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density 1000 10,000
(kg/m?) : 2
[ wood m:ﬂs?;: waw &
100 composites aluminum  steel

and thermoplastics

concrete  titanium

tensile fracture strength 100

1000 10,000
(MPa} 10 I — 1 1 L a
=% yood == light alloys ==
concrete = steels =7
= === composites ===t
thermoplastics
modulus of elasticity 10,000 100,000 1,000,000
(MPa) 1000} L L L
=== =7 =7 — =gy =

thermoplastics wood concrete aluminum titanium steel
- composites S

price per unit mass 1994 2 20 200 600
(Shkg) 11 ' ' ! Ly
[=msteels ande==*" b
aluminum alloys titamium
h d

thermoplastics
[————— Keoviarcarbon c——————rs
glass composites boron
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High volume composites:

Static loading short duration: 2
long duration: 4
Intermittent loading over long term: 4
Cyclic loading: 5
Impact loading: 10
High performance composites: 1.3to0 1.8
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<:| tensile load, giving
rise to high tensile
strength.
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Here the resin is
supporting the load,
giving rise to low
strength.
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f Here the resin is
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PLY NUMBER |ORIENTATION|CONVENTIONAL SYMBOL
NOTATION

10 90°

9 0°

8 0°

T - 457 2 5

E mld' +45D L ‘||

IS:'"‘-'.'_ = _pE‘IE; S e [Qﬂfﬂzf 45/ 45], 4 (40%)

4 - 45° 2

3 0°

2 0°

1 90*

PLY NUMBER |ORIENTATION|CONVENTIONAL SYMBOL
NOTATION

7 0°

G +45° 1

5 . -45° 2

Cc— -4 —p',%*e- — - 90° - —| [0/45/ - 45/30]; &.2 (28%)

3 -45° 2

2 +45°

1 0°
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Table 5.14 Glass/Epoxy Laminate: V; = 60%, Ply Thickness =
0.13 mm

10%
percentage
of 90° plies 15%

w 60% —» (0°)

AU‘O«E
1009 | p, 12000
167 145 Q
0.10, 0.09 15%
g0% 1 18380
157 1.38 122

013 O 008
13330 16030 ™\ 15360

80%
147 1.28 1,18 1.08
018 0.14 Q.12 00
13000 16650 18370 22080
T0% -1

137 121 1.1 1.01 0,84
018 017 016 043 011

wld 939y Joo 51 ©
14400 17190 19660 22680 25400 (IXX‘IOS

114 104 098 ONME -E‘t? — 33310{] MPH
ol e B iR BN, é y E. = 17.190 MPa

1.21 1.07 0g8 091 0.85 0.81 078
0238 026 024 022 0.19 017 014 E.

isosp 17970 20850 23700 26510 20300 NJ20E0 X

40% 5
1.3 1. 082 085 0803 077 074, 0T
033 031 029 027 026 022 018N 016

a0 15200 18180 21100 24010 26000 29780 3270 ™ 35360
105 083 085 078 075 0.72 068 087 0.66 'LI' —_— {] 3 4
040 038 036 033 031 028 026 025N 018 y = a
15140 18160 21170 24150 27110 30040 32940 35810 ™ 38630 pement?lge X

20% g of 0° plies
oos 085 078 073 088 066 064 062 081 08
047 D45 042 041 038 036 038 030 027\ 023 1"' —

10% 14810 17206 20080 24050 27080 30100 33100 36050 38980 18ED 'P‘_x' L

“1loss o7e o0ss oes os2 o0s0 o058 o058 o050 O 03 05§ -
057 085 054 052 049 047 044 041 038 034
oo | L1410 17900 20460 23600 26730 29850 32940 36000 39040 42040 45000 -

7

T T T T T T
0% N\ 10% mN% 40% sw\

B\ s, Joe jlade A g+ oy olml> L O

6% 70%
2y, B B % T
0 . w . w .
%, 2o S Y
%, o
¢ o
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’ Table 5.15 Glass/Epoxy Laminates. V; = 60%. Ply Thickness = M‘ J\
) 0.13 mm

percentage

of 90° plies ng st,,)_, J9M (o)
o Lo
R (0 ek 929

£
100% \“fm

0% | 5320'\_\ 4500

E180 5320 | 4500

6280 6150 5320 ., 4500

i G, = 6,980 MPa.

B0% 4

B0% < < o .:\
8530 7800 6980 6180 5320 4500
50% 4 < > o <

8450 8830 7800 8930 6150 5320 \;‘1500

40% o L o o =

10280 S450 B&30 TEOD BSA0 E160 5320 ~_ 4500
30%5 = o r r o <

11100 10280 9450 8630 7800 6980 6150 5320 . 4500 percentage
20% —————o—0 ° e of 0° plies

11830 11100 10280 9480 BE30 TEOO 6880 615D E320 4500 %

10% > o o > —

12760 11930 11110 10280 Q450 8630 (6980 6150 5320 \h-ifyﬂﬂ'

0%
%\*N’N&“‘*\N’Nﬁ\m ‘N"’\
\K‘a@’b
%‘a 9-9(,
%, B
§ O
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(x)
ﬂﬂ

At what value of 6, denoted as ¢ will this

xmax'
laminate fail?

X¥ max®

(x) At what value of Toyp denoted as 1
will this laminate fail?

Calculation of the maximum stresses Oy Oy max, Taymax 1S done based on the Hill-Tsai
. . . 11 . .
failure criterion.

10%
10%
DU‘
70% —»
or
b ¢
10%
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Table 5.6 Kevlar/Epoxy Laminate: V; = 60%, Ply Thickness =
0.13 mm

dolol

percentage
of 90° plies

[
o o2l 929, Jga (bl » O

137

90% | c 49 44 /
1108 G / 0°

0% | csz c51 Tl G ;

I 54 t118 t148
70% c75 _4:55 c77 \{\9? Foria

LE1 194 t127 t158 t188 t = tension
60% JIc®7__c61  c82 c103 \Jc\‘l24 ¢ = compression

L 66 L1017 t134 t167 t198 1229 ﬂ_'..l nux{tﬂ]:‘ljnnj — S{JB MPH

c100 <¢65 ¢87 «¢108 ¢128~ ¢c150
50% | \\

=] 104 139 1173 1207 1239 t269
40%_vﬂn cB8 c91 ¢113 c134 cissg\wa

t67 1103 t13g2 175 t211 t246 t280 t310
ci21 c¢70 c93 ¢116 ©138 c160 c1B2c203

30% A
L 60 195 t131 t168 t206 t244 t282 319 t3I51
c127 ¢68 92 116 c140 ¢163 182 ¢207 c229 per%entlaga
20% - = of 0° plies
t47 178 t112 t147 t184 1223 t265 1308 1353 1392

c122 c62 c87 o¢112 ¢137 c181 ¢18B6 ¢210 :;23:3\?255

o &,
t87  t176 1284 1353 t442 1529 t613  t691 t7E7  t793 11410
c86 ©c48 73 c73 c123 c148 ci74 c200 c227 c254 \1:280

R RATASAARN

10% -

=7

Maximum stress 0, ... (MPa) as a function of the ply percentages in the
directions 0°, 90°, +45°,—45°,

(More information on modulus and strength of a basic ply: see Section Dr. Hamzeh Shahrajabian-IAUN
3.3.3) )




Table 5.2 Carbon/Epoxy Laminate: V; = 60%, Ply Thickness =

0.13 mm
percentage
of 90° plies
“H 11270
IDO%-{H:!O
11059 t741 9 t
00% JLE 990 . c1024
(]
1957 1692 1659 0
80°, JLe733 ¢939 N C 217
tede8 t632 t608 t580
cT733 cB46 cB34 809
70% N Oy max
t740 t585 {550 t527 t502 i i
60%._"-352? CcTdd ¢ T47 cT28 ~cT02 t=tension )
i \‘\ ¢ = compression
t633 t495 t488 t470 t448 1425
50% JLE530 c©640 cBST c643 ce21 \Q:QQE
L5289 t422  t422 t409 391  t370 348
40°% || c438 ©538 c564 cB555 c¢S537 c514 \:\':\43?
1426 t349 t354 (345 330 t312 292 t271
30% JLc351 ©438 468 cd466 cd451 c431 c407 c380
t324 t275 t284 1279 t268 t252 t234 t215 1195
20% JLe265 c¢341 ¢372 c375 c364 c346 c324 ©300 ,c273 percentage
A
1223 1201 1213 t212 1203 1190 174 t157 tise t11g Of O plies
10% |lc182 ©246 276 ¢283 ©275 c260 c¢240 ¢217  c192 5:\1\55 %
1123 t126 t141 t143 137 1127 t113  te7 tao te1 t42
0% JLe125 ©185 c217 c289 ¢226 213 c193 c168 _c139 c108+c14

ON‘,NNNNNNN}N%\OD\

‘5’

3— 0. R CN
] < ]
o
()3 @,)(‘
%
4@@0@

Maximum stress o,
directions 0°, 90°, +45°,

'ymax

(MPa) as a function of the ply percentages in the

—45°.

(More information on modulus and strength of a basic ply: see Section

3.3.3)

(L

Which maximum
compression stress
along the 90 direction
(or y) can be applied to
a carbon/epoxy
laminate containing
60% fiber volume
fraction with the
orientation
distribution as shown
in the above figure?

67%
10%
Gﬂ
13% —»
or
. X
10%
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Oymax = Oiz67/10010 = Owoeonsns + A0 = 744 + Ao

Ao = aﬁxﬂp +£ﬂxﬂpf’“ﬂ

P’

p“u and pmn as the proportions of the plies along the 0°and 90°directions

Ao = (747 - ?%4):-f:4--+{84( ?44)xi-ﬁ = 72 MPa

Oymax = 744 + 72 = 816 MPa
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Tupure 15 the maximum stress that a +45° laminate can support.
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W Example: Determine the composition of a laminate made

L! up of unidirectional plies of carbon/epoxy (Vf = 60%) to support
- the stress resultants Nx = -800 N/mm, Ny =-900 N/mm, Txy =
-300 N/mm.

Table 5.1 Carbon/Epoxy Laminate: V; = 60%, Ply Thickness =

0.13 mm (AR LS‘)'f 979 Jﬁé& )‘

gf;ﬁﬂ;iﬁgg :W'.’.)“b d.?)d o d.sy u.ia

aet42
100% {b.c 141

te1 t11g

90% 4 b 108™, ¢ 166 G

180 t138 1195
c 139 c192} c273 a

> O rupilre 15 ]...]fﬁ-ﬂ

80% A
t97  t157 t215 t271
70% 12188 o217 c300, c380 Oy max
¢ JEC168 6217 CO00
1113 t174 1234 1202 1348 t = tension
60% 4 c193 c240 ¢324 cd07 ‘(\:\dﬂ? C=CDmDTESSi0n
t127  t190 1252 1312 370 t425
50% {218 0260 346 o431 o514\ c595 Bﬂﬂ

t137 1203 1268 330 1391 t4d8 t502 Ei D ———
©226 0275 c364 c451 o537 c621N\c702 X 1 13’“
1143 1212 1279 1345 1409 470 1527 1580

30% {pce28 c283 c375 cd66 cS555 c643 728 c809

ti41 1213 t284 t354 t422 t483 t550 te08 te59

0.71 mm;

40%

20% c217 ©276 c372 cd468 c564 c657 c747 c834™\ c917 percentage
of 07 plies
t126 t20 L1275 t349 t422 L4585 t565 t632 (692 t741 DD
10% |he 185 (c246 341 438 538 cBA0 c744 ,cB84E 939\ c1024
———— —
Iy i e Ty T W e 0.8 mm

|le12s c182 c2e5 cast c4s8 o530 c627 733 c851 c990\c 1130 ¥
T T T T T V) -
; A\ 70%N\ 80%\ 80% 100"\

‘?5'9_ 0o %
o °

0, B
-]

Maximum stress O, ... (MPa) as a function of the ply percentages in
the directions 0°, 90°, +45°,—45°.

(More information on modulus and strength of a basic ply: see Section . . _
33.3) Dr. Hamzeh Shahrajabian-IAUN



Table 5.3 Carbon/Epoxy Laminate: V; = 60%, Ply Thickness =

0.13 mm 4“0‘&‘

790" pigs
of 90° plies .
m Voo Glpgpgy Jeuz 51O
100% J[63 +¥0 d.ay SO duo y0
80% - o )‘d
00‘
80% |
70% J Tm]_“ul-e- — 39? MPH.
60% 4 153
340

oo, |[223 188 153 {18 83 €y = 3';;}—?- GS{) ImiIm
40% |l258 223 188 153 118 L@ y ‘ o

Y o O
300 ||203 258 223 188 153 118 - P SER o
20%, 327 293 258 223 188 153 118 percentage 03_ e.'l‘ _ {-} :m’)‘d

of 0° plies : e, -I-E' +e - 3

0% ||362 327 203 258 203 188 153 118 83 “\63 % ‘J'
oo |I397 362 327 293 258 223 ,133 153 118 83

] = e
T T T T T T T o ¥ _
0% N\ 10% N20% “30% “40% “\ 50% 60% 70% 0% 90% o 90°: = {}-34
e.+e,+e,
L/ = - ’ ; ax
o £

% % Y i 7 By o
,o@'
Q(’{S‘o"@,}
%,
"‘s@@so €.y
~ +45°: — =0.36
= + e, + €

Maximum stress T,m.. (MPa) as a function of the ply percentages in
the directions 0°, 90°, +45°, —45°.
(More information on modulus and strength of a basic ply: see Section

33.3) ' Dr. Hamzeh Shahrajabian-IAUN
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Table 5.16 Optimum Composition of a Carbon/Epoxy Laminate

stress resultant A,

S 3
o SR
o @_L
.4 .
% M X
%
0.8 — .‘-"“ 1=
1.32 A A
5 { & 4 i
11?_!3_ 0@15{_ o '12_5; ﬂ stress resultant:
0.3 — = = = =
12617518815 142,128 o Ny = N/IN| +|N, |+|Tx
i _'&.225 Ne o5 N =
or | EEGEE = Ny = N[N+ 4]+ [T
’ 1.23~"25 1.3 128~"2 1022 =
ff’s AN Ty = T/ [Nu| +[Ny| + [T
. 3 3 . )
4@3 4 3 4.:15;33 31 -4 -3]_, cr° '3\ ultimate strength
0.6 — . £ A= 3 S —
22~ 3 1.28 1203 188 0 Ny first ply strength
d 94 < . X first ply failure
—4@' {.:as ﬁ“ﬁ.ﬁ g\.szs"t "’5 "‘5 ] ‘p i ‘/ Py
0.5 =— : 215= = A= 1= P
12473251287 3251 35225128 35 113315 1(5p) percentage of
S OO ) SO /: el T e plies in 4
0.4 = .!-_?; - 1T 1= @ .1-"-*- 4 16~ @ 4\ directions
1.22 ‘.’:',}51.2 75134 /_3:.-51.35 4 1284 19 a7rs 1 A @
. kN g — T i 7, ¥ minimum
4 45 4 —45 4 45 4 geed 4 A4 35 o 3 .80 2 .
0.3 — ‘@»——@1» fogp= (7T (ropt  (rede” (ispa™ (1eg) ¢ thickness (mm) for:
25413 T4 1374 1424 134 12638 g 1082
'1/-— /-— |-’-}r 1(" 1:: = 1"“' = le]+|NYI+ITXy|
oo | @4, ¢@a1.. 4-4 ’ ds,;s 3?. 'f;f @ @B ? =100 N/mm
2 — - T A= - .
as ) 4 138 P 414073 1374 118778751 3 .323-1 an 125 p
- . = =
45 P A4 ;A5 A 4 F45 375 e
T C c @q.f_ = /ﬁ O ”@m
424 142 ‘.d 1584130774 127 375130 3251, 133 225134 151
45.{.4 '4 {, 4,45 75 .1.5 ‘325 -l ai25 ‘siﬁ ?5 90
0, =i 'i:}-l-p 1\1
1.46 4 142 41, 35 4 1.25 41 22 751 3251 23 1. 23- 25126 1?5] a3 1 A A A
XD N NT XN N N XN I | |
0.1 0.{ 0.3\ 0.:}\ 0.{ O.Q\ 07 0.8 0.8 1
. 2, %@ o, o, R o, stress resultant N,
ey,

V;=0.6, 10% minimum in each direction of 0°, 90°, +45°, —45°. (Ply characteristics:

see Appendix 1 or Section 3.3.3).
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N, = 720 N/mm; N, =0, T, = 80 N/mm

N.=720/(720+80)=0.9; N,=0; T, = 80/(720+80) = 0.1

w2l B8 Ml Jsuz ulul

B Optimal composition of the laminate
B 70% of 0°plies (along x direction)
B 10% of 90° plies
B 10% of plies in 45°, 10% of plies in —45°

W Critical thickness of the laminate: 0.156 mm when the arithmetic sum of
the 3 stress resultants is equal to 100 N/mm. For this thickness, the first
ply failure occurs in the 90° plies. However, one can continue to load this
laminate until it reaches 1.33 times the critical load, as:

N, =133 x720 =957 N/mm; N, =0
T,, = 1.33 x 80 = 106 N/mm

Dr. Hamzeh Shahrajabian-IAUN
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One then obtains (not shown on the plate) a thickness of 0.160 mm (increase of

2.5% relative to the previous value) and a multiplication factor for the loading
equal to 1.35.
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One then obtains a thickness (not shown on the plate) of 0.165 mm (increase of
6%) and a multiplication factor of 1.3 for the load.
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N, = 600 N/mm; N

T

Table 5.18 Optimum Composition of a Carbon/Epoxy Laminate

¥

= =300 N/mm

stress resultant N,

ar N
80, 1 .
S zm’w i
- X NJr X
B G‘ {
0.9 —f 0°
o 1 16‘ A ( }
3 o Stress resultant
45 n'?,so /m i, ultant:
122 I:‘51I6 <1 16141 Nx=Nx!|N,| +1Nx| +|TP'T|
,,..
d # 90 1?5/ | 1 / xyl
== 132 1.17 1‘72 :21 1 52 s
25 1
=Tl |Nx| +|N,,| +[]",,..)f
- ““*I R 2 ‘?;__"5 Sl ‘“\ _ ultimate strength
T s 11? msn 5 no ~ Tfirst ply strength first ply failure
-45 as;—4 /_4 zs ‘
- o 139
05 :21 3:5 1 15 2 1 m 22511 15 .25‘ “E , percentage of
K plies in 4
975 45 35 225, ® { directions
04— d t O ,G @
amm as 11a - 1:9 225\1& 5.2 148
minimum
4 ,45 :3?;, 5 35 q,so 18 4 1 thickness (mm) for:
02 4. 12& @‘b @ @'ﬁ
s?sns 35115 3 118 225115 15 1.29 / |Nx|+|Ny|"‘|Txy|
45, 4@3&, 35/ 90 ‘&Z ‘1555\ 9‘:@2}|&< @ =100 N/mm
_0 2 —4
141 -l l2ﬁ 4 |2D 375 1.1 &51‘3 3\1| 5121 15 1.47
5, A 375,45, 3 s
=i @ @2} . Q D8 .* ‘ @
4 13? 4 125 4 120 75|2| 3 \2 225 1 I-i.?
B CACaC /‘d—"‘ “hf““@ Cod .‘\.@ ,6‘
196 4 11? 11 136 4 125 & 122 3?512 3 122 ?5‘22 175 1 1 ll?
el Sl Nl ol NaL Rgl Sl I I "
0 o1 02 03 0.4 05 06 07 08 08 1
’ \o \o X o \o N o \o stress resultant N,
@ G - K C Ed
T
V¢ = 0.6, 10% minimum in each direction of 0° 90° +45° —45° (Ply characteristics: see

Appendix 1 or Section 3.3.3).

¥

T,, = 100 N/mm )§_0{° JL&-O

wl® 9295 Joo 51 ©

JI"_l'r_\_- .6; J.Ir\"'}l == _.3’; — 0.] N.l'lllrmm

#

@ optimal composition of
the laminate:

25%
10%

55%

10%
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where

B Critical thickness is 10 x 0.152 = 1.52 mm
B These are the 90°plies that fail first.
B Complete rupture of the laminate occurs when:

1.29 x 600 = 774 N/mm

>
Il

N, = 1.29 x =300 = =387 N/mm

30% T., = 1.29 x 100 = 129 N/mm
10% -
50% oo leal - A e e
10%
20% q o sl - e
: 10% ﬂwbﬁ‘ Me? )O) tSJQJJ wL?r.«a B
60%
10%
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there is a tendency
to ply delamination
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isolated ply ply under action of F

laminate 0
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E, and G,, are the moduli of elasticity in the tangent plane x,y.

I and I, are respectively the quadratic moment of inertia and polar moment
of inertia (I, = 2D.

Y is the coordinate of a point in the section (in the undeformed position)
in the X, ¥, Z coordinates.

r is the average radius of the tube.
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