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do not lead to complete solutions. It is thus possible to predict all the effective hygro-thermo-
elastic constants for a cracked laminate. Crack closure arguments will be used to derive inter-
relationships between these constants that must always be satisfied. The satisfaction of these
inter-relationships can be used as a measure of the quality of a stress transfer model, and of
the associated numerical analysis.

...

2. Geometry and basic field equations

..

The problem under consideration concerns the in-plane deformation of a symmetric multi-
layered laminate constructed of 2N+2 perfectly bonded layers which can have any
combination of orientations provided that laminate symmetry is preserved. As symmetry
about the mid-plane of the laminate is assumed, it is necessary to consider only the right
hand set of N+ 1 layers as shown in Fig.1. A global set of rectangular Cartesian co-ordinates
are chosen having the origin at the centre of the laminate as shown in the figure. The y-
direction defines the longitudinal or axial direction, the z-direction defines the transverse
direction and the x-direction defines the through-thickness direction. The locations of the N
interfaces are specified by x = X;, i = 1...N. The mid-plane of the laminate is specified by
x = Xo = 0 and the external surface by x = "N+l = h where 2h is the total thickness of the
laminate. The thickness of the ith layer is denoted by ~ = X; -X;-1. The orientation of the ith
layer is specified by the angle I\>i (measured clockwise) between the y-axis and the fibre
direction of this layer. In addition to the global coordinates (x, y, z), sets of local rectangular
Cartesian coordinates (x;', y(, ~ '), i = 1...N+ 1, are introduced in each of the layers so that the
fibres in the ith layer are parallel to the y(-axis. The Zi'-axis is directed in the in-plane
transverse direction of the ith layer and the X; '-axis is in the through-thickness direction. Both
local and global coordinates share the same origin which is located on the plane of symmetry
of the laminate.

..........

The region to be considered occupies the region I x I ~ h, I y I ~ L, I z I ~ W of the
laminate, and is such that the faces of the laminate are stress-free. Ply cracks in some or all
of the 900 plies are assumed to form only on the planes y = :tL indicating that the laminate
must be such that the orientation of fibres in at least one set of plies is aligned in the z-
direction. This assumption is not a limitation as general in-plane loading conditions are
considered so that if cracks form in another single orientation the laminate can be rotated so
that the crack planes are parallel to the z-axis and the applied stresses transformed to values
appropriate for the new orientation. Stress, strain and displacement components, and material
properties associated with the ith layer are denoted by a superscript or subscript i.

.....

The following equilibrium equations, for stress components O'xx, O'xy, etc. referred to global
coordinates, must be satisfied for i = l...N+l
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4. Solution for undamaged laminates

.

The external faces of the lamjnate are assumed to be stress-free so that for all points in the
laminate away from the laminate edges

..

~ =0,xx (33)~ =0,
xz

i = l...N+l .

.

It then follows from (8), (9) and (33) that

.

(34)

.

and from (29-31) and (33)11 on setting e; = e*, that
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.

. I X-X. l I x-x
0" = ( ) 1- - ( ) 1

xy Pi Y h Pi-l Y ~ I
1 i

(61)

.

x. 1 sxsx.,1- 1

..

.I X -~-1 I X -~
alxz = qj (Y) h. -Q;-l(Y) ~ '

I I

X 1 .s: X .s: X. I
1- 1 \O")

.....

where Pi(y), and ~(y), i = 1...N+ 1, are functions only of y that are to be determined, and
which have the property that they are identically zero for the case of undamaged laminates.
The derivatives of these funtions are denoted by primes. The form of the relations (61) and
(62) ensures that the stress components O'xy and O'u are automatically continuous across the
interfaces. From (61) and (62) it is dear that p( (y) and ~ I (y) define the distributions of the

stress components O'~ and dxz on the interface at x = Xj. It follows from (58) and (61) that,
for i = l...N+l

..

+ S.(y) I
1

XO1 SXSXo, 1- 1 (b3)

..

where the function ~(y) arises from the integration with respect to x, and will be defined
later.

..

It follows from (59-62) that the stress components O'yy and O'yz are of the following form
independent of the variable x, for ~-1 < X S ~ and i = 1...N+ 1

..

a1 = Pi-l(Y) -Pi(Y)
yy+

O'h; i' (64)

..

a1 = ~-1(y) -qj(Y)yz h + 'tj ,
1

(65)

...

where 0'. and 'to are the uniform axial and shear stresses that would result if the Iammate
1 1

were undamaged and subject to the same loading conditions. The representation for the
stress field defined by (61-65) satisfies the equilibrium equations (58-60) for any functions
Pi(Y) and qi(Y), i = 1...N+ 1, characterising stress transfer in the cracked laminate.

..

It follows from (29) and (63-65) that, for Xt-l < x S~ and i = l...N+l,

..u.

1
=

.

~bb}

.
+ U.(y) ,

1

+ (x -x.) [-g i S. (y) + -g i Pi-1(Y) -Pi(Y) -" ~-1(Y) -~(y)
I 11 I 12 + gl + ~

h 14 h. ~

I I

.
where Uj(Xt, y) = UJy), where UJy), arising from the integration with respect to x, is the

through-thickness displacement (to be defined later) at the interface x = Xt, and where ~ is

...
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.

i = L.N . (72)w. = W.
1 I

1 1+

on x=x.,
1

Uj = Uj+l ' Vi = Vi+l '

.

The external surface of the outer layer is stress-free, so that for all y

.

~+1 = 0 ~+1xx ' xy (73)on x = ~+1 = h .

.

Any undamaged layer surfaces on y = :tL are subject to the boundary conditions

.

Vj(X, zL) = :t:Ec L , Wj(X, :f:L, z) = :f:'YcL + £;z , for all X, Z I

.

(74)
:f:L) = 0 I for all x I

..

where Ec is the effective axial strain of the cracked laminate, where e; is the uniform
transverse strain, and where 'Yc is the effective in-plane shear strain applied to the laminate.
Any cracked surfaces on y = :t:L will be stress free so that

..

(75)ai (X, :f:L) = 0 I
xy

d (X, :f:L) = 0 I
yz

for all x .

..

8. Recurrence relations

..

The functions Si' Vi, Vi and Wi appearing respectively in the expressions (63), (66), (68) and
(69) are the values of 0' xxi Ut, Vi and Wi (with z = 0) respectively at the interfaces x = ~, for
i = 1...N and at the external surface x = ~+1. These definitions can be extended without loss
of generality so that ~ VOl V 0 and Wo are the values of these variables at x = Xo = O.

..

It follows on substituting x = Xj-l in (63) that

...

since from (73)1 O'xx = 0 on x = h. On substituting x = ~-1 in (66) the following recurrence
relation is derived for the functions Uj(Y)

...

(77)
+ ~ [g:1Si(Y) + g:2 Pi-1(Y) -Pi(Y) + g-i ~-1(Y) -~(y)

h. 14
I

.

+ Ui-l(Y) I+ e.
I~

.

for i = l...N+l , where Uo(y) = a ,

..

since from (70)3 u = 0 on x = O. On substituting x = Xj-l in (68) the following recurrence
relation can be derived for the functions L\VJY) = VJY) -VN+l(Y)

......



...

Aq
pauyap pue reqJaAO ue Aq pa~ouap S1 JaAey ~1 aqt JO ssaU){J11fJ aqt lfanoIlfl (z 'A 'x)'J AtHuenb
Aue Jo a~eJaAe alU "sa2eJaAe ssaU)fJ11fJ-lfanoIlfl J1aqt Aq (1£) pue (0£) ~U1JeydaJ uaqM. JOJJa
reUI1U!"W aq o~ aJalfl JoJ lfanoua news apew aq ue:> JaAe{ \:pea JO ssaU){J11fJ alfl sanb!Ulpa~
~uawauyaJ AId Jo asn ~~ A9 "JaAe{ \:pea JO ssaU)fJ11fJ alfl lfanoIlfl suoHeJaJ ure.I:Js
-ssaj:Js asalfl ~U1.8eJaAe Aq Ala:J~oJdde maqt !.JSHes o~ apew S1 ~dma:J:te ue 'uOHetuasaJdaJ
~uawaJe{dS1P pue ssaJ:Js aqt ~U1sn Ay:pexa suoHeyaJ asaqt !.JSHes o~ alq1ssod ~ou S1 ~1
SV "~ pue AA-a S~j:JS aueyd-U1 aqt JoJ (1£) pue (0£) Aq uaA~ suoHeyaJ ~J:Js-ssaJ:Js ~~J
aqt Jap1suo;) o~ 'aJoJaJaqt 'Aressa:>aU S1 ~I "Play ~uawaJeydS1P alfl Aq paYSHes Ane;)Hewo~ne
are suoHe{aJ asaqt ~ElH AeM. e \:pns U1 (6Z) pue (6) '(8) suoHeyaJ ~j:Js-ssaJ:Js alfl Jo
apew uaaq seq asn '(69) pue (89) '(99) Aq uaA~ SUOHnq1J:JS1P ~uawaJeydS1P ~\11 ~U1A1Jap uallM

...

su°!1enba Ie!1uaIa,JJ!p ~U!WaAO~ 86

.

.UOH:>as ~xau aqJ U! paq!J:>sap aq ffiM ~eqJ asuas ~eJaAe uB U! paYSHBs aq AJUO uB:> ( (1£)

pUB (0£) pUB ) (L.) pUB (S) SUOHeraJ U!BJts-SS;3J:JS ~~J alll .SUOHWuO:> i..repunoq JaqJo aqJ
Jo awos pUB (zf.) pUB (If.) SUOHWuO:> a:>B.JJa~U! aqJ I..JSHBs Aue:>Hewo~ne SPlay ~uawa:>erdsw

pUB ssaJ:Js aqJ '(6L.-9L.) SUOHeraJ a:>uaJJn:>aJ aqJ Aq AyaAH:>adsaJ pa~eJaua~ am (A)'M pUB (A)'A
'(A)'n '(A)'s SUOH:>UI1:J aqJ ~BlfI pap!AoJd 'UOHwpe UJ .N.."! = ! '(A)'b pUB (A)'d SUOH:>Un.J liuv

JoJ (6) pUB (S) '(9) '(v) suoHeraJ U!BJ:Js-ssaJ:Js aqJ qJ!M JaqJa~o~ (Q9-SS) suoHenba wn!.lqmnba
aqJ Ay:J:>exa I..JSHBS Stuauodwo:> ~uawa:>erdsw puB ssaJ:Js aqJ JoJ paA!.Iap sUOISSaJdxa alll

....

.0 = (A)t+~I a = (l.)t+Nd

.

(18)

telfJ passe E(£L.) pue Z(£L,) SUOHWUOJ i.mpunoq a\{t pue '(Z9) pue (19) suoHEIaJ a\{t AlJenW!S

.

.0 = (A)~I 0 = (A)Od

.

(os)

.

1etn tpns aq 1snm °b pug °d SU°!PUnJ alf:J 1eq:J passe Z(Ol.)

pug 1(0l.) SUOHWUOJ mpunoq alf:J pug '(Z9) pug (19) suoHeyaJ alf:J 'sa1eU!\ney pa)f;)eJJun JO]
SanreA OJaZ aAeq 1Snm (I..)Ob pug (I..)Od aJU1s pug '0 = x 1noqe pamnsse S1f...Qa1mDf..s asneJag

.

.0 = (A)t+NMV aJaqM. I zoool+N = 1 Jo,J

(6l) I (A)'MV + [(A)t-/'b~e + (A)t-}dt:e ]'q -[(A)}b~e + (A)}dt:e]'\I -= (A)t-'MV

paA1Jap aq ue:> (A)t+NM -(A)'M = (A)'MV
SUOH~~ al{l Jo,J uoHefaJ a~uaJJroaJ ~U!M.Ono,J al{l (69) U! t-'x = x ~UHn:JHsqns UQ

B

...

0 = (A)I+NAV aJalfM / Z"'t+N = 1 JO] / (A)'AV + (A),'n'\l +

[1 1

] 1{ t~ + 1{ Z~ + A ' 11~ l-
(A),'b -(A)I-,'b ,- (A),'d -(A)I-,'d ,- (),5 ,- z'\l

..

(Sf.)

....
Lv}O LT ~~'Cdo~ (v) ~J 1Jod~'H 'ldN

..



Page 18 of 47 NPL Report CMMT (A) 50

(82)
-
fi(y, Z) = h.=X.-x. l "

1 1 1-

.

The through-thickness averages of the stress-strain relations (30) and (31) are written for
i = 1...N+1

.

i
+ 'Q: i a + ai L1 T + Ai L1c + ..§. £.

024 yz 2 J.l2 .c'~ (83)

..

(84)

From (63-65) it is dear that on averaging

.

h.
.1~ =-XX 6 (85)

..

~ = d = Pi-l(Y) -pj(Y)
YY YY h + o. ,

.1
1

(86)

...

Now from (68) the average of the displacement component Vi is given by

-2hO [ o , 0 , ] h [ o , ° ,-1 1 + 1 1 1 + 1

Vi(Y) --3 au Pi (y) a12 qi (Y) -"3 au Pi-l(Y) a12 Qi-l(Y)

...

(87)

.

-i [g;1 s: (y) + g;2 P:-1(Y) -P: (y) + g-i q(-l(Y) -q( (Y)
h. 14

1 h.
1

...

From (69) the average of the displacement component Wi is given by

..

(88)

.

+ t1.WJy) + WN+l(Y) + e;z .

.
The required governing differential equations are obtained by substituting (87) and (88) into
(83) and (84) using (85) and (86) having determined the functions SJY), Uj(y), ~Vj(y) and
~Wj(y) using (76-79), and then eliminating the functions VN+l(Y) and WN+l(Y) by subb'action.
It can be shown that the resulting differential equations are of the following form

.....
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.

q .(Y) = ~(s) ds ,

.

(92)

...

On substituting (88) in (84) the resulting equation can be solved to provide an expression for

the quantity W: (y). On integrating (84) with respect to y the following simplified expression
can be derived

...

-j

g«+-
hi

(93)qj:t(Y) -~ .(Y) + g;. Sj.(Y) + 1Y + £:z ,

..

where

..

where use has been made of (37) on setting e. = e;.

.

11. Effective stresses for cracked laminates

..

Consider a cracked laminate having width 2W. On multiplymg (64) and (65) by h; and
summing over i it follows that the effective axial and shear stresses on y = :tL are given by

.

N+t
1 ~ h. O'i I
-L.., Ih j-t

.

1 N"l x, W

-E f f ol 2hWj-l yydzdx =
x,-1 -w

0' =

.

(94)

...

where use has been made of the fact that Po(y) = 0, PN+t(Y) = 0, and of the relations (41) and
(43). It is clear from (64) and (65) that the effective axial and shear stresses for a cracked
Iammate are identical to the effective axial and shear stresses for the corresponding
uncracked laminate. The effective transverse stress applied to the cracked Iammate is defined
by

........
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(101)

..

where O'ij and u; are the stress and displacement fields for that region of the cracked laminate
that is enclosed by the surface S having a unit outward normal ~. As the faces of the
laminate are assumed to be stress free the region S can be taken as the surfaces defining the
edges of the laminate. Considering the edge on y = L for -h < x < h, the potential energy of
the applied tractions is given by

...

(102)

.

N+1 x. W N+1 ~ W

2~ J J a1yy(x,L,z)vj(x,L,z) dzdx + 2~ J J a1yz(x,L,z)wj(x,L,z) dzdx .
1-1 ~.. -w 1-1 ","I-W

.

From (64) and (65) the stress components O'yyi and O'yzi are independent of x and z, and from
(68) Vi is independent of z, so that (102) may be written on using (82) as

.

(103)

N+1 W N+1 W

2E hi f aIyy(L)Vi(L) dz + 2E ~ f aIyz(L)Wi(L,z) dz .
i-1 -w i-1 -w

...

Now for those layers that are uncracked on y = L it follows from (74) that

(104)

.

Vj(L) = EcL , w.(L, z) = 'Y L + £*z .
I C C

.

Thus on substituting in (103) the potential energy of the tractions applied on y = L may be
written

..

(105)
N+l W N+l W

2 LEc ~ hi f cr1yy(L) dz + 2 L'Yc ~ ~ f cr1yz{L) dz .
,-I -w ,-I -w

..

On using (94) this reduces to the simple result

(106)

...

Considering the edge on z = W for -h < x < h, the potential energy of the applied tractions
is given by

.

(107)

...

Now if f(y) = f(-y) so that f is any even function of y, and g(y) = -g(-y) so that g is any odd
function of y, then

.
(108)

L

f f(y) g(y) dy = o.
-L

.....
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.

Consider the boundary conditions that must be applied to uncracked layers in the laminate.
Use is made of the boundary conditions (74) relating to displacement components for
uncracked layers. As these conditions cannot be satisfied exactly by the relations (68) and (69)
because of the x dependence, the following less restrictive equivalent average conditions for
uncracked layers are imposed on y = L, namely

v.( L ) = L£ , w.(L, z) = L'y: + £'z , (114)
I " I ""

....

where Vi and Wi are defined by (91) and (93), and where i (taking values appropriate for
uncracked layers) lies in range 1 ~ i ~ N+1. When use is made of (76), (111), (91) and (93)
together with the symmetry of the functions pJy) and ~(y) about y = 0, the conditions (114)
for uncracked layers may be expressed

...

+ g~4['hI ~:l(L
I

(115)

...

(116)

..........

(118)

...

where i and j (taking values appropriate for uncracked layers such that i ~ j) lie in the range
1 S i, j S N+ 1.

..

The conditions (111-113), (117) and (118) provide the 3N boundary conditions required to
ensure that the system of differential equations given by (89) and (90) has a unique solution
that is symmetric about y = O.

......

where i (taking values appropriate for uncracked layers) lies in the range 1 ~ i ~ N+l. The
parameters Ec and 'Yc are not yet known and therefore must be eliminated from these
boundary conditions. It is convenient to let j be the label of the nearest uncracked layer to
the cenb"e plane of the laminate. It then follows by subtraction that the required boundary
conditions for uncracked layers derived from (115) and (116) are of the form
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..

'Yc =

(124)

...

It is expected that the matrix formed by the coefficients of the stress terms on the R.H.S.s of
(122-124) will be symmetric. Solutions confirm that such symmetry is valid since numerically
it can be shown that A2 = BlI A3 = -ClI ~ = -C2. The relations (122-124) are now written in
the form

...

(125)
E = 0' -~ )..~
C -E c - E c O't -_t + oc AT + RC A

cA Ec A t'Au,

A A

...

(126)
yC 0' ~

e. = -~O' + ~ --'t + N.cilT + pcilc I
C Ec Ec Ec ..,. T

A T A

..

(127)
A,C 1c

A "'r 't'Y = --0' --0' + -+ N.ct1.T + Rct1.C
C E C E C t C --s PS'

A A JIA

...

where, for specified values of 0',0'11 't, dT and dC, the quantities £c, e; and 'Yc are respectively
the effective axial, transverse and shear strains of the damaged laminate, and where EA, ~,
VA' aA, ar, as, I3A' I3T and 135 denote the corresponding effective hygro-thermo-elastic constants
of the cracked laminate; the superscript c denoting that the hygro-thermo-elastic constants
are for a cracked laminate. The parameters JvA and A-r are ratios indicating the degree of shear
coupling. The parameters <Xs and 135 are expansion coefficients governing the amount of shear
strain that can arise when the temperature or moisture content is changed.

....

15. Derivation of inter-relationships

..

It is now assumed that the cracked laminate is constrained so that 'Yc = O. It then follows from
(127) that

..

(128)

..

Substitution in (125) and (126) then leads to the following reduced stress-strain equations that
are of the same form. as those valid for in-plane biaxial loading modes

..
0' 9c

-AF -E-C O't + ~ I1T + pC I1cA A A ' (129)£ =

....
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.

9A

I.:
.;-(V A + 1.. 111A

A A""r-

EA

.(139)

=

..

1

ST

= ~ (1 -("-r)2~
J~ (E A)2

(140)

...

(141)

..

(142)

.........

Since 'Y = 0, the values 0'0/ 0'; and 'to of the applied stresses for which the stress components

O'yy and O'yz are zero in the 90" ply of an uncracked laminate are easily found from the
relations (39) and (40) by first setting O'm = 'tm = 0, where m is the label for anyone of the 900
plies. The resulting simultaneous equations are then solved for the corresponding strains

£. = f" and e* = e;. On using these values together with 'Y = 0, the layer stresses O'i' 0'; and

'tl, i = 1,2 are then calculated and used to calculate the corresponding applied stresses 0'0/0';

and 'to' It follows from (136) and (137) that the strains f" and e; and the corresponding

stresses 0'0/ 0'; and 'to satisfy the following relations

.

(143)Eo
=

....

(144)

....

Because 'Y = 0, these applied stresses also lead to the situation where the cracks in the 900 ply
of a damaged lammate are just closed, i.e. the crack surfaces are just touching without any
displacement discontinuities across the cracks, and they do not transmit any stress. Thus,

from (129) and (130) the strains Eo and e; and the corresponding stresses 0'0/ 0'; and 'to also
satisfy the following relations

.....
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.

0.1~ mm, and have the following properties that were used when describing a generalised
framework to predict progressive ply crack formation [20] :

.

Er = 9.79 GPa
PA = 6.474 GPa
ar = 38.2xlO-6 lac .

VA = 0.286

.

EA = 136.6 GPa
VT = 0.455
aA = -Q.458x10-6 lac

..

Moisture expansion coefficients are neglected as their effect is analogous to that of the
thermal expansion coefficients. Predictions have been made of the hygro-thermo-elastic
constants appearing in (125-127) for a range of crack separations defining crack densities in
the range 0 to 4 cracks/mm. Because the stress transfer model has been designed for any
number of plies it is possible to improve the accuracy of predictions using ply refinement
techniques by representing each ply in the laminate by a set of n elementa11ayers having the
same thickness and properties. In such a way the effects of through-thickness variations in
the axial stress distribution can be assessed. Figs. 2-5 show the results of such calculations
for those parameters that exhibit a significant variation with respect to both the crack density
and the parameter n defining ply refinement. It is seen that by choosing n = 1 lower bound
predictions for the thermo-elastic constants are obtained. As n increases the predicted values
increase and appear to converge sufficiently for practical purposes when n = 5. It should be
noted that the axial thermal expansion coefficient shown in Fig.5 is the most sensitive to the
presence of cracks in the 900 ply. The transverse Young's modulus and transverse thermal
expansion coefficient hardly vary with crack density as expected, and have not been shown.
The shear coupling constants A.A' A-r and as are negligible for the quasi-isotropic laminate
being discussed. These parameters have significant values in the case of [8/90]5 laminates as
will now be shown for the case 8 = 30".

..........

A glass fibre reinforced epoxy laminate of the form [30/90]5 is now considered where 30-plies
and the 9O-plies have the same thickness 0.25 mm, and have the following properties typical
of a unidirectional Silenka E-glass 1200tex fibre reinforced MY750 /HY917 /DY063 epoxy
composite [21]:

..

~ = 16.2 GPa
JIA = 5.83 GPa
a.r = 26.4x10-6 lac .

.

VA = 0.278

.

EA = 45.6 GPa
VT = 0.4
aA = 8.6xlO-6 1°C

.

Predictions have again been made of the hygro-thermo-elastic constants of cracked laminates
appearing in (125-127) for a range of crack separations defining crack densities in the range
0 to 4 cracks/rom. Figs.6-12 show the results of such calculations for those parameters that
exhibit a significant variation with respect to both the crack density and the parameter n
defining ply refinement. It is seen that by choosing n = 1, and considering absolute values,
lower bound predictions for the thermo-elastic constants are obtained with the exception of
results shown in Fig.12 As n increases the predicted values appear to converge sufficiently
for practical purposes when n = 5. For the GRP [30/90]8 laminate the selection of n = 1 leads
to predictions that deviate significantly from those for n = 5, indicating that ply refinement
is essential if accurate estimates are required. The transverse Young's modulus and transverse
thermal expansion coefficient hardly vary with crack density as expected, and again have not
been shown.

.......

The predicted values of the hygro-thermo-elastic constants appearing in (125-127) have been
used to check whether the inter-relationships (149) derived in section 15 are satisfied. The
value of the constant k = -0.00626 for the carbon fibre epoxy laminate and k = -0.01827 for
the glass fibre epoxy laminate. Such checks have been built into the software system that
predicts the values of the hygro-thermo-elastic constants. In all cases considered the inter-
relationships have been shown to be satisfied within numerical error. The quality of solutions
has also been checked by examining the satisfaction of the differential equations (88) and (89),
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P}' = -d' ,
xy ,.' xy (AID)

.

1

...

(All)

...

., 1.,
e1 =-~ .

yz 2~~ yz (A12)

..

Finally the global strain components may be expressed in terms of global stress components
by substituting (A7-A12) in the following relations

..

(A13)

.

(A14)

..

(A15)

..

(A16)

.

(Al7)

..

(A18)

.

The resulting stress-strain equations relating global strain components to global stress
components are given by (4-9) where the hygro-thermo-elastic constants are specified by the
relations (10-26).
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laminate on the density of cracks in the 900 ply.
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