail[l{)==false then

begin
s2 ::::= abs(sqr(p/:a} + sqr(cl*g/2) + A12*c1 + sqr(c2/s[k]»);
m :.= p/2 + q*Cl/2 + sqrt( s2 );
R12 [k) :== m 'It stressl [lc} ;
end;

End;
PROCEDURE GERMANS'l'D'I'EST;Begin
R12(k] :=sqr(stress2 [kJ) / (yt[kJ *yo (Je)) +stres.s2 [kl* (l/yt{k) ...1/yo CkJ )+sq.r: (stress12 [R12'I'est; .
if fail [ltJ==false thenbegin
m!==ol*stress2 (k)/ (yt.[kJ *ycCk]) +C1*(l/yt(k) ....:1./yo (k) )+c2*stress12 [le] lsqr (SCk]) ;
R12 tk] :==m*s.tressl[kJ;
I~nd.;

End.;

PROCEOURE l~INTEST;
I Begin

p:==(:x:t[k)",xc[k])/(xt(kJ*xc(k));
q:::::: (l/yt [kJ ...yt [J< J l (xt(k.) *;,rc (ltJ ) ) ;
m:==.(2/ ext [KJ *xc (kl) ...(xcrl~J *xt [kJ -$1 (kJ * ( j "'xt (k]-xo (l~J * (xt[l<:] /yt (1<.3) +yt [}e)) ) Ie
n:==1/ (xt.(kJ *~O(kl) ;
R12(k] ;=p1~st:ressl [l~J+q~st;res~ ....(l~J+m*stress1 (kJ ;\:stressI2 [kJ +sql."(stressl O::J) "tn+sqr(
lU2Test;
if fail [J(oJ ==false then
begin
R12[kJ :~p+q*cl+m*s'tre\ss2 [k]+stre~Sl[k] ~~n+o:l.*stl:'ess2(k) *n;
end;

End;
PROCEDURE PRECALC;
Begin
Rl[kJ : ==0;
R2[k) :=0;
Rl:nk) :=0;
if stressl.[k]<O then x~:=xO[k) else x:x:!==xt[l\:J;
if stress2 (1<:] <0 then yy!:-:::yo(kJ els.e yy:=yt[kJ;
c1 r= stresS2[k] / stres:sl[2~] ;
c2 := stres;s12(J~J! stt·ess:1.(l<:] ;
End;

PROCEDURE MAXSTRESS; {spe.cific criteria procedllres }Begin
for k:= 1 to Nlayers do

begin
PRECALC;
XTESTi
Y'l'EST;
STEST;
end;

End;



Begin
for k:= 1 to Nlayers do

begin
PRECALC;XTest;
:r?uol<S impl(!Test;
end;

End;
PROCEDURE PUCKMOD!Fl~D;Begin
for k:t::;1 1 to Nlayers do

begin
1?RECAIJCi
PlmkMod're.st;
XTesti
end;

End;
PROCEDURE TSA:tHILLi
Begin
for k!= 1 to Nlayers dopegin

l?RECALC;
T.saiHill'l'est;end;

End;
PROCEDURE FAc'rORCALC;
Beg'in

All:= 1/ {x't(kl * :x:c(kJ)j
A2a ~= 1/ (yt(kJ * york] );
if (A,1.2 = -0.5 ) then A66 := 0

else AG6 :- 1/sqr(s[k]) ;
Bl := l/:l{.t[J~J - l/}w[J<:) i
B2 p= l/yttl~l ... l/yc(lt) ;

End;
PROCEDURE TSAIWUiBegin

if (count - 0) thenbeg-in
c::lrscr,writeln (I'Tsai ....Wu I);
\l1J,d.teln;
writal.n{t l)r this oriterion you will need the materi~l oonstant A12. f);
writeln(' An estimate. can be made for zero shear stress. Enter a 'y' if');
writeln(1 you require this estimate, otherwise enter 'n'.');
ch: -readl{e.y ;
fa.ct.ol.'flag==true.;
if. (c:h-'n') or :ch='N") thenbegin

factorflag:~false;writ.e(1 Enter your value of Al~. t);
readln(A12);
end;

endiif factorFlag=false then
begin
:tor 3\'::=1 tCI nlayers do

begin
l?RECATJC;
Fact-orealc;
TsaiWuTest.i
end:



end;End;
PROCEDURE ~UPPOEVENSEN;
Begi11
:for k::;;:lto nlayers do

begin
l?RECAtC;
PuppoEvensenTest;end-

End; ,

PROCEDURE NOP~!SMCK!NNONi
Eegin
:for k:=l to nl~yers do
ioegin
PR:eCt.,LC i
NorrisMcKinnontrest;
encl.;

End;

PROCEDURE NO:RR:tSDtSTi
Begin
:for k:=l to nla.yers do

begin
PRECALCiNorrisOistTest;
X'l'est;
Y-I:;.est;
end;End;

PROCEDURE l"ISCHER;Begin
for ){:=1 to .nlayers dobegin

PRECALC;
FischerTest;end;End;

PROCEDURE GOLPENBLi\T;Begin
wri teln (f Goldenbll\1·):_....Kopnov');
writeln;
if (count t::: 0 ) ~:h~~n

begin
,.,riteln(' Flor this criterion you will need the material constant A12. q;
writer' Enter your value. ');
reacHn (A12);end;

for k:=l. to nlayers do
begin
PRECALCi
GoldenblatTest;end;

E',d;

PROCEDURE GERMANSTO;
Begirl
for J~:=1 to nlayers do
begin
PRECALC;GermanstdTest;
X'l'est;end;

"l4'.-.A.



G12 := 4.00

Maximum stress criterion
number of layers := 8
number of material types := 1
number of lay-up angles := .2

glass
El :=
xt :=
yt :::::
S :::

12.00
1200.00

90.GO
50.00

E2 :::
Xc ==
Yo :::

meW12 :=

7.00
120~00
80.00

0.40

.Angles
1 := 1.57 2::: 0.00
layer material types
1 ::: 1.00 ;>.:= 1.CO 3:::
layer angle types
1 := 1 2::: 2 :3:= 1 4:= 2 5 - 2

Loading 1 1.00
Loading .2 0.00
Loading 3 0.00
Loading 4 O. 00
Loading 5 0.00
Loading 6 0.00

MAXIMUM STRESS CRITERlA
output numhnr 1

Layer No
1
.2
:3
4
5
6
7
8

stress .2
0.59
0.07
0.59
0.07
0.07
0.59
0.07
0.59

stress 1
....0.07
1.07

"0.07
1.07
1.07

-0.07
1.07

"'0.07

Layer No
1
2-
3
4
5
6
7
8

strain 1
~.2.567110.2402E~02
8.70983834221-02

~2.5671l02482E-02
8.70983834221 ....02
8.70983B3422E~02

-2.56711024821-02
8.709S383422E-02

-2.56711024821-02

Layer No
1
2
3
4
5
6
7
8

strain x
8.7098383423E-02
8.70983834231-02
8.7098383423E-02
8.70983834231-02
8~7098383423E-02
8.70983834231-02
8.7098383423E-02
8.709B3834231~02

Exx == 9.57 Eyy = Gxy:= 4.00 Mewxy:= 0.29

thickness := 0.15

1 .00 4 :: 1.00 5 :::

6 = 1 7 :::; :2 8 ::: 1

1.00 6:::

shear stress
-0.00
-0.00
-0.00
-O~OO
....0.00
"'0.00
~·O. PO
-0.00

strain 2
8.70~83834221~""02

-2 ..5671102482E-02
8.709l~383422E'-02

-J.56711024821-02
-2.5671102482E-02
8.7098383422E'""02

-2.5671102482E-02
8.70983.834221-02

strair:.y
~2.5671102483E-02
-2.5671102483E-02
....2.56711024831-02
-2.5671102483E-O~
-2.5671102483E"·02
-2. 5671102483E-\/2
-2.56711024831-02
-2.5671102483E-02

shear straln
-1.101167531.1F.....07
-3. 9505182306E-08
-1.1011675363E-07
-3.g5051817851~08
-3.9505181525E~08
-1.1011675441:E:"'07
-3. 9505181004E-08
-1.1011675493E-07

shear stra.in )(.y
-3.95D5182567E-08
-3.9505182307B ....08
"'3.9505182046E-08
-~.9505181786E-08
-3.95051B1525E~08
-3.95051812651-08
-3.95061810051-08
-3.95051801441-08



ratio used. ~.0.00659

Loading 1Load.ing 2
Loading 3
Loading 4:
Loading 5
Loading 6

151. 7:)
0.00
0.00
0.00
0.00
0.00

MAXIMUM SIJ:'RESSCRITERIA
output numper 2
Layer No

1
2
3
4
5
6
7
8

Layer No
1
2
3
4:
5
6
7
8

Layer No
1
2
3
4
5
6
7
8

stress 1
"'10.74
162.88
"'10.74
162.88
162.88
-10.74
162.88
"'10.74

stress 2
90.00
10.74
9D.OD
10.74
10.74
90400
10.'74
90.00

shear stress
...0.00
-0.00
-0.00
-0.00
-0.00
...0.00
...0.00
-0.00

strain 2
1.32151380S4E+01

-3.89498806691+00
1.32151380S4E+01

"':3.8949880669E+OO
-3.8949880669111+00
1.32151380a4E+Ol

-:'> '':'~.l'498a0.6691ll+00
1.~2151380B4E+o.l

strain y
-3.89498e~66gE+OO
"'3.89498806691+0.0
...3.8949880S69E+00
-3.89498806691+00
-3.Pc)49S80669E+oo
-3 ....,49880669E+00
-3.894988D669E~OO
.....3.8949880669E+00

shear strain
-1. (5707636216E ..,05
-5.99398536001-06
-1. 6707636217E"'O.p
-5.99398535951-01
-5.9939853592E-06
-1.67076362.l7E"'05
...5.993985358711l"'06
-1.6707636~18E~05
shear stra,~n xy

...5. 9939853610 3E."" 0 6
"'5. 99:398536t1l.S""06
-5.99398535981-06
-5.99399535951-06
-5. 99:~9S535S19E O6
"'5. 99~~985$59\~E 06
.....5. 99:~985~HH3t~E-06
-5. 99~~985358!)E"'06

Exx::: a. 57 Eyy =' 9.57 GXy ==:: 4.00 Mewxy:::· 0.29
The 1 layer has failed by principle stress Y.
The 3 layer has failed by principle stress Y.
The 6 layer has failed by principle stress Y.
The 8 layer has failed by pX'inciple stress Y.

strain 1
....3..B9498a0669E+OO
1~3Z151380841+o1

-3.89498806G91+00
1.3215138084:8+01
1.32151380841+01

-3.8949880659:8+00
1.3215138DS4B+Ol

....3.8949880669.13:+00
strain x

1~321S1380B4E+01
1.32151~B084B+Ol
1.3:.115138084E+01
1.3215139.oS4E+01
1~3215138Q84B+01
1.321513$084E+01
1.321513~OS4E+Ol
1.3215138084E+01

Loading 1
Loading 2Loading 3
I.oading 4
Leading 5
Loading 6

151.73
0.00
0.00
0.00
0.00
0.00

MAXIMUM STRESS CRITERIA
output number 3



1
2
;)
4
5
6
7
e

Layer No
1
:2
:3
4
5
<5
7
8

-2.~15933!562a1t+Oo
1.9786692033E+Ol

-2.915933562SB+OO
1.97a6G9:2033E+Ql
1.9786692033E+Ol

-2.91~9~35Q28:8+00
1.9786692033:8",·01

-2.91593'35628E+OO
strain x

1.9786692034E+Ol
1.97'86692034:8+01
L 9786692034E+Ol
1.97B6692034E+Ol
1.9786692034E+Ol.
1.97B6692034E+01
L 97B6692034E+Ol
1.97B6692034E+01

1.9786692033E+01
""2.9159!335628E+00
3,.9786692033E+01

""2.91593·35628:8.-1-00
~2.9~59335628E+00
1.9786692033E+01

-2.9159335628E+OO
1.9786692033E+Ol

strain y
-2.9159335629E+OO
''''2.9159335629E+00
-2.915933562QE+00
"'2.9159335629:8+00
-2.9159335629:8+00
-2.91593356291+00
-2.9159335624E+00
"'2.91593356291::+00

EXX ~ 6.39 Eyy ~ 10.1~ Gxy = 2.00 Mewxy ~ 0.15
The 1 layer has failed by prInciple stress 1.
tl'he:3 layer has failed by principle stress 1.
The (5 laYE?:t' has failed by principle stress Y
'rhe B layer has failed. by prinoiple stress 'l

--------------------------------~-----------------------
failure ratios •••
rl-O.32161 r2=O.OQOQO
r1=0.21073 r2=0.42881
r1=0.321.61 r2=0.00000
rl.0.21073 r2=O.42B81
r1.0.21073 r2=0.42sal
t'1=0.32161 :r.2=O.00000
r1=0.21073 r2.0.42881
r1=0.32161 r2~OwOOOOO

r12r;;O.00000
t:12~0.OOOOO
:1:.'12=0.00000
:(:'12=0.00000
l::'12=O.00000
1~12=O.OOCuu
l712-0 ~00000
':t'12=0.00000

ratio used •••0.42aSl

Loading 1Loading 2
Loading 3
Loading 4
Loading S
Loading 6

353.83
0.00
0.00
0.00
0.00
0.00

MAXIMUM STRESS CR!TERIA
Output nUl'lIber4
IJayer No
1
2
3
4
S
6
7
a

Layer No
1.

stress 1
"'90.00
589.7:l.
"'90.00
589.71
589.71
""90.00
58$).71
-90.00

stress 2
0.00

90.no
0.00

90.00
90.00
0.00

90.00
0.00

strain 1
...~ J;t(\(\n(\O(\(\ll't w.t.oo

shea)::stresS
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

strain 2
A ~14?~~71AA~+n1

-4. 2923043440E ....05
1,,28013242SSlE-OS

-4.292304344lE-05
1.28013242611-05
1.2S01324262;e"'05-4.2923043444E"'05
1.28.0132426411:05

-4. 2923043445E 05
shear strain xy
1.28013242591-05
1.2S01324250E-05
1.2801324260E·05
1.2801324261£-05
1.2S01324262E-05
li2801324263E-05
1.2~'1324264E-OS
1.2S01124265E""05

shear strain
., nnnQ~'RQ?~W-nA



3
4
5
6
7
8

Ex>=.::::: 6.39

4.6142857145E+Ol
4.6142S57145E+OJ.
4.6142857145E+Ol
4.(5142:357145E+01
4.6142857145:8+01
4.(;i142857145E+Ol

"'6.8000000003E+00
....6.80l)0000003E+00
""6••80000000031$+00
-6.1;3000000003E+OO
-6.8000000003E+OO
"'6.80000000~:';E+00

11:yy:::::10.12 GXy::::: 2.00 Mewxy == 0.15
'the 1 la.yer 'bas :failed by pr'inciple stress Y.
The 2 layer has failed by principle streE:~ Y.
The 3 layer has failed by principle stre.ss Y.
The 4 laye.r has fai.:l.edby pri lciple stress Y
'Ine 5 layer has failed by principle stress Y.
The. 6 layer has failed by principle stress Y.
The 7 la.}er has ftiiled. by prinCiple stress Y
The 8 layer:'has .I,ailed by principle stress Y

------------------------------~-----~-------------------
1,oading 1
Loading a
Loading :3
Loading 4:
Loading 5
Loading' 6

353.8~
O.O(
O.OJ
0.00
0.00
0.00

MAXIMUM STRESS CRI~ERIA
output number .5

L~yer No
1
2
:;
4:
5
6
7
a

Layer No
1
2
:3
4
5
6
7
8

Layer No
1
2
:;
4
5
6
7
8

stress 1
""90.00
589.71
'""90.00
sas , '/1
589.71
"'90.00
,589.71
-90.00

stress 4.

0.00
90.00
0.00

90.00
90.00
0.00

90.00
O.~O

shs~.r.- :ltress
0.00
0.00
0.00
0.00
v.OO
0.00
0.00
O. ~0

2.9<:528?6t5.52E-05
2.9852B76652~-05
2.98S2876653E-05
2.9852S76654E~05
:2. 98~;'2.a76655E-05
2.9S!;2876656E-05

shear strain
-1.00097169271-04
2.98528166501-05

-1.0009716927~-04
~.~B528766Sal-05
~.985287~653E-05

-1~00097~5927B-04
2.985287665.51-05

-1.00097169271-04
shear strain xy
2.9852876~50E-05
2.9852876651E~05
2.9854876b621-05
2.9852876652E-0~
2.98528166531-05
2.~852876654E-05
2.98528766551-05
2.9852876656E~05

E~'~ == 6.39 Eyy == 10.12 Gxy == 2.00 Mew'xy 0.15

s'i::.rain 1
~6.8000000001E+OO
4.6142857144E+O!

~B.8000000001E+00
4.~142857144E+01
4.6142857144E:Ol

-6.8000000001E+OO
4.61428571441+01

-6.8000000001r.+OO

strain :2
4. 6142857144~1+01

-6.800000000SE+00
4.G1428S7144E+01

-G.8000000003E+OO
~G.aoOOQ00003F+OO
4.61428571441+01

~6.S000000003E+00
4. 614285'7144lS+0:t

st:l.-ainx
4.6142857145E+01
4.6142857145E+O:t
4.6142857145E+O;;'
1...61428571451+01
4. 614,:;'Sfi7145E+Ol
4.61428571451::+01
4,6142eS7145E+01
4:. 6142857145.E:+Ol

strain y
~G.8000000003E+OO
-6.80000000031+00
..·5.800000000313+00
~fi~B000000003EjOO
-(.80000000031+00
-6.8000~OOOO~~+00
-6.8000000003£+00
-6.8000000003E+OO



stiffness··m~trl.X :for this laminat$:

7.94.i1764704E+OO
1.8o:z.9411764E+OO
1.8547$472571"'17
3~2299725594E-24
1 •.58222759231"'14

-3.1554436209E-30

1.(f5294117p4E+uo
1.2:1.4111.p470E+Ol.
1 .•0t;3E>309406E ..·(tS
1.58222759221"':1.4-

·<L.8226812679E"'12
-1..7347234760l!:-l;S

1.&547947t57E-;1
1~0536309406E ....05
2.400000QOOOE+OO

-1. 3730827oaoE..,20
-1.52971177561-:1.9
2.43195~5137E-13

3;2299725594~-24
1.5822275St22:E""'14

...:1.._373 0827 OgO.e...;1!O
5.95888235281-01
1..3S9705SS23E-01
3.0604112'75E-18

1.58222
-1~S~268
-1.52971
1.38910
1.62529
1.73849
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