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Module-08
Elastic Behaviour of Laminates-11
Lecture-24
Analysis of Laminates

Hello and welcome. We have been discussing the macro mechanical analysis of laminate and in
last few lectures, the classical lamination theory has been discussed and the constitutive relation
for a layered laminate has been obtained where the force and moment resultants were related to
A B

the mid surface strains and curvatures by the so called {B D} matrix. Using this, the
determination of strains and stresses in each lamina of the laminate was also discussed.

A B
Depending upon the values of the elements of the [B D} matrix, some special cases of laminate
stiffnesses and some special types of laminates viz. symmetric laminates anti-symmetric laminates,
balanced laminates, quasi-isotropic laminate etc and their significance in terms of achieving the
desired stiffness and behavior of laminates under load have also been discussed. Then, when a
laminate experiences a temperature change or a moisture concentration change the residual stresses
induced in the laminate known as hygrothermal stresses have been discussed in the last lecture.
In today’s lecture two problems will be solved with an objective to understand the steps in analysis
of laminate subjected to load.
(Refer Slide Time: 02:01)
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N N Analysis of Laminate

Example 1 _
2 ~ > N = 100 N/omo QUopep-\0
LR Ny = Nxy =0 a 1 I I
J z My = My =My =0 El = 38.6GPa : : : [0‘;90] —4 ur‘lsymd?'g
Given  Laminali Gonfigurakien E, =827GPa | | | Lo
—_no- of layers - : : : I, = Smm |~
ropnhes vF eoch lamina fequwc V, = 0.28 [
— " = I | 1
— Load G,=414GPai | |
= 1 | 1
Solukim L

To detemune the stresses in each lamina.
Step -1 Calculal, [&] for each lamino eImir

L=
E,, €y, Vn, Gn—" [&J - From E =386 GPa.E, =8.27GPa.v,, =0.28,G, =4.14GPa using
h Q.= E i On= E, Q.= VB, _ W.E :0.=G..
I-v, v, 1-v,v, 1-vv, 1-wv,
39.16 218 0 |
[0]= 839 0 |GPa -
4.14|

Example 1: In the first problem a Glass/epoxy [0/90] laminate as shown
in the Fig. is subjected to only Nx #* 0 (Ny=Nxy=Mx=My=Mxy=0).

Properties of the UD Glass/epoxy lamina are given as

E, =38.6GPa ! [0/90]
E, =8.27GPa ; b
i1 it =5mm
v, =0.28 o
G, = 4.14GPa 5
Lo Stresses in each lamina need to be determined.
Solution:

Here the laminate is a [0/90]. Glass/epoxy subjected to Nx = 100 N/mm and Nx = Ny= Nxy=0.
Similarly Mx= My= Mxy=0. The laminate configuration is given that is the number of layers in the
laminate, properties (E1, E2, vi2, G12) of each layer, geometry of each lamina meaning the thickness
(5 mm) of the lamina as well as the positions with reference to the mid surface of the laminate that
is the stacking sequence is known.

Note that this is not a symmetric laminate and is an unsymmetric laminate. In this problem,
intentionally an unsymmetric laminate has been considered to keep the problem general in nature
that is all the three matrices [A], [B] and [D] exist. In addition, only a two layer laminate is

considered for the ease of analysis. However the procedure is same for a general n-layer laminate.
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Step 1: Reduced stiffness matrix [Q] for UD Glass/epoxy lamina has been calculated as

From E, =38.6GPa,E, =8.27GPa,v,, =0.28,G,, = 4.14GPa using

- E . ~_E, o v,E, v,E | B
" 1-v,v, Lo 1-v,v, Q= 1-v,v, - 1-v,v, Qe =G
39.16 218 O
[Q] = 839 0 |GPa
4.14

Step 2: From[Q] and knowing fiber orientation angle 6 for each lamina, elements of reduced

transformed stiffness matrix [Q] for each lamina are calculated using the following which is

discussed in details in macromechanics of lamina.

Qn = Q11C4 + 2(Q12 + 2Q66 ) S szs4

612 = (Qu +Q,, _4Qee)czsz T (34 +C4)

Q,, =Q.5"'+2(Q, +2Q,)c*s* +Q,,c’

Qlﬁ = (Qn - Q12 - 2Q66 ) S C3 _(sz - le - 2Q66 ) SSC

Qu = (Qn -Q, - 2Q66)53C _(sz -Q, _ZQGG)S c’
666 = (Q11 + sz - 2Q12 - ZQGG)CZSZ + Qes (54 + C4)

And the reduced transformed stiffness matrices for each layer are

39.16 218 0
[G]Uo=[5]= 839 0 |GPa;
4.14
839 218 0
Q] = 39.16 0 |GPa
4.14

(Refer Slide Time: 08:21)

Even though in the present problem, we have only two layers viz. 0° and 90°, even for an n layer

laminate the reduce stiffness matrix [@] could be calculated using the same procedure.

(Refer Slide Time: 11:38)
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Analysis of Laminate

Caleulal [A], [B) and [237x10° 2.18x10’ 0
[D] mabrices -Fv Hu laminate [4]= Z[@ -z,.)=2.18x10" 2.37x10’ 0 Pa-m
from  [8], %) | 0 0  4mx100| 7
(hali 2= n) i 1 [—3.84x10° 0 0
and obkain [ ) [B]==2[0] . -=.)= 0 3.84x10° 0 |Pam’ _
B D 2L
0 0 0
\ > ; _ B
\ 1.98x10" 1.81x10° 0
[D]:%Z[éjl(_—;—:;_): 1.81x10° 1.98x10’ 0 |Pam
=t ) 1 A% 2 1=
ooy riigsl. O 0 3.45x10
B 4.’(]
37x10°  2.18x10° J--;s: <10 0 ]
2.18x100 23 >~10 i :34 100 0
[4 B] | o 4.14x 10 0 0
B D| | =510 o 0 193 ST K B3 [ O¥S
| 0 3.84x10 0 | 1.81x10 1.98x10 @
L 0 0 o | o0 0 3.45x10° |

Step 3: Having calculated reduced transform stiffness matrix for each layer, in the next step [A],

[B] and [D] matrices are obtained from the [Q] for each layer and their stacking sequence

information as follows.

2.37x10° 2.18x10’ 0
=3[Q] (2.-2.)=| 218x10" 237x10° 0  |Pam
h 0 0 4.14x10
L [-3.84x10° 0 0
[B]:EZ[G:L(ZZK sz-1): 0 3.84x10° 0 |Pa-m?
k=1 i O 0 O
[1.98x10° 1.81x10 0
[D]=2Y[Q] (¢, -7,,) =|181x10° 198x10° 0  |Pam’
h .0 0 3.45%10°

With reference to the Fig., note that for the 0° layer, Z.=-25mmandz, =03and for the 90° layer,

A B

B D

z,=0andz, =-25mm Therefore, the { }matrix looks like (note that [A], [B] and [D] have

different units)
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[ 2.37x10°  2.18x107 0 -3.84x10° 0 0
2.18x10"  2.37x10° o i 0 3.84x10° 0
A Bl | o 0 414x10° . 0 0 0
[ N A S
0 3.84x10° 0 | 181x10° 1.98x10° 0
0 0 o i 0 0 3.45x10" |

(Refer Slide Time: 14:10)

Analysis of Laminate
5! 4 Ny = 100 Nfmn = 100 BN /m
Having Known g N ) o 4
and [2B], . ‘ & | [N, ] (100107
Colowlaly the i, ¥ & | | v, 0|
micl surface. Shasns N,| |4 B 5 Yo | [4 B li N,| [4 B "l! 0 [
= — - A — ¥ =
and curoolires M, [~ |B D||k k,[7|8 b} |M[7|B D o |
ustn | ! | |
ua“r BJ{G'}#&»? M, K, | % 0
{_M}- Bo % L‘M;{rJ K] LK?J liMnJ l. 0 J
[(e2)] [[s620.7x10°) )
|
N & ¢ {—56.95x104jm/m
Ol e W B4 . N -
/—;Z~ | 75 | 0 = |
= PSS }
[[x]] | [1-205x10™) .
1K, ¢ 4 0 biym |
| | 1| |
w&J) tt o J )
N, &,
N, &
N, |_[A B]]7
M, B D||K,
[A B} M, K,
Step 4: Knowing the LB D matrix and using M, Kol the applied load vector the

mid surface strains and curvatures are obtained as follows.
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& N, 100x10° £, 620.7x10°°

& N, 0 g, —56.95x10° t m/m
7o | _[A BTN, _[A B]'] o . )| 0

K| LB DJ |M. [B D 0 K, 1.205x10"

Ky My 0 Ky 0 ]/m
Ky M.y 0 K, 0

Now in this case we have taken Nx = 100 N/mm = 100 kN/m because all other units are in Pascal
(Pa).

Now the laminate considered is actually an unsymmetrical unsymmetric laminate. Therefore even
though only Nx (uniaxial tensile loading along x) is applied, but besides producing in plane strains
it also resulted to curvatures.

(Refer Slide Time: 17:55)

SEEE . Colowlat th Shains Analysis of Laminate
n £ach lamwna {I’am lhe mid swfae

shain and curvalre, —— | (& ] 'Eal ‘Kr'| (o) (2]
Po— | \ =g +:{K1 | —{c } =|§-| e \
| 'I'* e T T - -0 | 2~ | | S v |
|| ngl = D zf z fﬂ 1 ik |/_“J ‘.&:'I_ ol
R~ T Ll ’ _— o k=1,23_...n
‘l' - ) @ — S
| 3 r
'| J-.a,\. 1{ JG?O 7><10-‘] Jl 205x107| &, =18.199x10°
| Ablhe bp of lwrd  Ply1(0°): 1€, ¢ =1-56.95x10"*-0.0054 g, =-56.95x107 ;
= l | _
U and Calculsh the I\}/\"-'j 1 J l O_,__, Ve = v
maderial axes Strains ) "( "]
| |
|l€1 l’ &, [51] f18 199%107° 1 Moberial Axes ;
w lamina 1[L°
{& |}=[TL_O= s, H & =1—‘6 95x107* sirains % lamime 107
Ya | — Iy ["1 J [ 0
2) 3

Step 5: Knowing the mid surface strains and curvatures, the strains in each (kth) layer (in x-y)

could be obtained using the mid surface strains and curvature as

&y &y Ky o, £,
&yt =&y (+Z{K ti o, :[Ql &,
7y, }’gy ny Ty )y V),

k=123,..... n
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Where, z is the distance of the middle surface of the k™ layer from the laminate mid surface (ref
Fig.).

Ex 620.7x10° 1.205x10™"| ¢ =18.199x10°
Ply1(0°): 1& + ={-5695x10°1 0005 0  (;s, =-56.95x10" ;
Ve, 0 0 y, =0
Ey 620.7x10° 1.205x10™"| ¢, =1223.2x10°
Ply2(90°):{&, | ={-5695x10° [ +0.005{ 0 ;s =-56.95x10°
Vxy ), 0 0 Yy =0
Ih
e T
g —= 1z,
3 r
Jr s

So, knowing the strains is in the global axis (x-y) of a lamina, the stains in the local axes (1-2) for
that lamina could be obtained using the strain transformation as follows.

&, g, &, 18.199x10°° &, g, &, -56.95x10°
gt =[T],.36 16 =1-56.95x10° & =Tl w8 396 =11223.2x10°
e & V2 ), 0 Y %0 0

N

Yy 712
2 ), 2 Jo and 2 2 Jo
ZO -T o
~ By 0° ®
9 71
l %" (3
Z

Even though the strains are calculated at the middle of the layer, strains could be calculated at the
top of bottom of the layer also using the appropriate values of z.
(Refer Slide Time: 23:44)
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Analysis of Laminate
Similarly , m laywr 2 =

Ms
Z=5m 90
At e bolom surfac JEE

of layer 2
Shims in \ {6‘_\- 1 (620.7x10° 1.205x107) &, =1223.2x10°
be molisk  Ply2(90°):Ey ¢ =1-5695x10%1+0.0051 0 rig =-56.95x10°
] . — )
1 J 0 0 ?’x’l - 0
v

k’ £ (& —56.95%10"]

x 1
»=[T],. 9E (= 1223.2><10““J

(712 0

M M

=
P

r
(3]
(]

(Refer Slide Time: 25:37)

Analysis of Laminate
Step-4
Calowlale lhe shresses Art ; o, &
y lam
o Molerial aes ¢ ech lamana —> Plv1(0°):q0, ¢ =[0]{ & =
layer { =
(at Yo kep surfac) Thle {E *
\l-'] 2
Idyarz
(A) U bokew) o, &
P2(90°):40,; =[Qli&} =
o) g 72 ) s

Step 6: Multiplying the material axis strains of each layer by the reduced stiffness matrix for the

layer, the material axes (1-2) stresses for each layer could be calculated as

o, g
Ply1(0°):40, ¢ =[Q{e ¢ =
T2 ) e V12 ) o
o, &
Ply2(90°):40,¢ =[Q]y& =
T12 ) gpe V12 ) o
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Note for a general laminate having n-layers that this kind of problems are actually not done
manually because it will be tedious. However, to illustrate the steps, it was done manually
considering a two layer laminate only.

Now, knowing the material axis stresses and strains in each lamina, appropriate failure theory
could be applied to assess the failure or safety of that particular lamina and that will be discussed
in details in failure of laminates. But here the steps that are involved in determination of the stresses
in each lamina of a laminate has been discussed.

E)(am,oh— 2 /
I / S /
A/[ ' | AT

Y

x

Example 2: In the second example, the same [0/90] glass epoxy laminate is considered but it

is only subjected to AT and the residual stresses in each lamina need to be determined.

AT =-75°C | [0/90]Glass / Epoxy
=8.6x10"° it =5mm
a, 86><06 mim/eC |
a, =22.1x10 :
Solution:

Here the laminate is a [0/90]. Glass/epoxy subjected to AT =-75°C and Nx = Nx = Ny= Nxy=0.

Similarly Mx= My= Mxy=0. The laminate configuration is given that is the number of layers in the
laminate, properties (E1, E2, vi2, G12) of each layer, geometry of each lamina meaning the thickness
(5 mm) of the lamina as well as the positions with reference to the mid surface of the laminate that
is the stacking sequence is known.

Note that this is not a symmetric laminate and is an unsymmetric laminate. In this problem,
intentionally an unsymmetric laminate has been considered to keep the problem general in nature
that is all the three matrices A, B and D exist. In addition, only a two layer laminate is considered

for the ease of analysis. However the procedure is same for a general n-layer laminate.

Step 1: Reduced stiffness matrix [Q] for UD Glass/epoxy lamina has been calculated as
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From E, =38.6GPa,E, =8.27GPa,v, =0.28,G,, = 4.14GPa using

Q, = : E, ' Q, :L;le _ ViE, _ VuE, :Q,, =G,,
—ViVa 1- ViaVau 1- ViV 1- ViaVa
39.16 218 O
[Q]= 839 0 |GPa
4.14

Step 2: From[Q] and knowing fiber orientation angle 6 for each lamina, elements of reduced

transformed stiffness matrix [Q] for each lamina are calculated using the following which is

discussed in details in macromechanics of lamina.

Q.= Q11C4 + 2(Q12 +2Q, ) s°c” + Q2254
612 = (Qu + sz - 4Qee ) c’s” + le (84 + C4)

Q, =Q.5"'+2(Q, +2Q,)c*s* +Q,,c’

Q= (Qn —-Q, —2Q; ) s¢C’ _(QZZ —Q, —2Q, ) s'c

Qu = (Qn -Q, - 2Q66)SSC _(sz -Q, _ZQGB)S c’
666 = (Q11 + sz - 2Q12 - ZQGG)CZSZ + QGG (34 + C4)

And the reduced transformed stiffness matrices for each layer are

39.16 218 0
[G]of[‘ﬂ: 839 0 |GPa;
4.14
839 218 0
Q] = 39.16 0 |GPa
4.14

Even though in the present problem, we have only two layers viz. 0° and 90°, even for an n layer

laminate the reduce stiffness matrix [@] could be calculated using the same procedure.

Step 3: Having calculated reduced transform stiffness matrix for each layer, in the next step [A],

[B] and [D] matrices are obtained from the [Q] for each layer and their stacking sequence

information as follows.
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2.37x10° 2.18x10’ 0

[A]=>[Q] (z,-7.)=|218x10" 23710’ 0 |Pa-m

“ 0 0 4.14x107

. [—3.84x10° 0 0
[B]:E Q] (z°.-7°.) = 0 3.84x10° 0 |Pa-m’

“t 0 0 0

. [1.98x10° 1.81x10? 0
[D]:EZ[Q]k(zsk—sz_l)= 1.81x10° 1.98x10° 0 |Pa-m’

“t 0 0 3.45x10?

With reference to the Fig., note that for the 0° layer, Z. =-2.5mmandz, =03nd for the 90° layer,

A B
z,,=0andz =-25mm Therefore, the {B D} matrix looks like (note that A, B and D have

different units)

[ 2.37x10°  2.18x107 0 | -3.84x10° 0 0
2.18x10°  2.37x10° o 0 3.84x10° 0
A B]| o 0 4.14x10° 0 0 0
[ N A S
0 3.84x10° 0 | 181x10°  1.98x10’ 0
0 0 0o 0 0 3.45x10?

(Refer Slide Time: 37:12)
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Analysis of Laminate
‘5@ 4 . Calculak {?‘;} wrt glebel dxes (X-9)
oy

rom {:::}{o—— mal. axes cTe) Ll e 0, 5 o
o, p=[T] {a,

& —
é"m {frlj*— Gag s } %=1 % =,
— 0 .
e - 4zl _cre wrl X3 ——ax}
/ x {:: \ 2 J

A 8.6x10°
oy 4 1% [ =122.1x10° m/m/°C &
o 0
Lo )pe
" a2 22.1x10°
2.
g a » =4 8.6x10 ¢ \m/m/°C
a' ® 0
L ¥ Jgo
11
a, 8.6x10°
a, r= 22.1x10°
0 0

Step 4: Given, the CTEs of the lamina with reference to the materials axes as

, the CTEs in the global axes (x-y) could be evaluated as

ax 0‘1
-1
{a}xv =1 % Z[T] 0
Oy 0
2
And then for each layer

a, 8.6x10° a, 22.1x10°
a,r =4221x10° tm/m/°C & Ja,; =1 8.6x10"° :m/m/°C
a, . 0 Ay | o 0

(Refer Slide Time: 40:08)
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Analysis of Laminate

Step-5 Colculate the equivclent
thermal lbad ond the ]‘_ T, [8) {:,:1 g =
L2quivalent Lhormal moment R i O T

[.\v. ‘ {’a. ] I’a_ J'al
L_. !N | =Ty 0] |« | G -z)=C19[0] Ia | x0.005+(-75)[ Q] {a ; x0.005
L I~ | = e | le | le |
() o [a) . fed) o [«)
M ==3[0] e (-0 =C8], {a | 0 =(0005)+(CD)[2], { | ©05 -0
M. ] T e, . ) 2. ],

N, | [-221x 1051 Jw 1.695x10°

- N, $=1{-2.21x10° Pa-m{ M, ;=4-1.695x10" ; Pa-m’
vy Lo ) o)A o

Step 5: Knowing for each layer (k), , equivalent thermal loads have been evaluated as

N, ! a, a, o,
2
N, =ATZ[<§]k a, (zk—zk,1)=(—75)[c3]oo a, ><O.005+(—75)[(§]900 a,+ x0.005
ny - axy K Xy J oo axy 90°
N | [-2.21x10°
=< N, p=4-2.21x10° ;Pa-m
N, 0

And the equivalent thermal moments are evaluated as

T

M o ;
X AT 2 _ X . . _75 _ X , . _75 _ M 2 2
M, =TZ[Q1 a, (zk—zk,1)=(7)[Q]on a, ¢ (0 —(—0.005))+(T)[Q]90n a,+ (0.005°-0%)
Mxy k=1 axy K ) g w ) o
M, 1.695x10?
=M,  =1-1.695x10° } Pa-m’
M, 0

(Refer Slide Time: 42:06)
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Analysis of Laminate

5_)&:6 -
Colculot be mdsefa (7 (2] (&) (N, )" [ —221x10° )
shawns and Curalirs o o 5 |
X i I R P A R e
(_ nj LB? Arn_L [4 B % [__} §e L_ 4 BT N,| [4 B l! 0 L
duw B AT M. |8 pllk.| |k [ |B D] |M.[ |B D] |1695x10 |
M, K, K, M, -1.695x10° |
LM; LK'«T J \KH'J »‘M'»" J [ Y J
(e2]] [[-1042x107
L& —-1.042x107 b mfm
_oy:\ 0 o’
=4 S,
K, -1.28x10™
K, 1.28x107" 1/m
K. 0 et
Step 6: Using the relation
s &y &y N, )
N, 2| | N,
(o] (o] -1
N, :A B |7, _)}/xy:A B N,
M, B D||K, K[ |B D| |M,
MV Ky Ky My
Mxy ny ny MXV

the mid surface strains and curvatures due to AT are calculated as
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e | [ 237x10° 2.18x10’ 0 - -3.84x10°
& 2.18x10"  2.37x10° o . 0
Vo | 0 0 4.14x10" 0
K, [ |-384x10° 0 0 1.98x10°
K, 0 3.84x10° 0 | 181x10°
K, | O 0 o . 0

£ ~1.042x10°°

EN —1.042x107° tm/m

Vo 0
:> =

K, ~1.28x10"

K, 1.28x10" t1/m

K, 0

(Refer Slide Time: 44:05)

Analysis of Laminate

5 .
i
Lach lammw S &y J,g.g Kx
wrs — o ldellg
, 20
Vxy g L/,\jl' j_(.\j'

Zy

e =l
L I—3

R o il
2 i

Jhen calowali U free Uurmal shan
A each bmina dw B AT

Shauns w each bimina
ressas » M
rmal Shess m each layer

Colawst, s resiclual,

Coloubt, the reseuel the
wrl the mabral aes

0 0
3.84x10° 0
0 0
T o
1.98x10° 0
0 3.45x10" |
o} g, 1
=0t ~[0]

k=12.3....n

-2.21x10™*
-2.21x10™
0
1.695x10°
—1.695%10?
0

Step 7: From the mid surface strains and curvatures, the strains and stresses in global (x-y) axes

in all the layers are calculated using
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Ex &y Ky
_ 0

Ey t =16y 1+ K
k

7y Ky

o g,
=10,t =[Q] 15, (k=123,....n)
T

X )k 7xyk

Now,

At Top of 0° (z=-0.005m)

g, & K, -3.99x10™
g, ¢ =y&, (+(-0.005)1 K ¢=1-1.68x10"
7xy 0 y:y ny 0

(Refer Slide Time: 45:46)

Analysis of Laminate
At Topof 0° (z=-0.005m)

lz:5m (@ ! p [¢] [& [},., .r—_?;.99><1-:}“‘7I
A & - . = le L) e le0008) K |=)-168x10" | and the free thermal strain
L I"/ |I I:/ K | 0 lw-

V‘_ o TS LS . . = -

. (¢ [a_ (8.6x10° ] [-0.645x107)
Bl arla = (-75)422.1x10~ } = { -1.65x10” }
lhormal 1 14 | Slg b [ ver

s )oola), Lo J L o0 =
The residual strains are
(s ] (s ] [s. Ik "2_46x10’“
Residual — {E =08 L =1 : =1-256x10" ; and the comresponding

) 28 R % T 28 N O
Residual Themnal Stresses are ;
- i 5

B A ".4.'_ J i9_36x10 .' [cx‘

Shress = (0.} =[G:[ le } ={318x10' {Pa={0, } Lo

led &= lpd. 1 o | il
\e) Voly L J e

The free thermal strain in layer 1 (0° layer) is

e | a, 8.6x10°) [-0.645x10°
gt =AT{a, b =(-75){22.1x10° | = —1.65x10°
Vs) a,), 0 0

Therefore, the residual strains in layer 1 is
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g, g, g, 2.46x10™

Lt =16 ¢ —16, ¢ =1-256x107

Yole  Unle Wwlo 0 and the corresponding residual thermal stresses are
o e | [9.56x10° )"

o,r =[Q], ¢ =13.18x10°{Pa={o,

Tl Vol 0 (2

residual stresses for the 0° layer.

Analysis of Laminate

Bottom of 90° (z=+0.005m)
Similarky for laer 2

(£] [e] [K] [-1.68x107]
le p={¢& (+(0.005){K ;=’-399><10"} and the free thermal strains
1 y X 0
=] ) %] 1 J
[e.] [a_] [22.1x107] [-1.65x10")
et =ATia =9 86><10 t=1-0.645x10" }
. led. Lo ) l
The residual thermal strains are
(1" [e] [e] [-256x107)
L= ls ={s_i[ -i& ={ 246x10™ | and the corresponding
Vsl Vol Wado L 0 )
AN [e] [3.18x10%)
Residual Thermal Stresses{o, | =[0] . {& F =~'|'9.36x10' }Pa
5l ==y e 1 0 Jos
(@) (6] [9.56x10°)

{o,b =[T],.{0.} ={3.18x10°}Pa*"
), = =), U 0

Similarly, for the layer 2 (90° layer),
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*“» which also happened to be the material axes



Bottom of 90° (z=+0.005m)

g, & K, -1.68x10°°
g, r=1¢& r+(0.005)< K, +=1-3.99x10"} and the free thermal strains
7xy y:y KXY 0
e | a, 22.1x10°) [ -1.65x10"
gt =ATqa, ¢+ =(-75)4 8.6x10° »=1-0.645x10"
Vo) Ay | o 0 0
The residual thermal strains are
e e e ] [-256x10°
gt =18t —1& ¢ =1 2.46x10" } and the corresponding
}/)(y 900 }/Xy 900 yxy 900 0
R R 5
o, £, 3.18x10
Residual Thermal Stresses o, =[Q] 1, ¢ =19.56x10°;Pa
TXY 7xy 90° 0

The materials axes (1-2) residual stresses in layer 2 (90° layer) are obtained using the stress

transformation as follows.

R R 6
o, o, 9.56x10
o,t =[T]e10,; =13.18x10°}Pa
7, Ty 0

Here, only AT has been considered. But, in the same way, the residual
stresses in each layer due to AC, change in moisture concentration

(hygroscopic) could also be evaluated.

(Refer Slide Time: 52:21)
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Analysis of Laminate

Following Uy similar slips
we Could Calnlab the
residual Awgrescepic Sheies
W each lamina by calou'ahy
the equivaenl hygrscpre
forces and equivaknt hygrsedic

M H
meomenke {E u 4 &;}
and using

AR

After calculating the residual stresses in each lamina in a laminate is
subjected to AT and due to AC individually, those stresses in the
material axis could be superposed for a laminate which is

simultaneously subjected to a mechanical 1load Nx, AT and AC.
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