PART 1V

APPLICATIONS

We have grouped in this last part of the book exercises and examples for applica-
tions. These have various objectives and different degrees of difficulties. Leaving
aside (except for special cases) the cases that are too academic, we will concern
ourselves with applications of concrete nature, with an emphasis on the numerical
aspect of the results. A few of these applications should be used as validation
tests for numerical models.
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18

APPLICATIONS

18.1 LEVEL 1
18.1.1 Simply Supported Sandwich Beam

Problem Statement:

1. The following figure represents a beam made of duralumin that is supported
at two points. It is subjected to a transverse load of F = 50 daN. Calculate
the deflection—denoted as A—of the beam under the action of the force F.

b=10cm F=50daN
h=5mm ﬂ

N

A
TR TR
1) ¢ =500 mm

LR

2. We separate the beam of duralumin into two parts with equal thickness
e, = 2.5 mm, by imaginarily cutting the beam at its midplane. Each half is
bonded to a parallel pipe made of polyurethane foam, making the skins
of a sandwich beam having essentially the same mass as the initial beam
(in neglecting the mass of the foam and the glue). The beam is resting
on the same supports and is subjected to the same load F. Calculate the
deflection caused by F, denoted by A”. Compare with the value of A found
in Part 1. (Take the shear modulus of the foam to be: G. = 20 MPa.)

Solution:

1. We will use the classical formula that gives the deflection at the center of
the beam on two supports:
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For duralumin (see Section 1.6): E = 75,000 MPa. One finds

2. Denoting by W the elastic energy due to flexure, one has'

1 k
W= J 2t ] tay T
with’:
k 1
#
(GS) "~ Ge.+2e,)xb
Using Castigliano theorem, one has A’ = %—LFV
then:
, M _dM k ..dT
) Tany ar +| o Lar™

OSxSf/Z: M= Fx/2; T=-F/2

C2<x<l: M= g({’—x); T = FI2

b L [PEx x Eoo_ =),
A _<El>{L 2 d+.[mz( X dx }

Lk J“_Ex_d_x+ ‘Fdx
(GS)|J, 2 2 022 2

FO°_ FC_k
A8(ED T 4 (GS)

AN =

Approximate calculation:

3
+ b
(EIy # E, xepxbx(—zeL) E. X 612

then:

(EIy = 7090 MKS +7.8 MKS with E. = 60 MPa (cf. 1.6)
negligible

' To establish this relation, see Chapter 15, Equation 15.17.
? See calculation of this coefficient in 18.2.1, and more precise calculation in 18.3.5.
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one obtains for A”:

A" = 0.18 mm +1.04 mm

bending shear
moment

A’ = 1.22 mm

Comparing with the deflection A found in Part 1 above:

A 14

A1

Remarks:

B The sandwich configuration has allowed us to divide the deflection by 14
without significant augmentation of the mass: with adhesive film thickness
0.2 mm and a specific mass of 40 kg/m’ for the foam, one obtains a total
mass of the sandwich:

m = 700 g (duralumin) + 50 g (foam) + 48 g (adhesive)

This corresponds to an increase of 14% with respect to the case of the full beam
in Question 1.

B The deflection due to the shear energy term is close to 6 times more
important than that due to the bending moment only. In the case of the
full beam in question 1, this term is negligible. In effect one has:

k = 1.2 for a homogeneous beam of rectangular section, then:

4 -8
— = 8.27 %10
GS /

(with G = 29,000 MPa, Section 1.6). The contribution to the deflection A of the
shear force is then:

k ..dT
s Td—Fdx =002 mm<A

18.1.2 Poisson Coefficient of a Unidirectional Layer
Problem Statement:

Consider a unidirectional layer with thickness e as shown schematically in the
figure below. The moduli of elasticity are denoted as E, (longitudinal direction)
and E, (transverse direction).
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Show that two distinct Poisson coefficients v, and v, are necessary to charac-
terize the elastic behavior of this unidirectional layer. Numerical application: a
layer of glass/epoxy. V; = 60% fiber volume fraction.

Solution:

Let the plate be subjected to two steps of loading as follows:

1. A uniform stress o, along the € direction: the changes in lengths of the
sides can be written as:

2. A uniform stress ¢,along the # direction: for a relatively important elongation
of the resin, one can only observe a weak shortening of the fibers along
{. Using then another notation for the Poisson coefficient, the change in
length can be written as:

Ab, Vi . Aa, o
Now calculating the accumulated elastic energy under the two loadings above:
B When o, is applied first, and then o, is applied,
1 1
W = zagxaxexAb1+§G,xbxeonz2+ogxaxexAbz
B When g, is applied first, and then oy is applied,
;1 1
W = zo;xbxeanz+§0€xaxexAbl+G,xbxeanl

The final energy is the same:

w=w’
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then:

ocXaxexXAb, = o,xbxeXxAa,

with the values obtained above for Ab, and Aa;:

% %
O, XxaxexXx—=2oxb=0xbxex—0c,xa
E, E,

Vi _ Vo

Et E(

Numerical application: v, = 0.3, E, = 45,000 MPa, E,= 12,000 MPa (see Section 3.3.3):

12,000
45,000

V,g = O3X

Remark: The same reasoning can be applied to all balanced laminates having
midplane symmetry, by placing them in the symmetrical axes.” However, depending
on the composition of the laminate, the Poisson coefficients in the two perpendicular
directions vary in more important ranges:

B in absolute value and
B one with respect to the other.

One can find in Section 5.4.2 in Table 5.14 the domain of evolution of the global
Poisson coefficient v,, of the glass/epoxy laminate, from which one can deduce the
Poisson coefficient v,, using a formula analogous to the one above, as:

Vil Ey = Vil By

18.1.3 Helicopter Blade

This study has the objective of bringing out some important particularities related
to the operating mode of the helicopter blade, notably the behavior due to normal
load.

Problem Statement:

Consider a helicopter blade mounted on the rotor mast as shown schematically
in the following figure.

> Or the orthotropic axes: see Chapter 12, Equation 12.9.
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The characteristics of the rotor are as follows:

B Rotor with three blades; rotational speed: 500 revolutions per minute.

B The mass per unit length of a blade at first approximation is assumed to
have a constant value of 3.5 kg/m.

B {=5m; ¢c=03m

B The elementary lift of a segment dx of the blade (see figure above) is
written as:

dF, = %p(cdx) CZVZ

in which V is the relative velocity of air with respect to the profile of the blade.
In addition, C. (7°) = 0.35 dlift coefficient).

p = 1.3 kg/m’ (specific mass of air in normal conditions).

We will not concern ourselves with the drag and its consequences. One
examines the helicopter as immobile with respect to the ground (stationary flight
in immobile air). In neglecting the weight of the blade compared with the load
application and in assuming infinite rigidity, the relative equilibrium configuration
in uniform rotation is as follows:

X

‘T__'—" ooseﬂ)
6 small sing=0

A
|
] | N
’!—i~— ¢ (negligible)
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1. Justify the presence of the angle called “flapping angle” 6 and calculate it.
Calculate the weight of the helicopter.

3. Calculate the normal force in the cross section of the blade and at the
foot of the blade (attachment area).

The spar of the blade” is made of unidirectional glass/epoxy with 60% fiber volume
fraction “R” glass (O ypure # 1700 MPa). The safety factor is 6. Calculate:

4. The longitudinal modulus of elasticity E, of the unidirectional.

5. The cross section area for any x value of the spar, and its area at the foot
of the blade.

6. The total mass of the spar of the blade.

7. The elongation of the blade assuming that only the spar of the blade is
subject to loads.

8. The dimensions of the two axes to clamp the blade onto the rotor mast.
Represent the attachment of the blade in a sketch.

Solution:

1. The blade is subjected to two loads, in relative equilibrium:
B Distributed loads due to inertia, or centrifugal action, radial (that means
in the horizontal plane in the figure, with supports that cut the rotor axis.
B Distributed loads due to lift, perpendicular to the direction of the blade
(Ax in the figure).

From this there is an intermediate equilibrium position characterized by the angle 6.
Joint A does not transmit any couple. The moment of forces acting on the
blade about the y axis is nil, then:

€ € €
dF. X x dF.X xsin@ # 0 X dF. X x

€/10 €/10 €/10

with:

dF, = %pc dx C.V* = %pc dx C.(xcos@x w)’ # %pc dx C.x’w’
dF. = dm ®'xcosO # m dx @'x (centrifugal load)

then after the calculation:

(0 =¢'10" & (£ —€°/10°)
4 - 3

%chZco2 0 m

pcC.
m

X €

3
9#8

! See Section 7.2.3.
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or numerically:

\9 = 0.073 rad = 4°11’

Remarks:

B One verifies that sin@ = 0.073 # 6 and cosf® = 0.997 # 1.

B When the helicopter is not immobile, but has a horizontal velocity, for
example v,, the relative velocity of air with respect to the blade varies
between v, + wx for the blade that is forward, and —v, + @wx for a blade
that is backward. If the incidence i does not vary, the lift varies in a cyclical
manner, and there is vertical “flapping motion” of the blade. This is why
a mechanism for cyclic variation of the incidence is necessary.

B We have not taken into account the drag to simplify the calculations. This
can be considered similarly to the case of the lift. It then gives rise to an
equilibrium position with a second small angle, called ¢, with respect to
the radial direction from top view, as in the following figure. This is why
a supplementary joint, or a drag joint, is necessary.

2. Weight of the helicopter: The lift and the weight balance themselves out.
The lift of the blade is then:

¢ 3 p3403
F,. = dF.cos0 # dr, = %chﬂ)Zw

- /10 /10 - 3
then for the 3 rotor blades:

Mg = 3F.

Mg # %chza)Z€3

numerically:

Mg = 2340 daN |
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3. Normal load: It is denoted as Mx):

N(x) = J.e dF.cos0 # f dF,. = r}mwzx dx

2
mao

(=)

N(x) =

at the foot of the blade (x = I/10):

[N(€/10) # 12,000 daN|

4. Longitudinal modulus of elasticity:
Using the relation of Section 3.3.1:

E{’ = E/“//—}_ Em V;n

with (Section 1.0): E, = 86,000 MPa; E,, = 4,000 MPa.

[E, = 53,200 MPa]

5. Section of the spar of the blade made of glass/epoxy:
The longitudinal rupture tensile stress of the unidirectional is

O¢ rupture # 1700 MPa

With a factor of safety of 6, the admissible stress at a section S(x) becomes

_ N@) _ 1700 _ ,
o= Sx) - 6 283 MPa
then:
_ M)
Sx) = =2
S(x) = B2 =)

at the foot of the blade:

S(¢/10) = 4.24 cm’
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6. Mass of the spar (longeron) of the blade:

mspar = r p\midirect.S(‘x) dx
€/10

2
m = p x—mwx%f

spar unidirect.

Specific mass of the unidirectional layer (see Section 3.2.3):

Punidiea. = VPt VP, = 1980 kg/m’

Then:

|mspar = 238 kg|

7. Elongation of the spar of the blade: The longitudinal constitutive relation
is written as (see Section 3.1):
f L0 _ My _ o
* Ex E ¢ X S (.X' ) E ¢
Elongation of a segment dx : €, (x) dx.
For the whole spar of blade:

¢

Al = g, dx
J‘6/10

oolo
AL = O'9E€

then:

One has to reinforce the spar of the blade to diminish the elongation to resist
the centrifugal force.
8. Clamped axes: For 2 axes in 30 NCD16 steel (rupture shear strength 7, =
500 MPa; bearing strength Gje,ing = 1600 MPa); 4 sheared sections; factor of
safety = 6:
® diameter: N(€/10)/79” < 7,,,/6 — ¢ = 21.4 mm
B length: N(€/10)/2h¢ < Oienring/6 — b = 10.5 mm

glass-resin
compound

unidirectional

resin-foam
compound
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18.1.4 Transmission Shaft for Trucks
Problem Statement:

One proposes to replace the classical transmission shaft made of universal cardan
joint and intermediary thrust bearing as shown below:

_.E@ |l| }@j}}

with a solution consisting of a long shaft made of carbon/epoxy, with the following
dimensions:

o <120 mm coupling plates
(steel) ~

- :f[? =

L =2000 mm _!

The characteristics of the transmission shaft are as follows:

B Maximum torsional couple: M, = 300 m daN
B Maximum rotation speed: N = 4000 revolutions/minute
B The first resonant flexural frequency of a beam on two supports is given by:

_m [EL
fl_z mL’

where m is the mass of the beam, and I is its flexure moment of inertia. It
corresponds to a “critical speed” for a beam in rotation, which should not be
reached during the operation.

B The carbon/epoxy unidirectional has V,= 60% fiber volume fraction. The

thickness of a cured ply is 0.125 mm.

1. Give the characteristics of a suitable shaft of carbon/epoxy composite.
One will make use of the tables in Section 5.4.2 and will use a factor
of safety of 6.

2. Study the adhesive fitting of the coupling plates to the shaft.

3. Carry out an assessment on the saving in weight with respect to the
“shaft in steel” solution (not including the coupling plates).

Solution:
1. Characteristics of the shaft: The shaft is assumed to be thin and hollow

(thickness e is small compared with the average radius 7 as in the following
figure).
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The shear stress 7 is as follows:

M,

2
2nr e

T =

Taking into account the nature of the loading on the laminate making up the
tube (pure shear), the composition of the tube requires

M,

B Important percentages of unidirectionals in the direction of 45° (see
Section 5.2.2).
B Minimum percentages in the order of 10% in other directions (see Section

5.2.3.0).
This leads, for example, to the following distribution:

10%
40%

10%
40%

In Section 5.4, one finds Table 5.3, which gives the maximum shear stress that
can be applied to a laminate subject to pure shear, as a function of the proportions
of the plies at 0°, 90°, +45°, -45°. One reads for the proportions above:

Toax = 327 MPa

max
from which the admissible stress taking into account a safety factor of 6:
Tums = 327/6 MPa

One then has

M,
P < Tadmis.

2nr e

or numerically:

e>8 760 mm®
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For a minimum specified radius » = 60 mm, one obtains
e=2.43 mm
The corresponding number of plies of carbon/epoxy is

2.43
0.125

# 20 plies

giving a thickness of:
e = 2.5 mm

One can verify that a number of 20 plies allows one to satisfy the following:
(a) The required proportions

2 (10%)
8 (40%)
e 2 (10%)
8 (40%)

(b) The midplane symmetry, with the sequence:
| 90°/0°/%45;, |,

Critical speed of such a shaft:

n/EI
fl_Z mlL’

B The longitudinal modulus E of the laminate (in the direction of the shaft)
is (see Table 5.4 [longitudinal modulus] in Section 5.4.2)

E =31979 MPa
B The specific density of the laminate is (see Section 3.2.3)
Piam = prf+ Vmpm

with (Section 1.6): p,= 1750 kg/m’; p, = 1,200 kg/m3. Then: p,,, = 1,530 kg/m’
(see also Table 3.4 in Section 3.3.3).
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B The second moment of inertia in flexure is / = 77 e from which the first
frequency is: f; = 76 Hz

It corresponds to a critical speed of 4,562 rev/minute, superior to the maximum
speed of rotation of the shaft.’

2. Bonded fittings:
We will use the relation of Paragraph 6.2.3 (Figure 6.26) for simplification. This
implies identical thicknesses for the tube making up the shaft and the coupling
plate made of steel.” The maximum shear stress has an order of magnitude of:

o= 4 a4 M
max th a average th a 271-1/-26
where ¢ is the bond length, and
G.
a =
2Gee,

with G, as the shear modulus of araldite, then G, = 1,700 MPa (Section 1.6).
Glaminae = 28430 MPa (Section 5.4.2; Table 5.5)
e. = bond thickness (Section 6.2.3): ¢, = # 0.2 mm.
B Thickness at bond location:
If one conserves the thickness found for the tube, as e = 2.5 mm, one obtains
a =[x 2445
The resistance condition can then be written as:
Tonax < Trpure (15 MPa for araldite; see Section 6.2.3).
Then:

a M,
— X
tha 27/°¢

2445 M, <7

X s
th a 2 7[;/‘2 rupture

<T,

rupture

numerically: th @ 22.16 — impossible (th x €] — 1, + 1 D.

One also has to verify the absence of buckling due to torsion of the shaft, see annex 2 for
this subject.

For different thicknesses for the tube made of carbon/epoxy and for the coupling plate part,
one can use the more general relation established in application 18.3.1. This also allows
different shear moduli for each material.
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It is then necessary to augment the thickness of the tube at the bond location.
One starts from the relation:

M
. X l; S Trupturc
tha 277¢

placed in the form:

¢

2Gee. M .

(1 LE:; X [2 < Trupture with € <1
- 271y

then:

<7 X——X(1-¢)

2Gee,” MMM M,
One finds numerically:
e > 11.7 mm;
we retain
e = 12 mm (one then has th @ = 1 — € = 0.987)

B Bond length
In accordance with Section 6.2.3, the resistance condition is written as:

schematic of
fitting of tube

M,

<0.2X Trupture

Taverage =

21 e
then:

¢ > 44 mm
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3. Mass assessment:
B Mass of the shaft in carbon/epoxy

Migminae = P X 27re X L
with numerical values already cited:
M paminae = 2.8 Kkg.
B If one takes a tubular shaft made of steel (7. =300 MPa) with a

factor of safety that is 2 times less, say 3, and a minimum thickness of
2.5 mm, the resistance condition:

M 390\ ipy

2nrte 3

leads to a radius of the tube of
r 2 43 mm.
From this we find a mass of: (py.. = 7,800 kg/m3):
Myea = 10.5 kg

The saving in mass of the composite solution over the steel solution is 73%. The
real saving is higher because it takes into account the disappearance of the
intermediate bearing and of one part of the universal joint.

18.1.5 Flywheel in Carbon/Epoxy
Problem Statement:

We show schematically in the figure below an inertia wheel made of carbon/
epoxy with 60% fiber volume fraction, with the indicated proportions for the
orientation of the fibers.

%9 @ r (average)
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1. Calculate the maximum kinetic energy that one can obtain with such a
flywheel with a mass of 1 kg.

2. Compare the maximum kinetic energy that one can obtain with a steel
flywheel with a mass of 1 kg. One will take: O, seet = 1,000 MPa.

Solution:

1. The equilibrium of an element of the wheel (shown below) reveals inertia
forces and cohesive forces.

A dm ®?r (centrifugal load)

ceb (cohesion load)
de de/z

One deduces from there the equilibrium equation along the radial direction:

dmx o'r = Zaebd?e

Denoted by p the specific mass:

pr dO ebo’r = cebd®

p(ro)’ = o

Denoted by V = r® the circumferential speed, one obtains the maximum for the
rupture strength of carbon/epoxy, as:

O-l’U
_ pture
Vmax - p

Numerical application: For the composition of the carbon/epoxy laminate indicated
above, one reads in Section 5.4.2, Table 5.1:

Grupture = 17059 MPa

and with p = 1,530 kg/m’ (Table 3.4 of Section 3.3.3, or the calculation in Section
3.2.3):

Vo = 832 m/s
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from this the maximum kinetic energy obtained with 1kg of composite’:

WKinetic = %X 1 kg X fomx

then:

Wiineie = 340 kjoules|

2. The maximum circumferential speed that one can obtain with a steel flywheel
can be written as:

O,

178 _ rupture steel

max. steel T
p steel
Therefore, the ratio of kinetic energies of composite/steel is

174 2
Kinetic carbon __ Vmax carbon __ O-mpt. carbon X Psteel

2
WKinetic steel % O-rupt. steel X pcarbon

max steel

with pgea = 7800 kg/ m’ and Ot steel = 1000 MPa, one obtains

Wi

inetic carbon — 54

Wi

inetic steel

With respect to the same mass, it appears then possible to accumulate 5 times
more kinetic energy with a flywheel in carbon/epoxy composite.

18.1.6 Wing Tip Made of Carbon/Epoxy
Problem Statement:

Wing tip refers to a part of airplane wing as shown in Figure 18.1. It is made of a
sandwich structure with carbon/epoxy skins (Figure 18.2) fixed to the rest of the
wing by titanium borders as shown. Under the action of the aerodynamic forces
(Figure 18.3), the wing tip is subjected to bending moments, torsional moments,
and shear forces as shown in Figure 18.4(a).

One can assume that the core of the sandwich structure transmits only shear
forces, and the skins support the flexural moments. This is represented in
Figure 18.4(b); the skins resist in their respective planes the in-plane stress
resultants: N,, N,, and T,,. Figure 18.5 shows the values of these stress resultants

7 Recall the expression for the rotational kinetic energy of a mass m placed at a radius r and
: 1, 2 1 2 2 1 2
rotating at a speed of @: Wi = SIw™ = smriw” = 5mV conper -
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wing tip

Figure 18.1
< =TI el
carbonépoxy laminate &/
N
NN
titanium border (TABV) i duralumin
Section AA H
bolting
Figure 18.2
extrados
support /
'Y
:,"\_ \‘_.
, I I i intrados
aerodynamic loads
Figure 18.3

at a few points of the upper skin (or extrados).

1. According to Figures 18.4(a) and 18.4(b), deduce the elements of the stress
resultants N,, N,, and 7,, from the knowledge of the moment resultants

M,, M,, and M,,.

2. Using a factor of safety of 2, define the carbon/epoxy skin that is suitable
at the surrounding of the support made of titanium alloy (proportions,
thickness, number of plies). One will use unidirectional plies with V, =

60% fiber volume fraction.
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%l h | (shearforces Q,and Q,
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Figure 18.4

s daN/mmT =13 daN/mrh | —17 daN/mm

—22 daN/mm —28 daN/mm —40 daN/mm
L, —10 daN/mm

N F] 0 dal\la"mrﬂ!>

_l'n -5 daN/mm —14 daN/mm aN/mm
—fi!f#‘a-/ —i![f&[ ] q_;a, daN/

s daNme ] 94 daN/mim | -3.4 daN/mni (

-10 daN/mﬁ_\mdawmm —3 daN/mm
X

Figure 18.5

3.

The skin is bonded on the edge of the titanium (Figure 18.2). Provide the

dimensions of the bonded surface by using an average shear stress in the

adhesive (araldite: T e = 30 MPa).

The border of the titanium is bolted to the rest of the wing (Figure 18.2).

Determine the dimensional characteristics of the joint: “pitch” of the bolts,

thickness, foot, with the following data:

B Bolts: 30 NCD 16 steel: & = 6.35 mm, adjusted, negligible tensile loading,
e = 1,100 MP2; e = 660 MPQ; Gieying = 1600 MPa

B TAGV titanium alloy: G;pure = 900 MPa; T, = 450 MP2; Gieying = 1100 MPa

B Duralumin: G,ue = 420 MPa; Opeyring = 550 MPa

Solution:

1.

The moment resultants M,, M,, M,, (and M,,, not shown in Figure 18.4a)
are taken up by the laminated skins. One then has in the upper skin

(Figure 18.4b), b being the mean distance separating the two skins:

M M M
Ny== N, = — T, = —2
X b ) y b ) Xy b
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Remark: The moment resultants, that means the moments per unit width of
the skin — Imm in practice — have units of daN X mm/mm. The stress resultants
N,, N,, T,, have units of daN/mm.

2. Looking at the most loaded region of the skin, we can represent the
principal directions and stresses by constructing Moht’s circle (shown in
the following figure). Then we note that there must be a nonnegligible
proportion of the fibers at £45°. However, the laminate has to be able to
resist compressions along the axes x and y. The estimation of the propor-
tions can be done following the method presented in Section 5.4.3. One

then obtains the following composition®:

30%
20%

30% — XO0uo°

20%

X Iﬁl —45 daN/mm (N,)

=17 daN/mm | _40 gaN/mm (N,)

_________ =17 daN/mm
(Ty)
ﬁ -59.7{ -45 —40 -25.3 daN/mm
\6/ —25.3 daN/mm

—59.7 daN/mm

41°

Let o, 0, T, be the stresses along the principal axes /, ¢ of one of the plies for
the state of loading above, the thickness e of the laminate (unknown a priori)
such that one finds the limit of the Hill-Tsai criterion of failure.” One then has

o, o 0,0 70
{ + t _ Yt + {t =1

2

2 2 2
Oy rupture O; rupture Oy rupture Tos rupture

® The calculation to estimate these proportions is shown in detail in the example of Section
5.4.3, where one has used the same values of the resultants with a factor of safety of 2, as:
N, = =800 N/mm; N, = 900 N/mm; T, = —340 N/mm.

’ See Section 5.3.2 and also Chapter 14.

© 2003 by CRC PressLLC



If one multiplies the two sides by the square of the thickness e:

(00)" | (5e)° (0e)(0e)  (Te) _ .

(1]

2 2 2 2
Oy rupture o, rupture Oy rupture Tes rupture

one will obtain the values (o, e), (0, e), (7, e), by multiplying the global stresses
o,, 0,, T,, with the thickness e, as (o, e), (0, o), (1, e), which are just the stress
resultants defined previously:

Nx = (Gxe); ]Vy = (Gye); Txy = (Txye)

Units: the rupture resistances are given in MPa (or N/mm?) in Appendix 1. As a
consequence:

N, = =400 MPa X mm

N, = =450 MPa x mm

T,, = =170 MPa X mm

Xy

with a factor of safety of 2, one then has

N, = =800 MPa X mm

Ny = =900 MPa X mm
T. = —340 MPa X mm

We use the Plates in annex 1 which show the stresses o, o, 7, in each ply
for an applied stress resultant of unit value (1 MPa, for example):
(a) Plies at 0°:
B Loading N, = —-800 MPa X mm only:

For the proportions defined in the previous question, one reads on Plate 1:

o,=2.4 (o,e) =2.4x-800 =—1920 MPa X mm
0,=0.0 (™3 (oe)=0
Ty =0 (Te,€) =0

B Loading N; = -900 MPa x mm only:

One reads from Plate 5:

o,=—0.54 (0pe) =—0.54 x =900 =486 MPa X mm
6,=012 (=1 (0,e)=0.12%-900 =—108 MPa x mm
Ty =0 (Te,€) =0
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B Loading 7, 1 =-340 MPa x mm only:

One reads from Plate 9:

O'€=O (Gge) =O
0,=0 —9 (0,e)=0
T, =0.26 (T,,e) =0.26 Xx =340 =—89 MPa X mm

The superposition of the three loadings will then give the plies at 0°a total state
of stress of

(ope) = —=1920 + 486 = —1434 MPa X mm

(0,e) = =108 MPa X mm

(Te,) = =89 MPa X mm
Then we can write the Hill-Tsai criterion in the modified form written above

(relation denoted as [1]) in which one notes the denominator with values of the
rupture strengths indicated at the beginning of annex 1:

2

2 2
& = 1434 +108 _1434><108+§5_2_

= = 4.07
1130° 141° 1130 63’
e = 2.02 mm
(0°)
One resumes the previous calculation as follows:
plies at 0° (ope) (g;e) (74,0)
Ny -1920 0 0
N/ 486 108 0
, =2.02

T, 0 0 -89 e mm

total —1434 -108 -89
(MPa x mm)

(b)  Plies at 90°: One repeats the same calculation procedure by using the
Plates 2, 6, and 10. This leads to the following analogous table, with a
thickness e calculated as previously (this is the minimum thickness of

the laminate below which there will be rupture of the 90° plies).

plies at 90° (oge) (g,€) (7€)
N/ 432 -96 0
N, -2160 0 0
Tx,y 0 0 89 e=216 mm
total —1728 -96 89
(MPa x mm)
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(o) Plies at +45°: Using Plates 3, 7, and 11 one obtains:

plies at 45° (ov0) (g:€) (7y,0)
N/ -752 -48 72
N, -846 -54 -81
T, 1384 55 0 €=2.64mm
total -2982 —47 -9
(MPa x mm)

(d) Plies at —45°: Using Plates 4, 8, 12 one obtains:

plies at —45° (ove) (g:€) (7y,0)
N, —752 -48 —72
N, -846 -54 81
Tx,y 1384 55 0 e=113 mm
total -214 157
(MPa x mm)

Then the theoretical thickness to keep here is the largest out of the four thicknesses
found, as:

e = 2.64 mm (rupture of the plies at +45°).

The thickness of each ply is 0.13 mm. It takes 2.64/0.13 = 20 plies minimum from
which is obtained the following composition allowing for midplane symmetry:

6 (30%)
4 (20%)

o 6 (30%)

4 (20%)

Remark: Optimal composition of the laminate: For the complex loading
considered here, one can directly obtain the composition leading to the minimum
thickness by using the tables in Section 5.4.4. One then uses the reduced stress
resultants, deduced from the resultants taken into account above, to obtain

—800/(]800] + [900| +[340]) = —39%
—900/(]800| + [900] + |340]) = —44%
—17%

gz oz
1l
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Table 5.19 of Section 5.4.4 allows one to obtain an optimal composition close to

10%
40%

10%
40%
If one uses the previous exact stress resultants, the calculation by computer of

the optimal composition leads to the following result, which can be interpreted
as described in Section 5.4.4.

Then one has for the minimum thickness of the laminate:

(1800] + [900| + |340])

bi ce=0.1 X =21
thickness: e = 0.1063 100 7 mm
10%
40%
10% —s x
40%
and for the two immediate neighboring laminates:
thickness: e = 0.1068 X (1800] +|900] +3401) = 2.18 mm

100

15%
37.5%

10% —— x

37.5%
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(1800| + [900| +|340])

00 = 2.24 mm

thickness: e = 0.1096 x

15%
35%

15% =—— X

35%

One notes a sensible difference between the initial composition estimated by the
designer and the optimal composition. This difference in composition leads to a
relative difference in thickness:

2.64-217 _ .
2.17 = 21%

which indicates a moderate sensibility concerning the effect of thickness and,
thus, the mass. One foresees there a supplementary advantage: the possibility
to reinforce the rigidity in given directions without penalizing very heavily the
thickness. We can note this if we compare the moduli of elasticity obtained
starting from the estimated design composition (Section 5.4.3) with the optimal
composition, we obtain (Section 5.4.2, Tables 5.4 and 5.5) very different values
noted below:

estimated design composition optimum composition
30% 10%
20% 40%
30% =— X 10%  — X
20% 40%
E. = 55,333 MPa E. = 31,979 MPa
G, = 16,315 MPa G, = 28,430 MPa

3. Bonding of the laminate: We represent here after the principal loadings
deduced from the values of the stress resultants in Figure 18.5, in the
immediate neighborhood of the border of titanium:
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titanium

.. laminated
",

2.6 daN/mm 4 .
—-24.6
72°
—59.7 daN/mm
One can for example, overestimate these loadings by substituting them with

a fictitious distribution based on the most important component among them.
Taking —59.7 daN/mm, one obtains then the simplified schematic below:

titanium

/

N=-59.7 daN/mm

One must evaluate the width of bonding noted as €. For a millimeter of the border,
this corresponds to a bonding surface of € X 1 mm. For an average rupture criterion
of shear of the adhesive, one can write (see Section 6.2.3):

N
€ x 1 <0.2X Tadhesive rupture

then with 7 e = 30 MPa:

05 397

> 27 .
02x30 100 mm

From this one obtains the following configuration such that €, + €, + €; = 100 mm.

€4

laminated € | €3 |titanium

4. Bolting on the rest of the wing:
® “Pitch of bolts”: The tensile of bolting is assumed to be weak, then
bolting strength is calculated based on shear. The bolt load transmitted
by a bolt is denoted as AF, and one has (¢f. following figure):

2
) V1%
AF = NX pltCh < T X Tholt rupture
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where & is the diameter of the bolt. One finds a pitch equal to 35 mm.

4 AR _._;___ _____ —
a
¢ !
: titanium
¢—— pitch - border

(intrados)

q | ‘F ha

N = -59.7 daN/mm edge distance

This value is a bit high. In practice, one takes pitch < 5 &, for example, here:
Pitch = 30 mm.

B Thickness of the border: the bearing condition is written as:

Nx pitch _
P < G
@ etimnium g
then:
etitanium 2 255 mm
B Verification of the resistance of the border in the two zones denoted a
in the previous figure: the stress resultant in this zone, noted as N’, is
such that:
NX pitch = N’ X (pitch — &)
then:
itch
N = N—,—p————— = 75.4 daN/mm
pitch -

The rupture stress being:
Grupturc = 900 MPa

and the minimum thickness 2.55 mm, one must verify

N’(daN/mm) <

e(mm) - mpture(daN/mm)

One effectively has

75.4
—_ <
> <90

55
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®m Verification of the edge distance (see previous figure): One has to respect
the following condition:

AF <
2 x edge distance X e~

Tmanium rupture

then:
edge distance = 7.8 mm

from which the configuration (partial) of the joint can be shown as in the following
figure:

18.1.7 Carbon Fiber Coated with Nickel
Problem Statement:

With the objective of enhancing the electrical and thermal conductivity of a
laminated panel in carbon/epoxy, one uses a thin coat of nickel with a thickness
e for the external coating of the carbon fibers by electrolytic plating process (see
following figure).

carbon «HM> o_0 124 nickel

( )
1. Calculate the longitudinal modulus of elasticity of a coated fiber.

2. Calculate the linear coefficient of thermal expansion in the direction of
the coated fiber.

Solution:

1. Hooke’s law applied to a fiber with length € subject to a load F (following
figure) can be written as:
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where E; is the modulus of the coated fiber that one wishes to determine, and
s=m(d/2+ e

nickel

carbon \l\ \'
“

)

=

€ MI
|

The load F is divided into F, on the carbon fiber and F, on the nickel coating.
The equality of the elongations of the two components allow one to write

o d'AL B d Y dAe

where, taking into account that F = F. + F),

d. Y d' d Y d
Efﬂ(§+€) = Ecn'-4—+EN7t[(§+e) —-'4—i|

Numerical application:
E;. = 390,000 MPa; E, = 220,000 MPa; d = 6.5 um (Section 1.6)

E/‘ = 330,500 MPa.

2. Thermal expansion of an unloaded rod with length € = 1 m and corres-
ponding to a temperature variation A7 can be written as:

A= a AT X 1

where ¢ is the thermal expansion coefficient of the material making up the rod.
In addition, when this rod is subjected to a longitudinal stress o, Hooke’s law
indicates a second expansion:

A€2=Gx1

E
Superposition of the two cases simultaneously applied can be written as:

Al = A, + AL,
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or:
_(o
Al = (E+aAT)><1

When the coated fiber is subjected to a variation in temperature A7, each of the
constituents will elongate an identical amount A€. The whole coated fiber is not
subjected to any external forces. The difference in the coefficients of thermal
expansion of carbon and of nickel, which should lead to different free thermal
expansions, then leads to the equilibrium of loads inside the coated fiber.

Let oy be the thermal coefficient of expansion of the coated fiber. One has

Then for the carbon and for the nickel:

O, O,

Al = Zz‘ + o AT = E—:+ ONAT 2]
The forces being in equilibrium
d Y d d
n[(2+ej ——4—}@\,+n406—0 (3]

Equations [2] and [3] lead to

and taking into account that

o.
aAT = Al = ?+ocCAT

[

one obtains
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18.1.8 Tube Made of Glass/Epoxy under Pressure
Problem Statement:

Consider a thin tube made by filament winding of glass/epoxy with a winding
angle of £45°. The fiber volume fraction is V;= 0.6. The tube is fixed at one end
to a rigid undeformable mass and mounted to a sliding joint at the other end
(see following figure).

The thickness e is considered to be small as compared with the average radius
(e/r << 1). One applies on the inside of the tube a unit pressure of p, = 1 MPa
(or 10 bars). Use a safety factor of 8 to take into account the aging effect.

1. Calculate the stresses (0,, 0,) along the axes x and y in the tangent plane
at 0 of the tube.

2. What is the maximum stress allowable for the winding considered? From
that deduce the minimum thickness of the tube for an average radius of
r = 100 mm.

3. What are the moduli E,, E,, and G,, of the laminate, and the Poisson
coefficients v,, and v,,? Write the stress—strain behavior for the laminate
in the coordinates x — .

4. Calculate the strains €, and g, of the composite tube. From there deduce
the strain in the direction that is perpendicular to the fiber direction at
+45°, denoted as g, which characterizes the strain in the resin.

This strain has to be less than 0.1% to avoid microfracture that can lead to the
leakage of the fluid across the thickness of the tube (weeping phenomenon).

Solution:

1. The tube being free in the axial direction and neglecting the thickness e,
o, = 0.
The equilibrium of a half-cylinder with unit length, represented in the figure
below, allows one to write:
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pyx2rx | =(c,xexl)x2

p
0,=PyXg

2. Maximum admissible stress: One reads on Table 5.12, Section 5.4.2, for
proportions of plies as 50% in the directions + and —45°:

= 94 MPa

Gy max (tension) —

then with 0, ...« = p, (1e), the theoretical minimum thickness is

DoX7r 1 MPax 100 mm
Ctheoretical — = 94 MPa = 1064 mm

o-y max

Taking into account the factor of safety of 8 for aging effect

e= 8.5 mm

3. Moduli of the laminate: One reads on Table 5.14, Section 5.4.2

E, = 14,130 MPa = E,

and from Table 5.15:
G,y = 12,760 MPa.

Recalling the stress—strain relation for an anisotropic material described in Section

3.1, which is repeated here as:

15 1V O,
x E Ey 0 x
g =Y 1 o
y i L 0 v
1
ny 0 0 G_ Txy
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one has

&x . 1 —057 0 ||%
& = m -0.57 1 0 o,
Yo 0 0 1.107||7,

4. Strains: For p, = 1 MPa and e = 8.5 mm, one has

1 MPa x 100
0, = —5z—— = 118 MPa
then
& 1 -057 0 0
g b= 1 11.8
Yy 0 0 1.107 0
from which

g = —4.76%x 10~

£ =835%x10""

y

The Mohr’s circle of strains, shown below, allows one to obtain the strain &
in the direction perpendicular to the fibers.

™~
| 2x45°

Pt Lr £

Ex E't £y
(-4.76 E-4) (1.8 E-4) (8.35 E-4)

AN

1
2

One obtains

. +E

Y = 18%107"
2

E =

g = 0.018%

One verifies that the strain in the matrix is less than 0.1%, the maximum limit.
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18.1.9 Filament Wound Vessel, Winding Angle
Problem Statement:

One considers a vessel having the form of a thin shell of revolution, wound of
“R” glass/epoxy rovings. In the cylindrical portion (see figure) the thickness is e,
which is small compared with the average radius R. This vessel is loaded by an
internal pressure of p,.

1. The resin epoxy is assumed to bear no load. Denoting by e the thickness
of the reinforcement alone, calculate in the plane x,y (see figure) the
stresses 0,, and o,, in the wall, due to pressure p,.

2. In the cylindrical part of the vessel, the winding consists of layers at
alternating angles o with the generator line (see figure). One wishes that
the tension in each fiber along the direction € could be of a uniform value
0,. (This uniform tension in all the fibers gives the situation of isotensoid.)
(a) Evaluate the stresses o, and o, in the fibers as functions of o.

(b) Deduce from the above the value of the helical angle @ and the tension
o, in the fibers as functions of the pressure p,.

(¢) What will be the thickness e, for a reservoir of 80 cm in diameter that
can support a pressure of 200 bars with 80% fiber volume fraction?

Solution:

1. Preliminary remark: The elementary load due to a pressure p, acting on
a surface dS has a projection on the x axis as (see figure):

b, dS cos 0 = p, dS,

where dS, is the x axis projection of dS in a plane perpendicular to this axis.

B Equilibrium along the axial direction: The equilibrium represented in the
following figure leads to
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po X TR’ = 2T ReC,
~ ox

then:

p,R
GOX = 29

B Equilibrium along the circumferential direction: The equilibrium repre-
sented in the following figure leads to

Pyx2Rx€=0nxextx2

then:

2. (a) Stresses 0, and o, in the fibers: one can represent as follows the Mohr’s
circle of stresses starting from the pure normal stress 0, on a face normal
to axis € (see following figure). From there, the construction leading to the
stress 0, (see figure below) is geometrically as'”:

_ 2
0, = Opcos2o.
o
¥ o
I * 5 and for o,
) f——
o
6, = 6,008 (% — o) = 5,sin20.
T = O 5~ O =0

Value of the helical angle o: Identification of these stresses with the

values o,, and o,, found above leads to

2 R .2
o.cos o = ‘?-2-; o,sin“a =

DoR
2e e

" One obtains this result immediately by using the Equation 11.4.
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from which:

tgza =2

then:

sina = @; a = 54.7°

Tension in the fibers is then:
3 R
O = =po=
1§ ZPO p

(¢) Thickness e,; One has for “R” glass'': o, rupture = 3200 MPa.
The thickness e of the reinforcement is such as:

Dok
O¢
rupture

e = = 3.75 mm

[NSR IOV

and the thickness of the glass/epoxy composite, V,being the fiber volume fraction, is

e, = elV, = 47 mm

18.1.10 Filament Wound Reservoir, Taking the Heads into Account
Problem Statement:

A reservoir having the form of a thin shell of revolution is wound with fibers and resin.
It is subjected to an internal pressure p,. The circular heads at the two ends of the
reservoir have radius of 7,. We study the cylindrical part of the reservoir, with average
radius R.

One part of the winding consists of filaments in helical windings making angles
of o with the generator (see figure). The other part consists of similar filaments
in circumferential windings (@, = 7/2).

The resin is assumed to carry no load. The tension in the filaments of the
helical layers is denoted by o,, and the tension in the filaments of the circumfer-
ential layers by oy,.

"' See Section 1.6.
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ll II

il

head

H{HHH\'

1. What has to be the value of ¢, so that the filaments can elongate on the
heads along the lines of shortest distance?
2. Calculate the thickness e; of fibers of the helical layers and thickness e,
of fibers of the circumferential layer as a function of p,, R, o, G, Op).
3. What is the minimum total thickness of fibers e,, that the envelope can
have? What then are the ratios e,/e,, and e,/e,? What is the real corre-
sponding thickness of the envelope if the percentage of fiber volume,
denoted as Vj is identical for the two types of layers?
Note: It can be shown—and one admits—that on a surface of revolution the lines
of shortest distance, called the geodesic lines, follow the relation (see following
figure for the notations):

7 sin o = constant

polar opening

Solution:

1. The filaments wound helically (angle *a,) in the cylindrical part follow over
the heads along the geodesic lines such that » sin o = constant. The circle
making up the head is a geodesic for which » = r,. Then o = constant. Thus:

T
OCO—E

One then has for the filaments joining the cylindrical part to the head:

r,sin = = Rsino,

sino, = =
1
R
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2. Thicknesses of the layers: For an internal pressure p,, the state of stresses
in the cylindrical part of the thin envelope is defined in the tangent plane
x, y (following figure) by"

W

The resin being assumed to bear no load, e represents the thickness of the
reinforcement alone. One can follow by direct calculation.” The state of stress in
the helical layers reduce to

o (0, = Ty = 0).

One obtains for the state of stresses in plane x, y starting from the Mohrt’s circle

(see following ﬁgure).14

2 .2
0, = COS 0 X Oyy; Oy = sin" o X Opy;

Tyy1 = COSOSing; Oy

and for the circumferential layers (@, = 7/2)

Oy = 07 GyZ = Op; TxyZ =0

" See Section 18.1.9.

"> One can also consider a balanced laminate with the ply angles of +0, —oy, and /2. The role
of the matrix is neglected. The elastic coefficients of a ply (see Equation 11.11) reduce to
only one nonzero E,. The calculation is done as shown in detail in Section 12.1.3. It is more
laborious than the direct method shown above here.

" See also the Equation 11.4 inverted.
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One then has the following equivalents, in calculating the resultant forces on
sections of unit width and normal x and y respectively:

B Along x:
OnXe X1+o,Xe, X1 =0, Xex1
then:
2 R
e, X cos oy X 0y = €0, = exp(,z—e
from which:
R
O¢1 2 cos’ o
B Along y:

0, XeX1+0,Xe;, X1 =0, XeXx1
DK

.2
e, Xsin" 0y X 0y +e,X 0y, = ex0,, = ex
e

2

€,

3. Minimum thickness of the envelope: With the previous results, the thickness
of the reinforcement is written as:

2
e=e te, =p,R +
ZCF“cosZOt1 20,

The reinforcements for the helical layers and for the circumferential layers are of
the same type. They can be subjected to identical maximum tension. Therefore,

at fracture, one has

O¢1 = Op; = Oy rupture

Then:
p oR 1 2
Cin = > —+2-tg7 oy
O¢ rupture \COS o
R
emin = é)( 112.(.).._
2 oy
rupture
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Then for the ratios of thicknesses:

e 1 e 2—tg2(x1

2 ?
emin 3 COS Ot] emin 3

Real thickness of the envelope taking into account the percentage of fiber volume
Ve
S

d vreinforcement _ _ 2 ﬂRemin dx
d vrenl 4 2 ”Rereal d.x
_ 3 p ()R 1
€real = E X o X 7
¢ S
rupture

18.1.11 Determination of the Volume Fraction of Fibers by Pyrolysis
Problem Statement:

One removes a sample from a carbon/epoxy laminate made up of identical layers
of balanced fabric. The measured specific mass of the laminate is denoted as p.
The specific mass of carbon is denoted as p;, that of the matrix is denoted as p,,.

One burns completely the epoxy matrix in an oven. The mass of the residual
fibers is compared with the initial mass of the sample. One then obtains the fiber
mass denoted as M, (see Section 3.2.1.).

1. Express as a function of p, p, p,, Mg

(a) The fiber volume fraction V,

(b) The matrix volume fraction, V,,

(c) The volume fraction of porosities or voids, V,
2. Numerical application:

p = 1,500 kg/m’; p, = 1,750 kg/m’; p,, = 1,200 kg/m’; M, = 0.7

Solution:

1. () By definition (Section 3.2.2) one has

va — Ufibers — mﬁbersx P — fo B
’ Vioral pf Moral ’ Pf
2
Vi = MsX

(b) In an analogous manner:

v, = M,x

m m
m
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and with M, + M, = 1:

(¢) Noting (Section 3.2.2) that:

one deduces

2. Numerical application:

Remark: In practice, a small amount of carbon fibers is also pyrolyzed. About

P
V= (1=-My)Xx -+
( 1) S

Vit Vi +V, =1

Pr

1 (4 0]

V,, = 37.5%;

0.125% of its mass is pyrolyzed per hour.

18.1.12 Lever Arm Made of Carbon/PEEK Unidirectional and Short Fibers
Problem Statement:

The following sketch shows a lever arm pinned at 4, B, C. It is subjected to the
loads indicated. The external skin is obtained from a plate of thermoformed
unidirectional carbon/PEEK,” 2.8 mm in thickness, and placed in a mold into

V, = 2.5%

which one injects short fibers of carbon/PEEK at high temperature.

DENSITY
(kg/m”)

O-rupture

MODULUS OF
ELASTICITY
(mPa)

carbon/PEEK
unidirectional

1600

2100

E, = 125,000
G, = 4000

short fibers
carbon/PEEK

1400

127

E = 21,000
G = 8000

unidirectional
carbon/PEEK

I injectable
L

....................

.....................

......................

short fibers

' | carbon/PEEK
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1. Verify the resistance of this piece by a simplified calculation.

Estimate the order of magnitude of the displacements due to loads at A4
and B.

3. Make an assessment of the mass of the piece.
Solution:

1. Verification of the resistance of the piece:

B Unidirectional: Assume (simplified calculation) that the applied moment
is resisted essentially by the unidirectional skins.'® Then, in the section
where the moment is maximum, one has (see following figure):

]
- l"l/’fg G X Sunidirect X h
(%)
S S =
o
\
=20

with

Somidiectiona = 2.8 X 40 mm*, h =60 — 2 — 2.8 # 55 mm;
M;= 650 x 10° N x mm.

o = 106 MPa

Factor of safety: O,ue/0 — 1 = 1880%.

Remark: In the injected layer, under the unidirectional skin, the order of
magnitude of the normal stress is six times smaller.'

B Injected core: We assume that the shear stress due to the shear force is
taken up essentially by the web, with an order of magnitude (see following

figure):
| SRl T -
T=1x Sweb

Swen = (33 — 5.6 = 8) x 8 mm;” 7'= 3500 N

with

T # 23 MPa

' This is because the longitudinal modulus of elasticity £, of the unidirectional is six times higher

than that of the injected resin. For more “exact” calculation of the stresses, see Equation 15.16.
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Remark: In fact, the distribution of the shear stresses is expanded in the
flanges (injected part and unidirectional part in the figure below). The bonding
being assumed to be perfect, the distortion is the same in the injected part and

in the unidirectional part, as:

_ L _z
=G, 7 G
_ G _
7, = 23x 4 = 12 MPa

2. Displacements under load: Keeping the central part C fixed in translation
and in rotation, the deformation energy of each arm (right or left) is written as:

= %Jaedv+%-[rydv

arm arm

then (with the previous approximations):

2 2
1 o 1 T
W=z J Ededx+2JGdS><dx

2
unidirect web
M

ZJ‘ 2 X Zstlnidirchdx' .

E ( unidirect. b)

unidirect.
EJ.—Z X Sweb X dx
G X Sweh

with My = F(I =x); T = F, h = Dyerage; Sweb = Saverage web at midlength of the arm in

view of an estimation:

_ 1,[ F3 N
2 S % b;xcrlge) 2 GSawer age web

2
unidirect. " unidirect.
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One obtains for the displacement at the point of application of the load F
(Castigliano theorem):

oW 0 ¢
A= =— = 3 + X F
OF Paewse GX S
E X S N
2 web ave.
unidirect. unidirect.

B Right arm: € = 280 mm; F = 2,500 N; D,yeree = 45 mm — 2.8 mm

B Left arm: € = 200 mmy; F = 3,500 N; Dyyerge = 45 mm —2.8 MM Sgep average =
31.4 x 8 (mm?

3. Mass assessment: Unidirectional: 189 g; short fibers: 525 g; total mass before
drilling

Remarks:

B Taking into account the low levels of stress in the unidirectional, the piece
may be lightened in decreasing—uniformly and progressively—its thick-
ness (here 40 mm). A reduction from 40 to 30 mm leads to a reduction
of mass of 18% and an increase in displacements from 22 to 26% at A and B.

B To obtain a comparable mass in light alloys, one has to use folded and
welded sheet. The price of the piece is higher. The composite piece is
obtained by one single operation of injection after preforming of the
unidirectional reinforcements.

18.1.13 Telegraphic Mast in Glass/Resin
Problem Statement:

A telegraphic mast 8 m long (of which 80 c¢m is buried in the ground) of glass/
epoxy with 60% fiber volume fraction has the characteristics shown below.
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& 240
(without gel coat

One has in the lower part of the mast:

m 27 layers at 0°—or along x direction
B three layers oriented in helix with an angle that will be taken practically

equal to 90°
1. Give the elastic constants of the laminate in this zone.

. What maximum horizontal load at the top is admissible for this lower zone?
3. Estimate the displacement of the top subject to this load.
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Solution:

1. The composition of the laminate in the lower part is as:

10%

90% — X

0%

Tables 5.14 and 5.15 of Section 5.4.2 give for this composition:

E, = 41,860 MPa; E, = 15,360 MPa
Ve = 0.23; v, = 0.09
4500 MPa

Xy

2. For maximum load at the top, three risks need to be taken into account:

B Risk of rupture due to classical flexure in this zone where the bending
moment is maximum

B Risk of rupture due to shear load

B Risk of buckling by ovalization and then flattening of the tube

(a) Flexure moment: One has (see figure below)'”:

M
o:——Ifo with T = mre

"7 See at the end of Section 5.4.5, Figure 5.31 the distribution of stresses in a composite beam.
See also Equations 15.16 in Chapter 15.
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The maximum is obtained when Y = —r:

Note that for the laminate considered (Table 5.11, Section 5.4.2), the first ply
fractures at a stress of

Otensile rupture = 128 MPa

Then

M, < 26 x 10° N x mm

corresponding to a horizontal load at the top of the mast:

_ 26x10°

max ~— = 3600 N
() 7200

(b) Shear load: On an average diameter of the tubular section (neutral plane),
one can write

T=0a 1S

where T is the shear load, S is the area of the cross section, and « is the
amplification factor (e > 1)."® Note that for the laminate considered (Table 5.13,
Section 5.4.2), the first ply rupture occurs at T, = 63 MPa, from which by
taking T = me(Mf)z 3,600 N,

63 x3329
3600 58

This condition is well certified (recall that for a thin tube of isotropic material,

one has o =2).
(c¢) Ovalization of the mast: One has (Appendix 2, b)

EE, 1/2
Mopis = 2 et L]

critical —
9 Vo Vi
Here we have

M et = 6 X 10’ N mm

" The exact value of o should be obtained from the complete study of the shear stresses in
a composite beam (Equation 15.16).
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which corresponds to a horizontal load at the top:
Fcrilical ovalisation — 8560 N

One can then retain the maximum load as:
Fux = 3600 N

4. Deflection at the top: If the characteristics of the mast (dimension of the
section, composition) were constant along the midline, in taking the average
diameter of 180 mm, one would obtain for the previous maximum load
the following deflection at the top:

F_ xI’
A= ——#1m
3E.1,

To obtain a more precise value, it is necessary to discretize the mast into finite
elements of shorter beams (four or five) with corresponding sections and moduli

(helical angle increasing due to the decreasing diameter, the moduli E, and E,
vary a little).

18.1.14 Unidirectional Ply of HR Carbon
Problem Statement:

Consider a unidirectional ply made of HR (high strength) carbon/epoxy. What is
the fiber volume fraction one can predict to obtain a modulus of elasticity in the
longitudinal direction that is comparable to duralumin (AU4G — 2024)?

Solution:

In the fiber direction, the modulus of elasticity E,is given by the relation (see
Section 3.3.1):

E =E V,+E, (1 - V)
One reads in the tables in Section 1.6:
HR carbon: E,= 230,000 MPa.
Epoxy resin: E,, = 4500 MPa
Duralumin: E,y, = 75,000 MPa.

The fiber volume fraction V; has to be such that:

Eypy = E/Vi+ E,(1-V))
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where:

E2024 _Em

V. =
/T E -E,

v = 31%

18.1.15 Manipulator Arm of Space Shuttle
Problem Statement:

A manipulator arm is made of two identical tubular columns in carbon/epoxy
(V= 60%; thin cylindrical tubes of revolution) with pins as shown in Figure 18.6.
Among the different geometric configurations found when the arm is deployed,
one can consider the geometries noted as (a), (b), and (¢) in Figure 18.7.
F represents the concentrated inertial force.
Note the following:

E. = Longitudinal modulus of elasticity of the tube in x direction
(Figure 18.6)
G,, = Shear modulus in the tangent plane x, y (Figure 18.0)

I= Quadratic moment of flexure of a cross section (annular) of the tube
with respect to its diameter

Figure 18.6
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JY ¢ fr2 X
Ep

a)
Figure 18.7
0
x distributed mass | X
(@m) 19} 2500 kg
angular acceleration |
6=-2.67 E-3 rad/sec? concentrated mass
Figure 18.8

1. Calculate the deflection components along the directions X, ¥, Z (Figure 18.7)
at the point of application of the force F for each of the configurations
(), (b), () as function of F €, I, E,, and G,, (neglect the strains due to
shear force and normal force). Comment on the relative values of these
displacements.

2. What should be the ratio between E, and G, to obtain identical deflections
in the configurations (a) and (c)?

3. The tube is laminated starting from unidirectional layers. By means of the
tables giving the moduli £, and G, (Section 5.4.2), indicate by simple reading
and without interpolation the composition of the laminate that verifies the
ratio found in the previous question within a few percentages (choose G,,
as large as possible), as well as the values of the elastic characteristics.

4. Verify that this composition is preferable, for the mass assessment, to that
of another tube of the same diameter but with different thickness, which
has a modulus of elasticity E; as large as possible and with the same
deflection as previously for configuration (¢).

5. Keep the properties determined for the laminate in question 3. The arm
has an average diameter of 0.3 m. Each of the two columns has a length
of 7.5 m. One imposes a minimum stiffness for the arm (F/A)inimum =
10 N/ m, where A is the deflection under the load F. Calculate the thickness
of the tube, indicate the number of total unidirectional layers and the
number of layers in each of the four orientations.

6. With the data given in Figure 18.8, verify that the distributed mass of the
arm does not significantly influence the previous results during the adjust-
ment in position of the apparatus.
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Solution:

1. Starting from the relations of flexure and torsion of composite tubes (see
Section 5.4.5, Figure 5.31):

E[@—M' G]de =M
dez_ [ uodX t

one obtains for the components of displacement at the end:

B Configuration (a):

_ FO
A= 3Ea
B Configuration (b):
A U2 b ¢ _F/2) R
X E. X2 384 OEI

2
2 3
A :F(€/2) @ _ F€

B Configuration (¢):

3
A - P2 X2+F(€/2)x§

YN Gol,
o )
8E\3 ' 2G,,

Remark: For configurations (a) and (b), one obtains a displacement that is
as small as the modulus E, is large. Then (see Section 5.4.2, Tables 5.4 and 5.5),
G,, is relatively small, which means that E,/G,, > 1. The displacement of config-
uration (c) is much larger than the others. This will create problems when operating

the arm.
2. The deflections are identical for configurations (a) and (c) if

1 _ 1(2+i)
3 8\3 26,

X

¢ _
2

then:
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3. In looking for the modulus G,, to be as high as possible, one reads on
Tables 5.4 and 5.5 (Section 5.4.2.) a ratio E,/G,, = 3.9 (=4) for the composition

0%

25%
E, =75 407 MPa; E, = 20466 MPa
Gy, = 19343 MPa; v, = 0.71
50% — x(0°) Xy & Yy
Vyx=0.19
25%

4. The maximum value of the longitudinal modulus of elasticity observed on
Table 5.4 is
E. = 134,000 MPa

This corresponds to a shear modulus (Table 5.5):

G, = 4,200 MPa

The same deflection as the previous one for the configuration (c) can be obtained

by

3

Fe (g+ L, )_ F(
8E, I'\3 2G, ) 3E.[

then:

The tube with thickness ¢ and modulus E; will be more stiff for configuration

(a) but will have a mass multiplied by 3.5 to keep the stiffness of configuration (¢).
5. Configurations (a) and (¢) are the more deformable. One then has to write

F _ SExI>(E)
A}’ - 65 B A min

with € = 15 m; I = 7[1’5@; r=0.15 m; (FIN), = 10° N/m; E, = 75,407 MPa

e > 14 mm
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The ply thickness being 0.13 mm, one obtains 108 layers oriented as follows:

0
27 (25%)
54
(50%) —» X (0°)
27 (25%)

0. The specific mass of the laminate is indicated in Section 3.3.3, as p = 1530
kg/m.” The distributed mass of the arm is then:

%’ = 2nrex p = 20.2 kg/m

with the angular acceleration indicated in Figure 18.8, one obtains the following
inertial load:

A 100N

; ; T }0,81 N/m

[ER

We then deduce from there:
B The deflection at the end due to the concentrated mass:

1004’
concent. SExl

A

B The deflection at the end due to distributed load":

11 _o0.81¢*

Adistributed = EE) Exl
from which we can obtain a total deflection:

100¢° 100¢°
At()tal - —3—E—X7(1+0033) # 3Ex[

The rigidity (F/A..) appears to be well related essentially to the concentrated
inertial load at the extremity of the arm.

' Result obtained from the differential equation: EI,(alZU/dX2 = —92—152[2 —3(X/€) + (X/€)5]
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18.2 LEVEL 2

18.2.1 Sandwich Beam: Simplified Calculation
of the Shear Coefficient

Problem Statement:

Represented below is the cross section of a sandwich beam. The thickness of the
skins is small compared with that of the core. Under the action of a shear load 7,
the shear stresses in the section are assumed to vary in a piecewise-linear fashion™
along the y direction. The constitutive materials, denoted as 1 and 2, are assumed
to be isotropic, or transversely isotropic. The shear moduli are denoted as G, for
material 1 (skin) and G, for material 2 (core). The beam has a width of unity.

1. Calculate the shear coefficient k& for flexure in the plane x,y.

r !

2. Give a simplified expression for the case—-current in the applications—
where G, > G, with the notations for the thicknesses:

H, —-H,
& ="75  e=H

Solution:

1. Let Wbe the strain energy due to shear stresses. One has (Equation 15.17):

dw _1kr* 1 [ Ty
dx 2(csy 2 ) G
section
In the upper skin, one has
H, -2
Ty, il B VY T,

T H,-H,

* This representation of the shear stresses is only approximate. One will find in Application
18.3.5 the results concerning a more precise distribution of these stresses. In fact, the
approximate representation of the shear proposed here is better approximated than the skins
of the sandwich structure will have a small thickness as compared to that of the core.
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On the other hand in the core:

Then with:

TXV = TO

7= | z(dyx1)

section

One deduces from there the maximum shear stress T,:

Strain energy:

2
dw _ 11Ty

ax  2lGi? T

After calculation:

2 2
17 T2 (H,
N S e
ZIGiy 2(G2

one then has

T, = TX 2
H +H,
H,/2 ‘L'Z
= —=dy+
J.() GZ y
H,—H, 277

H, —H,

IHI“ T, (H=2))"
Hy/2 Gl(H1 _H2)2

Then:

1kr: 21 (Ij_erHl—Hz
2(GS)  (H,+H)\G> 3G,
p = _2(GS) (112+H1_H2)
(H, + H,)’\G, 3G,

with (Equation 15.16): (GS) = G, (H, — H,) + G, H,:

) G
3G, (H, + H,)’\G,

)

k

_ 4[G1(H1 —H,) + Gsz](]_:I_z
(H, + H,)*

G,

H,—H,
+—.——.——.—.—.—-

3G,

)

2. Case where G, < G;: One can rewrite

k =

then:
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4(GS)
(e.+2e,+e) O

e(;
x—[1+

2

3

e, G,

p~c
e.G,
«1

]

3G,

)



One obtains the following simplified form, valid if e, < ¢, and G. < G,

R _ 1
(GS) ~ G.le.+2e,)

18.2.2 Procedure for Calculation of a Laminate
Problem Statement:

Consider a balanced carbon/epoxy laminate with respect to the 0°direction (or x),
having midplane symmetry. The plies have the orientations 0°, 90°, +45°, —45°
with a certain proportions (recall that there are as many plies of +45° as there
are —45°). This laminate is subjected to a unit uniaxial stress o, = 1 MPa (see
following figure).

Propose a procedure to establish a simple program allowing one to obtain the
following:

The modulus of elasticity E, of the laminate and the Poisson coefficient v,,*'
The stresses in each ply and in the orthotropic axes of this ply™ A
The Hill-Tsai® expression for each ply

The largest stress O, m. admissible without failure of any ply

bl

One gives in the following the characteristics of the unidirectional plies (identical)
making up the laminate:

Carbon/epoxy ply with V; = 60% fiber volume fraction
E, = 134,000 MPa™; E, = 7000 MPa; G, = 4200 MPa; v, = 0.25

Fracture strengths:
O¢ tension = 17270 Mpa; Oy compression — 1130 MPa
Gl tension — 42 MP'cl; Gl compression = 141 MPa
T(, = 63 MPa

! See Equation 12.8.
* These are the stresses oy, o, 1, (see, for example, Equation 11.1).
23
See Chapter 14.
** See Section 3.3.3, Table 3.4.
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Solution:
Recall first the procedure for calculation (see also Section 12.1.3.):

Modulus E, and Poisson coefficient v,,: The behavior of a laminate having

1.
midplane symmetry and working in its plane can be written as (Equation
12.7):
Oox 1 Ay Ay Apl| €
Goy = E AZl AZZ AZ?J St)y [a]
Toxy A31 A;’)Z A35 yoxy
with:
th
1 i ke
ok €
ZAij = 2 Ei]"b—
k=1"ply

where ¢, is thickness of ply &, and b is the total thickness of the laminate. [Ey]s
is the stiffness matrix for the ply £ in the x,y axes (see Equation 11.8), as:

O, Enw En E 13 Eox
Q y = |En E»n E 23 80.1’ [b]
Ty Esi Ex Es3)\ Yox

ply & ply & ply &

Note that poo (%), p%o (%), p/ﬁo (%), p_/ﬁo (%) are the respective proportions of the
plies in the directions 0°, 90°, +45°, —45°. The previous terms (1/h) A; can be

written as:

[c]

=4

1 Z0° 00 | 7,90° 90° | TAS° 45° 450 45
2 y= Lyp +E; p +E; p +E; p

Here the terms %AB, %AB, and their symmetrical counterparts are zero because

the laminate is balanced (see Equation 11.8).
The relation denoted as [a] above is then inverted and can be written as:

1 Vi
Sox ;: - ;] O O-o.x
= |- 1 dl
E = | —-= - 0 (0 [
0y 2 E, oy
1
’)/r)xy O O E Toxy
L Txy]
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where E., E,, Gy, Vi, V,, are the global moduli and Poisson coefficients of
the laminate.

Here this laminate is subjected to a uniaxial stress o,,= 1 MPa, then:

Vey
—— x1MPa
E,(MPa)

1 MPa
E, (MPa)’

oy

_ G()X _
Epy = — =
B,

,GO.X =

One obtains as well the modulus and the Poisson coefficient required:

E,(MPa) = 1
V., = —e,, x (MPa)
Xy Y 1 MPa

Stresses in the ply: The previous result gives us the global strains of the
laminate, strains that each ply should follow as:

G().X'; g =

ox oy

O-ox; ’}/().X'y = O

|l'
N &

-

For a ply k, the relation mentioned above in [b] is then written as:

O, Enw En Es ox
O, (= |En Exn Ej|] &y le]
Ty Es Es Ess 0

ply k ply #

This gives the stresses in ply &, expressed in the coordinates x, y. One can express

them in the orthotropic axes of the ply (axes €, t of the following figure, and
Equation 11.4 recalled below):

2 2
(o7} c s =2cs o,
=2 2 c = cos@
(o) s ¢ 2¢cs o, [f]
- s 2 - s = sin@
17 sc =sc¢ (c"—=s") xy
ply & ply &

qd %r“x i
T
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3. Hill-Tsai expression: It is written as (Equation 14.7):

O'2 O'Z 0,0, 252
2 4 ! (] €1
Oy o, Oy Ter

rupture rupture rupture rupture

One can then calculate the values (o), required for each ply k.

4. The largest stress O, ., Without fracture:
The stresses oy, 0,, and T, are calculated for a uniaxial stress: ¢,,= 1 MPa. Now
apply the maximum stress found o, .., (MPa). The stresses o, 0,, and 7, in the
ply k& are multiplied by the ratio:
O,

OX max

1 MPa
and the critical value of the Hill-Tsai expression is obtained as:

2 2 2 2
Oox max {ﬂ+ﬂ_c€ar+1{’_t} =1
k

2 2
(1MPa)’ |o; o o 1,

rupture rupture rupture rupture

With the values (a), found in the previous question for the Hill-Tsai expression
between brackets, one obtains

2 2 2
O-ox maxale = (1MP’¢I)

Then:

1 MPa
o

(o) =

OX max

Examination of each ply will lead to a different value for o,, ... One has to keep
the minimum value as the critical stress that should initialize damage (failure of
a ply) as:

.1
= min—
(072

O-()X max

18.2.3 Kevlar/Epoxy Laminates: Evolution of Stiffness
Depending on the Direction of the Load

Problem Statement:

Consider the balanced laminates of Kevlar/epoxy with V, = 60% fiber volume
fraction, working in their planes, with the following compositions:
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IV 10%

15%
60%
100% =
—_— X
X
5oL 15%
a) 25% b)
25%
—
X
25%
c)

1. Give the expression of the longitudinal modulus of elasticity for these
laminates denoted as E(6) for a direction 7 in the plane xy making an
angle 6 with the direction wx.

2. Give for each of the laminates the expression for the “specific modulus”
E(0)/p, p being the mass density. Use the tables in Section 5.4.2.

3. Represent in polar coordinates the variations of the specific modulus with
0 for each of the laminates.

4. Compare with the specific moduli of conventional materials, steel, alumi-
num alloys Duralumin-2024, and titanium alloy TAGV.

Solution:

Each of the balanced laminates constitutes a thin plate of orthotropic material,
with orthotropic axes x, y, z (see figures above and below). The constitutive relation
corresponds with Equation 12.9.

For a balanced laminate, this law is reduced to the following expression:

<

1

gz)x E - _E‘—: 0 Gox
— Viy 1
E = |- — 0 O,
oy bx hy oy
o 0 =
Y<)xy T(Lw

xy

1. E, E, G,, are the moduli in the orthotropic axes x, y, which means the
moduli of the laminate. In the axes 7, j (see following figure) making an
angle 6 with the axes x, ), these coefficients are transformed according to
the Equation 13.8. The modulus in the direction 7 is”

» Recalling (Section 9.3 and Application 18.1.2), the relation: v, /E, = v, /E,.
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-k

/
e,

£(6) = — 1
cos'@ | sin'6 2V,
s P by cos’Osin 6( ‘)
E. ' E G, L

Qpeciﬁc modulus: One finds in the tables of Section 5.4.2 the coefficients

Vi, G, of the Kevlar/epoxy laminates (Tables 5.9 and 5.10). Table 5.9
dlbO allows one to obtain the value E,. For this it is sufficient to permute
the 0°percentage and 90° percentage.

The specific mass p is shown in Table 3.4 in Section 3.3.3. It can also be
calculated using the relation in Section 3.2.3.

One has p = 1350 kg/m’. One then has for the expressions of the specific
modulus:

B Laminate (a):
E,. = 85,000 MPa
E, = 5600 MPa
G,y = 2100 MPa
Vy, = 0.34

EO) 1/e? = 10°/1350
p

cos'®  sin'@

cos 6 . 034
85,000 + 5600 5600 +cos HSIH 0(2100 2x 85,000)

B Laminate (b):
E,. = 56,600 MPa
E, = 18,680 MPa
G,, = 8030 MPa
Vi = 0.4

6
E(p@)(m/s)z - 10°/1350 _
CcOSs Sln .
56.600 T 18.680 T €08 *0sin 9(8030 2x 56,600)

B Laminate (c): The proportions of 25% along the directions 0°and 90°can be
obtained from Table 5.9. In this view one has to evaluate by extrapolation,
starting from the values corresponding to the percentages of 20% and 30%, as™;

E, = (1/2) (28,260 + 35,400) = 31,830 MPa

* See also Application 18.2.14.
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E =E

v X
G, = 11,980 MPa
Ve = 0.335
6
E(pg)(m/s)2 T o5 0+ 5in'0 210 /12350 1 0.335
COs Sin . .
3830 + cos” @sin 9(117980—2 ><3—17830)

3. One obtains the evolutions in the following figure for the specific modulus.
One verifies well that it is possible to “control” the anisotropy of the
laminate by modifying the percentages of the plies at 0°, 90°, +45°, —45°.

4. For the other materials, one obtains immediately (Section 1.6):

E/p (stee) = 26.3 x 10° (m/s)’
E/p (Duralumin-2024) = 26.8 x 10° (m/s)’
E/p (Titanium-TA6V) = 23.9 x 10° (m/s)’

Kevlar/fepoxy c¢)
25%

25%

25%, Kevlarfepoxy b)

.110”100”90" 80° 700y ™ 25% 10%
120° Kevlar/fepoxy a)

100%

3 E6

light alloy (26.8 E6 (m/s)2)

steel (26.3 E6 (m/s)2)
titanium alloy (23.9 E6 (m/s)2)
TA BV

Remark: The notion of specific modulus is particularly important for aero-
nautical construction. When one compares on the above diagram the performances
of Kevlar/epoxy with those of steel, Duralumin, and titanium, one sees clearly the
advantage for the laminate inside angular borders for the directions of application
of the loads.

18.2.4 Residual Thermal Stresses due to Curing of the Laminate
Problem Statement:

Consider a laminated panel in carbon/epoxy with V,= 60% fiber volume fraction,
with midplane symmetry, and a composition shown in the following figure:
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10%
20%

50% —= 0%
20%

It is cured in an autoclave at 180°C and demolded at 20°C.

1. Calculate the thermal deformations due to demolding.
2. Calculate the thermal residual stresses in the 90° plies.

Solution:

1. Thermal deformations:
The thermomechanical behavior of the laminate can be written as (see Equation

12.19):

£ l — YE L

ox Ex EV En Oox (o7
— vx y 1 ﬂx} + A T

E,, - |—= - el (0} o .,

0y 2 E, » oy 0y
n a, 1
’}/()xy = = = Toxy aoxy
L Ey El” G v

The panel is not subjected to any external mechanical loading. This law can then
be written as:

on aox
80}' = AT aO.V
’}/()xy a()X,V

The laminate being balanced, Equations 12.18, 12.17, and 11.10 lead to
aoxy =0

Then Table 5.4 of Section 5.4.2 indicates for the laminate with the correspond-
ing percentages of the composition above:

a,.=—0.072 x 107

One also deduces from Table 5.4, by permutation between 0° and 90°:

o, = 0.44 x 107

oy
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Therefore, the thermal strains corresponding to AT = —-160°C are
€,0= —160 X (<0.0072 X 107); &,, = —160 x (0.44 x 107)
or:
€, =115 x 10"
g, =704 x 10°°

Yoxy = 0

2. Thermal residual stresses in the 90° plies:
The Equation 11.10 allows one to write

—90° = ,90° — 90°
o, = En g,+En 80},—AT(ZE1
where:

—o00° -
aE1 = E;(Vgla( + Otl)
with (Equation 11.8):

=,90° - —,90° et
En = E and E = VME(

The moduli of elasticity and coefficients of expansion are given in Section
3.3.3, Table 3.4.” Then:

— 90°

oEq = 0.237

With the known values €, and €,, one has

»
0, = 7021 X 115 x 10° + 1717 X (=704 x 10™) — (=160)(0.237) = 37.5 MPa
In an analogous manner:

—,90°

—,90° —90°
0, = En €,+Ex &

— AT(XEZ

oy

7 Recall also the property V, /E, = vy/E, (see Sections 3.1 and 3.2 and Application 18.1.2).
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with (Equation 11.8):

—90° - —.90° T
Eyp =E and oFE;, = E€(a€ + Vzeat)

One obtains
0, = -110.2 MPa

and

Ty =0
One then has in the axes €, t of the 90° plies (see Equation 11.4):

o, = -110.2 MPa
o, = 37.5 MPa
Ty =0

Remark: If one writes the Hill-Tsai expression (Section 5.3.2) for the 90° plies,
one obtains with the rupture strengths of Section 3.3.3, Table 3.4:

110.2\*  (37.5\* _((=110.2)(37.5)\ _
(135) + () - 1130° ) = ost

The factor of safety™ is only:

This is due to high value of o, close to the rupture strength and explains the
phenomenon of microfracture of the resin that happen during cooling. Subse-
quently, the microcracks favor the absorption of moisture by the resin and the
fibers, which provoke expansions analogous to those induced by heating, with
coefficients of expansion of hygrometric nature. Then, the residual stresses in the
plies will be generally weaker.

18.2.5 Thermoelastic Behavior of a Tube Made
of Filament-Wound Glass/Polyester

Problem Statement:

Obtain the thermoelastic behavior of a cylindrical tube made by filament winding
E glass/polyester, with £45° balanced composition, with a fiber volume fraction
of V,= 25%.

* See Section 14.2.3.
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Solution:
In the x,) axes (following figure), the stress—strain law takes the form (see Equation
12.19):

1 V. T
£ = — == == O, (04
ox EX b ) ny ox ox
— Vi 1 u,
= Yo S By + AT
goy Ex E y G Xy GO}' aoy
N, u, 1
) = = = Toxy oy
’)/().X} L E. E, GxL 0xy 0XY

B Calculation of moduli:
First we have to evaluate the terms of the matrix h_l[Al-]-] (see Equation 12.7).

This calculation requires the knowledge of the stiffness coefficients for each ply
E; (see Equation 11.18).

In this view, first calculate the elastic moduli of a ply in its principal axes (£,0);
one has (Equation 10.2 and those that follow and numerical values in Tables 1.3

and 1.4 in Section 1.6.)
E, = 74,000 x 0.25 + 4,000 x 0.75 = 21,500 MPa

Vi =025 % 0.25 + 0.4 x 0.75 = 0.36
1
E, = 4000 =0 = 5240 MPa
0.75 + 550 % 0.25
Gy, = 1400 14100 = 1840 MPa
0.75 + 557505 X 0-25
Vv, = (5240/21,500) x 0.36 = 0.088
E¢ = 22,200 MPa; E, = 5410 MPa
then (Equation 11.8):
EY - B = B = B = 9720 MPa
Ey = En = 5928 MPa; Eis =En = 6040 MPa
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from which one can write (Equation 12.8)

1 9720 6040 0
,;[Az-/] = 16040 9720 0 |[(MPa)
0 0 5928

The inversion of this matrix leads to (see Equation 12.9)

[, v ] |1676x107 -1.041x107 0
— X O
w5

—? Fl 0] = |-1.041x107" 1.676x10™" 0 |(MPa™)
0 0 61 )

L xy i 0 0 TZS_

from which by identification:

I
I

Ev = 5966 MPa
Vo = V., = 0.62

Gy = 5928 MPa

B Calculation of coefficient of thermal expansion:

One has to calculate first b~ (0ED),, b_l(aEb)),, and b_l(aﬂo)xy from the Equation
12.18. This calculation requires knowledge of the terms aF:, aE,, and oE; of
each ply (Equations 12.17 and 11.10 and numerical values in Tables 1.3 and 1.4 of
Section 1.6). For that, one has to know the coefficients of expansion ¢, and ¢,
of a ply in its principal axes (€,). It can be written (Equations 10.7 and 10.8 and
numerical values in Tables 1.3 and 1.4 of Section 1.6):

a, =155x%x107; o,=7.86x 10~

4450 ——45°  ——445°  ——45°
Qb = aF, = ab, = aF, = 0.476 MPa/°C
——45° ——45°

OZE; = —0kFE;

From which (Equation 12.17):

S(0ED), 0.476
s(akh), (=1 0476 (MPa/°C)
2(aEb),, 0
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then (Equation 12.18):

a,, 1.676x 10" —=1.041x10"" 0 || 0476 3.02x 107

Cy (T |-1.041x107"  1.676x107" 0 [} 0476 [ =9 3.02%x 107
1

anxy L O O 5928_ O O

In summary, the thermoelastic behavior of the filament-wound tube in glass/polyester
can be written as:

1 0.62 s
Eox 5966 3006 O || Oex 3.02 % 10
= 0.62 1 )
goy _5966 5966- 0 O-oy + AT 3.02% 10 5
1
’J/oxy 0 0 59—28 Toxy 0

(vpah) cch

18.2.6 Polymeric Tube Under Thermal Load and Creep

Consider a cylindrical tube of revolution made of polyvinylidene fluoride (PVDF)
reinforced externally by filament winding of glass/polyester at +45° (see figure
below).

PN B

The characteristics of the constituents are as follows:

B Polymer tube: thickness e, = 10 mm; isotropic material; modulus of elasticity
E, = 260 MPa; Poisson coefficient v;; thermal expansion coefficient o, =
15 x 107 (°C7H.

B Glass/polyester reinforcement: thickness e, = 3 mm; modulus of elasticity
E,; Poisson coefficient v,; coefficient of thermal expansion @, = 0.7 x 10~
(°C™). These coefficients are valid for the behavior in the coordinate axes

x, ¥ (see figure). Fiber volume fraction V;= 60%.
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Problem Statement:

The thicknesses e, and e, are small relative to the average radius of the tube,
denoted as r.

1. Give the numerical values of E, and v, (noting that the moduli of elasticity
of epoxy resins and polyester resins are equivalent).

2. When taking into account the temperature variation, denoted as A7, the
mechanical behavior of the polymer and of the reinforcement, respectively,
can be written in the x,) axes as:

Ex Pll - % 0 O1x 1
&, [~ |- % Ell 013 o, (+UAT} 1
Yixy 0 0 —Gl-l Tixy 0
Ex El) - ;—j 0 0,, 1
&, (= |- % %Z 0] 0, (T®AT 1
Vaxy 0 0 Gi Ty 0

where one can recognize the strains and stresses in each of the materials. Starting
with an assembly (polymer + reinforcement) not stressed nor strained at ambient
temperature (20°C), which is heated up to 140°C.

(a) Write the equations for the external equilibrium of the assemblage.

(b) Write the equality of the strains. Deduce a system of equations that
allows the calculation of stresses oy, 0y), Oy, Oy,

(¢) Numerical application: Calculate the stresses in each of the two com-

ponents (polymer and glass/polyester reinforcement) as well as their
strains.

3. Being subjected to high temperature, the internal tube in polymer obeys
creep law. The stresses calculated previously do not remain constant in
time. They evolve and stabilize at a certain final state. When this state is
achieved, if one separates the internal polymer envelope (by imagination)
from its reinforcement and cools it quickly from 140°C to 20°C, one will
observe residual strains denoted as Ag;, = Ag,, = Ae. Note that in the
absence of creep, there are no residual strains.

(a) Write the four relations allowing the calculation of the stresses in the
assembly at 140°C after creep in the polymer, denoted as oy,, o},
05y Oj
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(b) Numerical application: From experiments one finds: Ae = 0.6 X o, AT.
Calculate the stresses after creep.

4. Considering the assembly at 140°C already crept, one cools the whole
reinforced tube quickly, from 140°C to 20°C. Calculate the final stresses in
the assembly, denoted as ¢7,, ¢7,, 0%,, 07, at the end of the cooling.
Remark.

Solution:

1. We will use for the elastic characteristics of a unidirectional ply of glass/
polyester at V, = 0.6 those of a glass/epoxy ply from Table 3.4. For a
laminate at £45° Table 5.14 (Section 5.4.2) shows:

E, = 14,130 MPa
VZ = 0.57
2. (a) Equilibrium of the assembly: Sections cut from the tube do not show

any external resultant force, in spite of the existence of stresses of
thermal origin (see following figure).

2
— Tox
Gix
G1y
.
y.a - 2y
4 3 —
V4 |
1 2

In addition, because the thicknesses are assumed to be small compared with
the radius, the stresses will be taken to be uniform over the thicknesses. From
there we have the relations:

2rr(0yce + 050) = 0;  1X2(0y,e,+0,e,) =0

then:

0161t 0y8 =

(1], [2]

0+ 0,,e, =0

Due to the symmetry of revolution for the stress distribution, there are no shear
stresses: Ty, = Thyy = 0.
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(b) Equality of strains: This is assured by the assumed perfect bonding
between the components 1 and 2 as:

glx = 829(; gly = 82}'; YIxy = ,J/ny'

With the behavior as mentioned in the problem statement, the above equalities
become:

O, W Oy V5
— ——=0,,+ AT = = ——=0,,+ O, AT
E, E VT E, E, %2 7?
(3], [4]
2 oy, v, 0,,
=0, +t—+ AT = —=0,,+ =+ L,AT
E, ™ E ! E, * E, *

The above relations [1], [2], [3], [4] constitute a system of four equations for four

unknowns 0Oy,, 0y, O, 0.
(o) In performing successively [3] — [4], [3] + [4], then substituting ©,,, 0,
obtained from [1] and [2], one obtains

O-lx_o—ly =0

from which:

o, — O
o = 0, = Ar—(2=®)

ey
E, e\ E,

One deduces from there, with AT = 140 — 20 = 120°C:

0, = 0y, = —6.14 MPa
0, = 0y, = 20.4 MPa

The internal envelope in polymer is in a state of biaxial compression. The
external envelope in glass/polyester is in a state of biaxial tension. The mechanical
behavior (in the Problem Statement) then indicates:

€=y = &, = &, =147 x 107
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3. Creep
(a) The equilibrium relations are formally unchanged as:

o/.e+ 0. e=0 (5]
oy, e + 0;,e=0 (6]

The property of the perfect bond is now written in conformity with the following
figure:

— final state

A

. -
4'. Age v e .
el initial strain
——— 'I
. . [ x
reinforcement 2 = | £ '
2ol L.t > X
I 1 l €ox l
Eq et AE =€,y
E]Y +Ag = Ezy

with the constitutive relations recalled in the Problem Statement, these equalities
become

O-’]x 1 ’ O-,Zx v2 ’
—=—=0", t o AT+Ae = ——=—-—=0", + ,AT
E, E YV E, E, ? z
) , [71, 18]
Vi , 1y Vo 03
——0\, +—+ o AT+Ae = ——=0',, + + o, AT
E1 1x E] 1 E2 2x E2 2

(b) Numerical application: In performing successively [7] — [8], [7] + [8],
then substituting ¢, and 67, obtained from [5] and [6], one obtains

o,—04a
G’lx — O-,ly — AT ( 2 1)

1-v, e 1—v2)
( E, )+ez( E,

then:

Q

&
[
Q
I

—2.28 MPa
7.6 MPa

S)

g
Q
[
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4. Cooling: It is sufficient to suppress the increase in temperature AT in the
previous equations [7] and [8]. The system of equations becomes

ol.e +ore, =0

ore +05,e, =0

o7 o,V
Y —o) +Ae = = -Zo7
E, El E, E, ©
4! o-ly & Gély
—0ol +—=t+Ae = —=0) + ===
E E, E, % E,

In adopting a method of resolution analogous to that used in the previous
problems, one obtains

0.6
of. = of, = AT :

1—v, e (l1—v,
( E, )+ez( E, )

then:

o/. = o), = 3.9MPa

1y

0;, = 05, = =129 MPa

It is worth noting that the polymer envelope is loaded now in biaxial tension.
Subsequently, for one cycle of operation, the polymer envelope is successively
compressed, released by creep, then extended, as shown in the following figure.

These cycles repeat themselves during the life of the tube, and this gives rise
to fatigue. Therefore, an overdimension of the tube is necessary to lead to low
admissible stresses in the polymer, to prevent the risk of buckling of the tube
subject to compression at the location of bond defects or of failure in tension
while cooling.

< Gy (MPa)
(stress in the tube) +3.9

cooling —____

time

-2.28

creep at
high temperature

-6.14
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18.2.7 First Ply Failure of a Laminate—UIltimate Rupture
Problem Statement:

Consider a carbon/epoxy laminate with 60% fiber volume fraction and the fol-
lowing composition:

20%

_‘_x;oo X:Oo

80%

1. (a) Give the values of the moduli of elasticity and Poisson coefficients of
this laminate.
(b) What is the maximum tensile stress, denoted as 0O, ,imum, that can be
applied without deterioration?

2. When the value O, n.qmum 1S reached, the 90° plies are deteriorated by
microcracks of the epoxy resin (“first ply” failure). The characteristics of
the 90° plies that are cracked are then decreased with respect to their
values for intact plies. One admits the following damage factors:

E, # E; E #01XE,
fractured intact fractured intact

Gl # 01X Gy Vi #0.1 v,

fractured intact  fractured intact

(a) Calculate the new terms of the matrix ]%[A]of the elastic behavior.”

Deduce from there the new elastic moduli of the deteriorated laminate.
Remark.
(b) Calculate the maximum stress o,,, leading to complete rupture of this
laminate (rupture of 0° plies, or “last ply rupture”).
3. What will be the rupture strength denoted as oy, that one can obtain by
eliminating all the elastic characteristics of the deteriorated 90° plies?

’

Remark: How one can obtain rapidly the value o©,,?

4. The design of an aeronautical piece is carried out using this laminate with
the following considerations:
B When this piece is subjected to a stress along the x direction called
“limit load,” the piece stays in a reversible elastic domain and is not
altered in its structure.

? See Equation 12.7.
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B When this piece is subjected to a stress along the x direction called “extreme
loading,” one obtains total rupture.

Moreover, one has from common practice:
Extreme loading = 1.5 X limit loading

Indicate the values of o, that should be kept here for extreme load and for limit
load, respectively.

Solution:

1. (a) According to Tables 5.4 and 5.5 in Section 5.4.2, one notes for the
indicated composition:

E, = 108,860 MPa; E, = 32,477 MPa
Vy = 0.054; v, =0.016
G,, = 4200 MPa
(b)Table 5.1, Section 5.4.2, indicates for the rupture limit of the first ply:
o, = 659 MPa
2. (a) Terms of matrix %[A] are written as (Equations 12.7 and 12.8):

Coefficients Ej; are given by Equation 11.8 which lead to”
Bl = 134 440 MPa; FEp =7 023 MPa; Ei, = 1748 MPa;
Fy = 4200 MPa
The 90° plies are deteriorated. One then has

—90°
11

E, = 700MPa; Es, = E: = 134,000 MPa

—90° , 7:90°

Ey, =V, Ei = 175MPa; Es; = 420 MPa

* See Section 3.3.3 for the characteristics of a unidirectional ply of carbon/epoxy.
'V, = vy, X E/E; (See Application 18.1.2.).
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or after calculation:

107,692 1402 0
/;[A]= 1402 32,418 0 [(MPa)
0 0 3444

The new moduli of the deteriorated laminate are obtained by inversion of the
above matrix. One has (Equation 12.9)

VVE, —V,JE, 0
PIAT = |~V /E,  1/E, 0

0 0 1/G,

Xy

which leads to

E, = 107,630 MPa

E, = 32,400 MPa

Vi, = 0.043; V), = 0.013
@, = 3444 MPa

Note that only the shear moduli G,, has its value modified with respect to the
value of the intact laminate.

(b) The 90° plies being deteriorated, total rupture of the laminate corres-
ponds to rupture of the 0° plies. Let 0,,, be the corresponding ultimate
rupture strength. The mechanical behavior of the deteriorated laminate
is written, following what happens previously:

Eox 9.29x10°  —4.02x 107 0 Gy 9.29x 10" X 0.,
€y [T|—4.02x107  3.086x 107 0 0 (T[=4.02x107 x 0,
Your J |0 0 29x107L 0 0

from which the state of stress in the 0° plies (Equation 11.8):

oo oo
0, = Eng,+EnE, = 1.248x 0, = 0,

—g° —o°
o, = Ene,,+ Exn &y = 0.0134 X 0y, = O,

Ty =0=14

Writing that for o,,, the Hill-Tsai criterion is saturated (Section 5.3.2) and using
the rupture strength values of Section 3.3.3:

=1

(1.248%4)2 .\ (0.0134oxM)2 _ 1.248x0.01340,,
1270 42 1270°
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one obtains:

|axM = 973 MPa|

If one cancels all elastic characteristics of the deteriorated plies at 90°, the

3.
matrix %[A] becomes

_ _ - %o
1 E, vieEc 0 ) E, E,
~[A] = 08|, = = then h[A]" = —|_ Y« 1
b[ ] Ve Er E; o |then ALA4] 08"z & Y
0 0 G, 1
0 0 N

under the loading of an ultimate stress denoted as o, one will have for the

strains:
1 V(l ’
O-XM > yaxy = O

1 O-_;M
—_— . 8( = — X ——
°y 08 E ¢

then in the 0° plies:
4
O—xM

8

—0° —oe
o, =0,=FEng, +En &y =

0.
—g° —o°
Gy = 0, = Eq EOX+E22 Eoy =0

The saturated Hill-Tsai criterion then takes the form:

( Ol )2_ .
0.8x1270) ~

then:
Gl = 1016 MPa]

One immediately obtains this value when noting a stress resultant NV, written as:

o) x0.8h+ gl x0.2b

’

then
0’y = Ouyx 0.8 = 1270 X 0.8 = 1016 MPa
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Note that the rupture stress of the last ply calculated in the previous problem
(O.p is less than o%,. It then appears to be dangerous to reason as if the 0°
plies were the only ones to resist by occupying 80% of the thickness of the
laminate.

(o) If one considers that the limit load corresponds to the rupture of the first

ply, denoted as 0, = 659 MPa, then the extreme load will be
O, wveme = 1.5 X 659 = 988 MPa
This is an excessive value because it is higher than the rupture strength of the
last ply 0,,, = 973 MPa. One then is led to keep

B For the extreme load: O, cyreme = Owy = 973 MPa
B For the limit load: O, = Ow/1.5 = 649 MPa (value less than the fracture
strength of the first ply)

18.2.8 Optimum Laminate for Isotropic Stress State
Problem Statement:

Consider a laminate subjected to a state of plane uniform stresses:

o, = 0,

, = 0, T, = 0 (state of isotropic stress)

This laminate presents the following composition:

p
f AP

—» P

X (5-)

1. By means of a literal calculation show that the strain of the laminate is the
same for any value of p < 0.5. Verify this property by means of Table 5.4 in
Section 5.4.2 for p = 0%, 30%, 50%.

2. Show that the Hill-Tsai criterion has the same value in each ply, no matter
what the proportion p. Comment.

3. Verify the previous property for a carbon/epoxy laminate by means of the
tables in annex 1 for p = 0%, 30%, 50%.

Solution:

1. Determination of the apparent moduli of the carbon/epoxy laminate: We
begin by calculating the terms of the matrix ]%[A] (Equations 12.7 and 12.8):
%AM = Ehxp+En xp+En x G —p) +E X (% —p)
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then with the Equation 11.8:

E(l): = E{; Elgfo =E; Eﬁ = EI? = E62E1+%(V,€E(+2Gel)
1 - - 1 Ec+E 1, -
EAl = p(Eg+E,)+2(§ —p)[ 64 ’+2(v,{E(+ZG€1)}
%All = [E%EZ_VME€_ZG€[:| + %[E€+Et+ Vt(@E@'F ZGet]
1 1
ZAzz = EAH
1

- 1 1 - = 1 -
EAH = 2DV, E¢+ 2(2 —p)[z(E( +E—4G,,) + EVME@]

1 Ec+E - 1[Ec+E -

EAlZ = —p|: €2 t—VME{/—Zth:|+§|: ¢ t+ V[€E€—2G€[:|
1 1

ZAL‘} = ZAB =0

The constitutive law in Equation 12.7 here takes the form:

o, 1 Ay A O Eox
O, = E AZl AZZ 0 Suy
0 0 0 A53 }/oxy
Its inverse is written as:
£, VE. —V.lE, 0 o,
€y [T |-Vo/Ex 1/E, 0 o
YVoxy 0 0 1/G 0
with:
1 _ 1
1 e 1w e
- 1 = T 1—
Ex b_z(A 1A22 12) EV Ey b_>(A 1A22 12)
and here:

1 2 E(+E - Ec+E
;g‘Z(Aquz—A;z) = 2[p( ez [—V,€E4—2G€,)+Gm}[ 62 “+ v, Ee
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then we can obtain the strains:

1 V. %,
Eox = GO(E._”E‘. T Tt E . - oy Yoy = 0
. ~{ 2t
. E (T + v,CEf,)
32
In summary
O,
Eox €y = & = 1 T —5 Yoxy = 0
€ t
[“"2-—‘- + V[(Ef}

The strain g, is independent of the proportion p and of the shear modulus Gg,.
Each elastic characteristic that appears has the same weight: E¢, E/, vy E¢ = vy, E;

B Verification: Table 5.4, Section 5.4.2:

P =0%:E. =E, =1505 Mpa; y,, = 0.79 = p,,
£ &, = & = 1.39 E-5Xx 0,(MPa)

P =30%: E.=E, =55333Mpa; y, = 023 = y,,

=g, =€, = 139 E-5% 0,(MPa)

ox oy

E
P =50% : E. = E, = 70 687 Mpa ; p,, = 0.025 = y,,
Ex = &y = & = 1.38 E-5Xx 0,(MPa)

2. Hill-Tsai criterion:
B (° plies: Following the Equation 11.8:

0. = E¢&, + VyEeg,, = EE(1+Vvy,)
0° — — —

O-y = vt€E€8<)x+El Eoy = gf)El(]- + v{t)
0°

Ty = 0

Oy = 0, = SOE€(1+VI€)
0° —

o, = G)(z = Er)Ef(l + vé’t)

Ty, = 0

? Recall (see Equation 11.8) that: Ee = E,(1 — vy V), E, = E 1 — v, ).
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B 90° plies: Following Equations 11.8 and 11.4:

90° 90° T

€ = O-y = 80E{/(1 + vt@)
90° 90° T

o, =0, =¢&E0+v,)
e

) =0

m 45° plies: Following Equations 11.8 and 11.4™:

450 1, 4se

o, = z(o-v

+ of,’so) + 7::’; €, E(1+V,)

g, E(1+vy,)

45° 1, 450 45° 45
O; = E(GA +(7y )_Txy

45°
=0

B —45° plies: In an analogous manner:

e _

O-(j = 8(,E€(1+Vﬂg)
s _

o,” = ¢ E(l1+vV,)
=5 _

€t -

B The Hill-Tsai criterion (see Section 5.3.2 or Equation 14.7) then has the
same value in each of the plies, no matter what the proportion p and
the value of the shear modulus Gy, Rupture occurs simultaneously in all
plies.

B One can also note that the minimum thickness b of the laminate that is
capable of supporting the isotropic membrane load:

N,=N,; T, =0
will be independent of the proportion p (see Equation 12.10). One then can, for

this particular case of loading, vary the modulus of elasticity E, = EV * without
varying the thickness.

? Or still from Equation 11.7:

s _ 1 45 _ 1 45
& = E(gox-'-goy) =&; & = E(gox*-go‘v) =&; Yu = 0;

then following [11.6]:

or = &E(1+Vvy); 0 =¢gE(1+vy); T =0
¥ See Equation 12.9, or Tables 5.4, 5.9, 5.14 in Section 5.4.2.

© 2003 by CRC PressLLC



B One automatically obtains such a laminate by using layers of balanced fabric
at 0° and 45°. It is then convenient to calculate the thickness in considering
the proper rupture resistances of the layer of fabric.”

3. Verification:

plate 3 and 7
plies at +45° oy o, Ty
o,=1 MPa 94 06 | -5
0,= 1 MPa 94| 06 | 5
total (MPa) 1.88 | .12 .0
Hill-Tsai criterion: 1.02 x 10~
plate 1 and 5
plies at 0° oy o, Ty,
o,=1MPa | 24 0 0
o,=1MPa -.54 12 .0
total (MPa) 1.86 2 .0
Hill-Tsai criterion: 1.017 x 10~
plate 3 and 7
plies at +45° o, o, Ty
0, =1 MPa 94| 06| —09
0,= 1 MPa 94 [ 06| .09
total (MPa) 1.88 12 .0
Hill-Tsai criterion: 1.02 x 10~
plate 1 and 5
plies at 0° o, o, Ty
o, =1 MPa 1.9 .02 .0
o,=1MPa -02 N .0
total (MPa) 1.88 12 .0

Hill-Tsai criterion: 1.02 x 107

18.2.9 Laminate Made of Identical Layers of Balanced Fabric

Problem Statement:

pZOO/o

P=30%

P=50%

(cf. plates
annex 1)

plate 4 and 8
plies at —45° o, o, Ty,
o, =1 MPa 94 .06 5
0,= 1 MPa 94 06 | -5
total (MPa) 1.88 12 0
Hill-Tsai criterion: 1.02 x 10™

plate 2 and 6
plies at 90° o, o, Ty,
o,=1MPa | —54 12 0
o, =1MPa 2.4 .0 0
total (MPa) 1.86 2 .0
Hill-Tsai criterion: 1.017 x 10~

plate 4 and 8
plies at —45° o, o, Ty
0, =1 MPa 94 .06 .09
0,= 1 MPa 94 | 06 | -.09
total (MPa) 1.88 12 0
Hill-Tsai criterion: 1.02 x 10~

plate 2 and 6
plies at 90° o, o, To;
o,=1MPa 02| 1 0
o,=1MPa 1.9 .02 .0
total (MPa) 1.88 12 .0

Hill-Tsai criterion: 1.02 x 107

A carbon/epoxy laminate consists of a stacking of identical layers of balanced
fabric with the composition illustrated below. The fiber volume fraction is V= 60%.

” See Applications 18.2.9 and 18.2.10.
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Y\\ ‘//
AR

1layer 1layer 1 layer

Give the elastic behavior law in the axes (x,)) and then in the axes (X,1).

Solution:

B Axes x,y: The fabric being balanced, each layer can be replaced by two
identical unidirectional plies crossed at 90°, with the resulting thicknesses
(see Section 3.4.2):

ewarp = €hy = 8/2

The laminate is balanced and its composition is as follows (see figure):
T y
33%

17%

33% —»Xx

17%
One then notes (Table 5.4, Section 5.4.2):
E, = 55,333 + AE,(MPa)
One can evaluate AE, starting from the expression:

JE

90°

dE, = 9E dp” +
op

90°
xdp

as:

AE, = (65,888—55,333)><%+(53,545—55,333)X% = 2630 MPa

© 2003 by CRC PressLLC



then:
E,.=57,960 MPa = E,

Poisson coefficient: v,, = 0.23 + Av,,.
From an analogous calculation:

Vy =020 = v,
Shear modulus: One notes (Table 5.5, Section 5.4.2)
G, = 16,315 + AG,, (MPa)
Then from an analogous calculation:
G,, = 14,500 MPa.

From which the elastic behavior relation in axes (x,)) can be written as (Equation

12.9):

1 0.2
£ — o
ox 57,960 57,960 0 ox
= |02 1 MPa
Eoy 57,960 57,960 0 0y ¢ )
1
Yoxy 0 O 500/ o

B Axes X,Y: The laminate is balanced and then has the composition:

I Y
17%

33%

17% —Xx

33%

In using the same tables as before, one obtains

Ey = Ey = 31,979 + AE, = 41,400 MPa
Vyy = Vyy = 0.56 + Avy, = 0.43
Gyy = 28,430 + AGy, = 24,190 MPa
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from which the law for the behavior in the axes X, ¥ can be written as (Equation

12.9):

1 0.43
€ _043 15
oX a0 ddwo O ox
SOY = 0‘43 1 O GOY (MPa)

41,400 41,400

1
poY O O 24, 190 TOXY

Remarks:

B One can note that a laminate constituted of layers of balanced fabric with
four orientations 0°, 90°, +45°, —45° admits two systems of orthotropic axes
x,y and X)Y.

B The elastic properties are suitably estimated when one uses Tables 5.4 and
5.5 in Section 5.4.2. This is not the same for the maximum admissible
stresses indicated in Tables 5.1, 5.2, and 5.3 that are valid only for laminates
made of unidirectional layers. In effect, the resistance to rupture for a layer
of balanced fabric is clearly higher in tension than the first ply failure limit
for an equivalent fabric, made up of layers at 0° (50%) and 90° (50%). For
a calculation of first-ply failure or for the failure criterion of the laminate
proposed in this application, it is convenient to consider a layer of fabric
as an anisotropic ply with thickness e (see Section 3.4.2) with the values
of rupture Stresses Oy pwrer O ruptures AN Tgy ruprure Of the balanced fabric
itself (see examples in Section 3.4.3). One will then have the following
equivalence””:

%o

+x+®é%%©&§m

0%

18.2.10 Wing Spar in Carbon/Epoxy
Problem Statement:

Consider an airplane flap with the internal structure (excluding facings) shown
schematically in the following figure. It consists of a spar and several ribs. The spar
is a laminate of carbon/epoxy fabric with V, = 45% fiber volume fraction, the
composition of which varies with the longitudinal coordinate axis x, in the flange
and in the web. A preliminary calculation of the flap in isostatic equilibrium

5? See also Application 18.2.10.
7 See Section 5.2.3.
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reveals the maximum stress resultants in the two zones of the spar indicated in
the figure.

One proposes for each of these zones the compositions indicated in the figure.

1. Evaluate the elastic properties of the laminate in these two zones.
Verify the two corresponding laminates:
a. At rupture.
b. At buckling.

B Thickness of a layer of fabric: 0.24 mm.
B Properties of carbon/epoxy fabric: See Section 3.4.3.

Solution:

1. Elastic properties:
(a) Zone 1: Composition of the laminate™: See sketch below.

¥ See Section 5.2.3 and remark at the end of previous Exercise 18.2.9.
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Calculation of elastic moduli (Equations 12.7, 12.8, 12.9, and 11.8):

0%
33%

67% x(0°)

0%

o _ oo _ oo
Enw = Ee;, En = VyEe, Exz = Gy,

—is°  E(+E 1 - —is°  E¢+E 1 -

En = === 4 S(VEc+2Gy); En = =—=— Gy +=V,Ee
4 2 4 2

—ise  Ee+E 1 =

By = 64 Z—EV/(Ef

with (Section 3.4.3):

Ec=E=EJ(1-v,XV,); E,=54000MPa; v, =V, = 0.045
Gu = G, = 4000

Then:

E = 54,100 MPa; Ei» = 2435 MPa; Es; = 4000 MPa
EL =32,270 MPa; Ep = 24,270 MPa; Es = 25,840 MPa

One deduces from there:

%AH = B x0.67+E4 x0.33 = 46,900 MPa = %AZZ
%Alz = EL % 0.67+ED x0.33 = 9640 MPa
1

Ay, = E33x0.67+E5 x0.33 = 11,210 MPa

After the calculation of hlA]™", one obtains the law for the behavior in zone 1:

1 0.2
€ —_V2 o
0x 44,920 44,920 0 o
- 0.2 1
Eoy T 44,920 44,920 0 Ooy g
1
Yoxy 0 0 1.210| | Toxy

(b) Zone 2: Composition of the laminate:
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Following the same method as above:

0%
60%

40%

0%

%AH = %Azz = Eix04+E x0.6 = 41,010 MPa

14, = 15540 MPa

b

4., =17,100 MPa

h

then, after inversion of the behavior law in zone 2:

1 0.38
£ — o,
ox 35,120 35,120 o
= |__038 1 [2]
Eoy 35,120 35,120 Ooy
1
Yoxy 0 0 7100 | Tow

2. (a) Verification of non rupture:

B Zone 1: Compression in the lower skin: N, = =435 N/mm, then with 9
layers of fabric of thickness 0.24 mm:

o, = —202 MPa
from which the strains are (Equation [1] above):
€= 4497 X 107 £,=9%x 107 %, =0
e Layers at 0°/90°: (Equation 11.8):

—0° —0° 0°
= E X Epx T Ei2 X 80}, = =241 MPa = Oy
0° 70° 70° 0°

o, = ExXx Eox + Ex»n X goy = 38 MPa = O,

0°
_O= ’[([

B
[
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The Hill-Tsai expression: (Section 5.3.2 and Chapter 14)59:

—241° | 38" —241x38

= (0.72)°< 1
3607 420° 360°

Factor of safety (Section 14.2.3.): 6}7—2—1 = 38%.

e Layers at 45°/—45°: One finds by an analogous calculation a much weaker
value for the Hill-Tsai expression: (0.49)>. The layers 0°/90° fail first.

B Zone 2: With a shear stress resultant 7, = —=30 N/mm and 5 layers of
fabric with 0.24 mm thickness, one has:

Tpny = —25 MPa.

From which the strains are (Equation [2] above):

€= 0; €, = 0; Yoy = —1.46 x 107
e Layers at 45°/—45° (Equation 11.8):

5° 45°
o, =0, =0; 1,

= —38 MPa
Equation 11.4:
o =-1, =38 MPa=-0"; 17, =0

Hill-Tsai expression:

2 2

—38" —38 x 38
>t 2 2
360 420°

38
420

= (0.17)

corresponding to a factor of safety of 0—117 -1 = 500%

e Layers at 0°/90°: One finds a smaller value for the Hill-Tsai expression:
(0.1)°. It is the 45°/—45° layers that fail first.

2. (b) Verification for buckling: This is done starting from the graphs of
Appendix 2. In this view, one has to evaluate the constants Cy;, C,,, Cis,
Cy; that appear in the law of the bending behavior (Equation 12.16):

* As recalled from Section 14.2.2 (note 4 at bottom of the page), a balanced fabric is not
transversely isotropic. The Hill-Tsai (Equation 14.6) can be rewritten in this case as:

GZ GZ 2 1 TZ
—t ——_G0| 5~ +—L <1

2 2
O‘? rupt 07 rupt O-f' rupt O-Z rupt

€1 rupt

Without knowing 0 e and taking into account the weak influence of the modified term,
one uses the Equation 14.6.
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m Zone 1:

k=9
o glh
45 G = zpw E_:_;(Zk—z“)
(]
0° keidpy b3
P X
00
450
k=1
oly 7k 7 2 3 3 5 6 7 3 9

3
(Zk_zk—1) 0.2223 | 0.1256 | 0.0564 | 0.0150 | 1.152 E-3 | 0.0150 | 0.0564 | 0.1256 | 0.223
3

from which:

C; = Gy = 39,930 N mm

C, = Cy = 7555 N mm

H
I

8870 N mm

Then:

39,930 7555 0
[C1=17555 39,930 o |(Nxmm)
0 0 8870

Consider the unfavorable case of a plate simply supported at two of its sides,
clamped along the third side, and free on the fourth side (see figure in the Problem
Statement). Using the Plate 16 in Appendix 2 with the values:

C,,+2C C, N\
c==2 B o 22,295 _ 0.63; Q(ﬁ) > 1

NC X Chy 39,930 b\Chy
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one obtains
k#1.15
from which the critical compressive stress resultant is
Ny aivea = 1.15 7 (39930/40°)
Ny aitical = 283 N/mm < 435 N/mm applied

There is a risk of buckling, and one must reinforce the wing in the central part
of the spar where the compressive stress resultant is maximum by means of
exterior layers at 0°/90° in such a way to augment C); and C,,. For example, with
a supplementary external layer on either side:

C = 77,475 N/mm; C% = 9245 N/mm; C%; = 11,646 N/mm.
from which C = 0.42, & # 1, and:

N’ et = 477 N/mm > 435 N/mm applied.

u Zone 2:
Z
12 0.24

k=5 _cth 3 3

45° = Co= k=3 ply =k | Lk ~ Lk
0° R W] T = X i 3
45° N k=1 ply
o =
X ™ k=1

One obtains after calculation:

5300 2840 0
[C]l = ]2840 5300 0 [(NXxmm)
0 0 3065

In the unfavorable case of a plate simply supported on four sides (see figure in
the Problem Statement), one uses Plate 18 of Appendix 2 with the values:

a CZZ 1/4
c=17;, —=|—=— >1
7 b(Cn)

One obtains

k#7
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from which the critical shear stress resultant is

Txy critical = 7 n-z (5300/1302)

Txy critical — 21 N/mm < 30 N/mm apphed

There is then a risk of buckling and one must reinforce the web in this part of
the spar where the shear force is maximum. A supplementary external layer at
0°/90° on either side of this web gives

% = 18,890 N/mm; C% = 3450 N/mm; C% = 4070 N/mm.

From which: €= 0.6, k # 4.3, and:

Ty et = 47 N/mm > 30 N/mm applied.

18.2.11 Determination of the Elastic Characteristics of a Carbon/Epoxy
Unidirectional Layer from Tensile Test

Problem Statement:

Consider a unidirectional plate of carbon/epoxy, from which one cuts the two
samples shown below. They are tested in a testing machine. One measures the
strains using strain gages arranged as shown. The strains obtained under different
loads are linearized. One shows their values corresponding to a uniform tensile
stress 0, equal to 20 MPa.

Calculate the elastic constants of the unidirectional layer subject to in-plane

loading.
[ y ‘| y

£x= 143 £-6; £,= 36 E-6 £5,= 660 E-6; &5, = —250 E-6

Solution:

One can use the Equation 11.5:

B Sample No. 1: The axes x and y are ,coincident with the axes ¢ and ¢ (0=
0). From which:

e =% % p 20 _ 139860 MP

W= g T g kT s T Y 4
\Y 1%

glrz—ﬂxc =——€,XO'X—>V“=0.25

Y E. X E(
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B Sample No. 2: The axes x and y make an angle of 6 = 20° with the axes
[ and t, from which®:

leading to
1 0.1325
— 4+ == = 2.69 E-4
G E,
L1 1444
G E

from which: E, = 7320 MPa; G, = 3980 MPa
In summary:

E, = 139,860 MPa

E, =7320 MPa

Ve, = 0.25; v, = 0.013
Gy, = 3980 MPa

18.2.12 Sailboat Shell in Glass/Polyester

Consider a siding of a laminated shell for a sailboat made of glass/polyester. It
is made up of a stack of layers of balanced fabric and glass mat. The reinforce-
ments, in “E” glass, are in the following form:
Balanced fabric: V, = 20%, mass of the glass per square meter: m,, = 500 g.
Mat: V; = 15%, mass of glass per square meter: m,, = 300 g.

Problem Statement:

1. Calculate:
(a) The thickness of one layer of fabric of glass/polyester.
(b) The thickness of a layer of mat of glass/polyester.

2. Given the composition of the laminated siding as follows:

[M/F/M/F], (M <> Mat; F <> Fabric)

40 Vie _ Ve .
One has £ = -Y See Exercise 18.1.2
t (4
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unidirectional

Figure 18.9

x (0°)

Figure 18.10

what is the total thickness, denoted as b, of the laminated siding?

3. Elastic characteristics of a fabric layer: One considers a layer of balanced
fabric to be equivalent to two series of unidirectional plies crossed at 90°,
each series possessing half of the total thickness of the fabric layer (see
Figure 18.9).

The elastic characteristics of these unidirectional plies are as follows:

E, = 18,000 MPa; E, = 4900 MPa; G, = 1850 MPa; v,, = 0.3.

Calculate the elastic characteristics (moduli, Poisson coefficients) of a layer of
fabric in axes C,T.

4. The layers of mat are considered as isotropic in their planes, with the
elastic characteristics:

Ey, = 8350 MPa; vy, = 0.3.

Figure 18.10 represents one planar portion of the laminated siding. All the fabric
plies are oriented at 0° — 90°. Calculate the global elastic characteristics (moduli,
Poisson coefficients) of the siding working in its plane.

Remark: Tests done on samples made of this material indicate a modulus of
elasticity along the x direction to be equal to 9200 MPa. What can be said about
this?

5. Rupture: The rupture strengths, considered to be equal in tension and in
compression, are as follows:
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B Fabric layer: along C or T: Opypure fabric = 139 MPa.

B Mat layer: O,y v = 113 MPa.

(a) Calculate the maximum stress o,, leading to first ply failure of the
siding. What are the layers that fracture?

(b) Apply the maximum stress 0,,. In the previous layers that fractured,
the glass fibers are supposed all broken. What happens to the laminate?

Solution:
1. The thickness of a layer denoted as b is such that (see Section 3.2.4):
b = ﬂﬁ
ViPr
The specific mass of “E” glass is (see Section 1.6): p = 2600 kg/m’, from which:

Peapic = 0.96 mm; by, = 0.77 mm.

2. The siding is constituted of the following stacking sequence:

3 [ 2 1 & [ =

mat  fabric

The total thickness is
h =077 x4+ 096 x3 =596 mm.

3. Elastic characteristics of a fabric layer: The moduli and Poisson coefficients
can be evaluated starting from the simplified relations of Section 3.4.2.
One obtains, with & = 0.5 (balanced fabric):

E. = E, = 11,450 MPa
GCT = 1850 MPH, VCT = VTC = 0128

A more precise calculation of these characteristics requires to establish the matrix
hIAT™ of Section 12.1.2. (Equation (12.9)). We calculate at first %[A] (Equation 12.8):

%A,:, = (E))(0.5)+ (E)")(0.5)

The terms E; are given by the Equation 11.8. One will have, for example:

L 1 EE
pin = (EO(05) +(EN05) = 5 7= =~
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with

One obtains

11,737 1507 0
Al = 1507 11737 0o [(MPa)

0 0 1850
1 _0.128
11,540 11,540
hlAT! = |_0.128 1
[4] 11,540 11,540 0
1
0 0 1850

from which:

&
|

= E, = 11,540 MPa
1850 MPa

Ver = Ve = 0.128

Q

9}

Q
I

(The difference between the values obtained above is small).

4. Elastic characteristics of the siding: These are deduced from the matrix
HIAT™" (Equation 12.9) calculated for all the laminate.

We calculate at first %[A] (Equation 12.8):

1 — fabric — Mat

Ay = B+ EHE™)
with

fabric — 3 X 096 — 0483’ pMat = 0.517.

5.96
—, fabric — fabric = E C .
n =£FEx»x =E= P (see Equation 11.8)
1-v.,
— fabric = — fabric
Evn =V Eg Ez = Gep
— Mat = Mat By —Mat  ViaeEya
En = E»n = _____a_z_; En = ————2—a
1 vMat 1 vMat
EMat G EM,‘H
33 = Mat —
2(1 + vMat)
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We obtain

. 10,410 2149 0
E[A]= 2149 10,410 0 |[MPa]

0 0 2554
L0206
9966 9966
h[AT" = |_0206 1
] 9966 9966 O
1
0 0 755

then:

E, = E, = 9966 MPa
G,, = 2554 MPa
Vi = Ve = 0.206

Xy

Remark: The real modulus (measured) 9200 MPa is a bit smaller than the one
calculated. In effect, due to the curvature of fibers from weaving, a fabric layer
is softer than the stacking of unidirectionals that are crossed at 90°. However, the
approximation obtained by calculation is suitable (difference < 10%).

5. Fracture of the siding:
(a) One subjects the siding to a stress ©,,. The strains of this siding are
given by the Equation 12.9 as:

£ G, 0,:/9966
g, (=PI 0 =1 -0.206 0,/ 9966
’J/oxy 0 0

These strains give rise to the following stresses:

B In the layers of fabric (see results from Question 3):

Oc 11,737 1507 0 0,,./9966
oy (=3 1507 11,737 0 —-0.206 ©,,./9966
Ter 0 0 1850 0
1.15 o,,
=13 -0.09 o,
0
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The Hill-Tsai criterion in these layers is satisfied for a stress o, such that:

(1.15%)2 . (—0.09%)2 _=0.09x1.150;, _
139 139 139° -

as:
0,. = 116 MPa

B In the layers of Mat, with the values of the coefficients E}m of Question 4,

we have
o, 0,../9 966 0.860,,
— Mat
o, ( = [E 1§ —0.206 6,,/9 966 { =7 0.0870,,
Ty 0 0

The Hill-Tsai criterion in the mat layers is satisfied for a stress ©,, such that*":

=1

(0.86%)2 .\ (0.087(%)2 0.86 X 0.0870".,
113 113 113°

then:

G, = 138 MPa|

The fabric layers are the first to fail, for a stress of

o = 116 MPa

0xX max

(b) This stress being applied, the rupture of the fabric layers translates
into the rupture of the glass fibers. The stress resultant corresponding
to this constraint as:

N, = O max X b =116 X 5.96 = 691 N/mm
is then completely taken up by the layers of Mat. The stress in these layers is then:

N, 691
O e = = = 224 MP
XM A X by 4X0.77 4

A mat layer does not have transverse isotropy in the axes y, z (or x,2). The Hill-Tsai expression
is then modified. We use however the Equation 14.6 here (see remark 39 at the bottom of
page in Application 18.2.10).
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It exceeds the rupture strength of the Mat (113 MPa). Then this latter layer fractures.
The siding is then completely broken under the stress:

O max = 116 MPa

18.2.13 Determination of the In-Plane Shear Modulus
of a Balanced Fabric Ply
Problem Statement:

Consider a sample cut from a laminated panel made of identical layers of balanced
fabric, all oriented along the axes C (warp direction) and 7 (fill direction) in the

following figure.
The sample is in a state of simple tension in its plane along the x axis as

shown in the figure.
o, #0; O, = Tpy =0

Two strain gages are bonded (see figure). These are denoted as 1 and 2:

- 27 c
X i
=

— m » or

B From gage 1, one reads a strain €.
B From gage 2, one reads a strain g,

1. Noting that y,,, = 0, give the expression for the distortion ¥, in the axes

C and T as a function of g, .and g,
2. Give the expression for the stress 7.,in the axes C and 7'as a function of o,,.
3. Deduce from the previous answer the shear modulus G as a function of

€, €y and O,

ox) ©oy

Solution:

1. Equation 11.7 allows one to write

2 2
Ec c S —CS Eox
= 2 2
Er s c cs £,
2 2
Yer 2¢cs =2¢cs (¢ =S5) Yoxy
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Here, we have a balanced laminate with midplane symmetry, loaded in its axes
x,y. Then (Equation 12.9): ¥,,, = 0, from which:

. 1 1
2¢cs g,,—2cs g, with ¢ = —; s = ——

V2 N2

Yer

YCT = - eox + Eoy

2. According to Equation 11.4:

2 2
(o c S —-2cS O,
= 2 2
Oy s c 2cs 0
2 2
Tor sc —=sc (c"=5") 0
then:
O,
Ter = SC O,y = — %C

3. The constitutive behavior of the fabric in its axes can be written, starting
from the Equation 11.5, as:

1 Ver
E- - _ (o5
c i i 0 C
= V(JT 1 =
Er "k L 0 Oy
1
0 0 =
Yer Ger Ter
Ter
Yer =
Ger
From which:
O,
GC,T — ox
2 ( Eox— St)y)

18.2.14 Quasi-Isotropic Laminate
Problem Statement:

Consider a laminate made up of a number of identical unidirectional plies, with
midplane symmetry and the following composition:
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25%
25%

25% —» XxorQ°
25%
The elastic characteristics of a ply in its axes € and ¢ are denoted as:
E, E, Gu, Ve, Vi

One examines the behavior of this laminate under in-plane loading, following the
law (Equation 12.9):

EU.X GO.X
-1

€, (= h[A] O,

ynxy Toxy

1. Calculate the coefficients of the matrix l[A] .

By inversion, deduce from there the elastic moduli of the laminate.

3. What comment can one make? Deduce from there the law for the behavior
of the laminate under in-plane loading in the axes (X,Y) derived from the
(x,)) axes by a rotation angle 6.

o

Solution:

1. Coefficients +A4

54, are given by the Equation 12.8 as:

1 L
A = Z[E5}+E30 +E;° +EZ,45}

The stiffness coefficients E?, are obtained from the behavior of a ply
(Equation 11.8). In using this relation for 8 = 0°, 90°, +45°, —45°, one obtains

1 1 1 - = _
EAH = EAzz = Z[%(E(+Ez)+ Vi E(+2G€l:|
1 1mri1,.- - -
EAIZ = i §(E€+Ez)+3vtg Ee—2Gy,
1, 1l . - _
545 = 7| 3Bt E) = v B+ 26,
1 1
/;Als = EAza =0
where one recalls that: B, = —=¢ . E = 5
T=vv, 1=v,v,
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The matrix %[A] reduces to

1 An A O
b Ay Ay O
0 0 A,

2. From the above, the modulus of elasticity of the laminate in directions x
and y, and the associated Poisson coefficient are

1
1 51411 _ 51412

A4 _
1 2 2
E ;;(All _A12)

T 1, 2 20
E ;E(An _Alz)
One obtains after calculation:

_ [2(Ee+E)+4v, EllEe+E =2V, Ec+4G,,]

4[%(&( + E{) + Vte E( + 2G(’li|

J(Ec+E)+3v, Ec—2G,,

J(Ec+E)+ v, Ec+2G,,

The shear modulus is written as:

G = [%(E{*‘E;)-VW E(+2G{/[:|

1
4
3. One can remark that:

E
G = ——
2(1+v)

This leads to an isotropic elastic behavior of the laminate in its plane. As a result,
in all coordinate systems (X,Y) derived from (x,)) by any rotation angle, the
constitutive behavior of the laminate is unchanged and is written as:

1 14
& [ (o)
‘ X 5 % 0 X
&y z 5 0 o,
1
Yxy 0 0 G Txy
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Remark: This result generalizes to other groups of orientations for plies such as:
[O7E7g._}; [071t7g.7_z.’ 27_[7@}
3°3 557575
and so on.

More generally, a laminate made up of » orientations (a whole number n > 2),
having the values of ;—f(p— 1), with p = 1,..., n and with the same proportion of
plies along each orientation as (1/7) is elastically isotropic. One shows also that
for all these laminates, £ and v are invariable.”

18.2.15 Orthotropic Plate in Pure Torsion
Problem Statement:

Consider a square plate (a X a) of unidirectional glass/epoxy (V= 60%), thickness
b, welded at the center of its lower face on a support. It is subjected to a uniform
and constant torsional moment density 72, (N mm/mm) along its perimeter.43

The directions €, ¢ of the unidirectional form an angle 6 with the axes x,y of
the plate (see figure).

1. Assuming that all stress resultants in the plate are zero (except the torsional
moment), determine the bending displacement at all points of the mid-
plane.

2. Determine the state of stresses in the axes (x,)) then in the axes (€,1) of
the unidirectional layer.

3. Numerical application: 8 = 45° a =1 m; » =5 mm; m, = -10 N mm/mm.

* For more details, see Bibliography at the end of the book: “Stiffness isotropy and resistance

~ quasi-isotropy of laminates with periodic orientations.”

* The practical importance of such a load is very limited. It is better to consider this example
as a means to validate a computer program using finite elements. It is one of the “patches”
issued from the work “Computer programs for composite structures: Examples of reference
for validation” (see Bibliography at the end of the book).
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Solution:
1. In the constitutive Equation 12.16, one has

h/2 3

_ >
C~ = E;J zd = Et—
v ’ —b/ZZ o 12

then:

b3

(€1 = IE]

where [E]is the matrix shown in details in Equation 11.8.

By inverting the Equation 12.16 and noting that:

where F} is the matrix shown in details in Equation 11.5, one has

2 1211 7

Jd w, = —| = _ 1
2w, I -, [
dy _Mxy

32100 »

—2 oxdy

Assuming the unit stress resultants all to be zero except waﬂ one has

[Vx = Ny = Txy = Mx = M} = 0; Mxy =m,

There remains (see Equation 11.5):

'w , 'w o'w
____.s_gﬂﬁm. ﬁ_g:lZHﬂmo; 2____2212_1_,%0
2 3Gy, oxady 5 G,

8x2 - ]95 ny ° 8y

Therefore one can write w,(x, ) in the form:

m
w, = % GO(Ax2+By2+ny+Dx+Ey+F)
xy

* With this hypothesis, equations of equilibrium, constitutive equation, and boundary conditions

are verified.
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d d
At the center of the plate: w, = 0; .élfi" = e _
X ay
from which: D = E = F = 0. And by identification with the second derivatives:
24 = nxy; 2B = :uxy; 20=1

The out-of-plane displacement takes the form:

6mo 2 2
= bs_ny (May X+ ey + X)

(2]

o

2. State of stresses: The strain field in the axes of the plate is written as
(Equation 12.12, taking into account [1]):

azw(,
& oo 0

) 1271
e (=% _ow f=2x32] g
v P h°LE

’w

N Y —m

Yy Zc?x&y ?

Ox b 12 1 12
o, = [E] £, = zX _3[E]|:E:| 0 = ZX;
Tyy Yy —m, —-m,

then:

o, =0;, o0,=0;, 1, =—z><lgm
y Xy b3 [}

B Stresses in the axes of the unidirectional: These are obtained by using
the Equation 11.4, which is®

O, = —2¢S T, = ZXcsX—=m,
’ b
_ _ 24
o, = 2¢8 1T, = —ZXCcSX—m,
b
2 2 2 2 12
Ty = (¢ =$8)T,, = —2(c” =5 )x;;mo

> s s 2
“ Note that here the angle 6 = (£ - x) since the Equation 11.4 is written with 8 = (x-¢).
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3. Numerical application:
One has (Section 3.3.3) for the glass/epoxy:
E, = 45,000 MPa;  E, = 12,000 MPa;
Gy, = 4500 MPa; v, = 0.3 (v, = 0.08)

from which (Equation 11.5 with 6 = —45°):

My _ My _ 01375
G,y Gy 4500
and w, takes the form:
1 2
= ——[xy—-0.1 2+
Wo = 5 375[xy 375(x*+ )]

The deformed configuration is shown in the figure below:

z

The stresses (in MPa) are written as:
0,=0,=0; 1,=096 Xz (mm.
0, =-0,=096 X z(mm); 7T,=0
18.2.16 Plate Made by Resin Transfer Molding (R.T.M.)

Problem Statement:

First part:
A roll of mat of carbon fibers has the following characteristics:

Areal mass density: m,, = 30 g/m2
Specific mass: p,= 1,750 kg/m’
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One deposits 21 layers of this mat over a plate in a rectangular mold. The mold
is then closed and sealed, as shown in the figure below:

polyester resin

mold

4} vacuum

R, and R, represent two valves.

B R, is closed, R, is open. The mold is vacuumed.

B R, is open, R, is open. Polyester resin is filled into the cavity of the mold.
Then resin begins to flow out through valve R,.

B R and R, are closed.

The mold is then heated, and the resin polymerizes. After demolding, one obtains
a plate of mat/polyester.

1. Calculate the fiber volume fraction V; (%).

2. Calculate the modulus of elasticity along the longitudinal and transverse
directions, denoted respectively as E, and E,, of a unidirectional of carbon/
polyester, that would have the same amount of fiber volume fraction. The
following is given

Epe = 230,000 MPa; E, = 15,000 MPa (Section 3.3.1, Table 3.3)
E. . = 4000 MPa (Section 1.6)

3. Starting from the relation in Section 3.5.1 giving the modulus of elasticity
of mat (which is assumed to be isotropic in the plane of the plate), deduce
from there the value of E.,. Assume that v, = 0.3.

Second part:

One polymerizes on each face of the previous plate two plies of preimpregnated
carbon/epoxy unidirectionals with V, = 60%. (see characteristics given in
Section 3.3.3). Each ply has a thickness of 0.13 mm. The four plies (two above,
two below) are oriented in the same direction denoted as x (or 0°). The midplane
of the laminated plate coincides with axes x and .
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1. Write numerically for the unidirectional and for the mat the constitutive
relation in the x,y axes in the form:

o, £,
o, (= IF ¢,
Txy ’}/xy

2. Calculate in the axes x, y the coefficients of the in-plane constitutive relation
of the laminated plate (matrix [A], Section 12.1.1). Deduce from there the
moduli of elasticity and the Poisson coefficients of the plate.

3. Calculate in the axes x,y the coefficients for the bending behavior of the
laminated plate (matrix [C], Section 12.1.4). Deduce from there the apparent
bending moduli along the directions x and y.

4. This laminated plate is submitted to a tensile stress resultant along the x
direction denoted as N, (N/mm). The tensile rupture strength of mat is
100 MPa. Calculate the value of the stress resultant N, that leads to first-
ply failure of the laminate. In which component (unidirectional or mat)
will this failure occur? This component is supposed to be completely
broken (i.e., its mechanical characteristics are reduced to zero). What then
is the state of stress in the other component? Make a conclusion.

Solution:
First part:
1. Fiber volume fraction of carbon:

__vol. fibers
/™ total volume
If s is the rectangular surface at the base of the mold, the volume of a layer of mat is

Pr

N

from which, for 21 layers:

21 xXsxm,./p;
Vv, = 4= = 12%
) §X3x10

2. Moduli of elasticity (see Section 3.3.1): One has

E, = EV+E,V, = 31,120 MPa

E, = E{_________lb } = 4386 MPa

Vm+}7:f‘lvf
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3. One has (see Section 3.5.1)

E.. = SE,+2E = 14410 MPa
8 8
Second part:
1. Constitutive behavior:
B Unidirectional:
1 0.25
€ —_ = O
. 134,000 134,000 0 ¥
— | __025 1
& 134,000 7000 0 Oy
1
Yy 0 0 3200 )| Twy

After inversion:

O, 134,440 1756 0 &

o, (=] 1756 7023 0 |1 &

T, 0 0 4200] | 7,

B Mat:
1 0.3
€x 14,410 14,410 0 %,
_ 0.3 1
& (7 |TTa40 14,410 0 o,
2(1+ 0.3)
Vay 0 0 14,410 | U T
After inversion:

o 15,835 4750 0 €.

o, (= | 4750 15,835 0 g,

T, 0 0 5542) | 7y

2. Membrane behavior of the laminated plate:

n
k) (k)
A;= Y Eyje
ply n°1
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e
I

134,440 x 4 x 0.13 + 15,835 x 3 = 117,408 (MPa mm)

o
Il

7023 x 4 x 0.13 + 15,835 X 3 = 51,151 (MPa mm)
Ay, = 1756 X 4 x 0.13+ 4,750 x 3 = 15,163 (MPa mm)
A=Ay =0
Ay = 4200 X 4 x 0.13 + 5542 x 3 = 18,810 (MPa mm).

From this, and with a total thickness of the plate of

h=3+4x0.13 =352 mm

we have

117,408 15,163 0
(4] = | 15,163 51,151 B
. 0 0 18,810
[ _ 013 0
32,078 13,975
hlA] = |03 _1_
32078 13,975
1
0 0 =a

then for the moduli of elasticity of the plate:
E. = 31,078 MPa; v,, = 0.3; Gy = 5344 MPa
E, = 13,975 MPa; v, = 0.13

Y

3. Bending behavior of the laminated plate:

(k) Z/e 1
- 3 #(E)

ply n°1

unidirectional

“_si“ﬂ __middle pl_arze_[ll_

mat
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1.76°=1.5° 1.5°

Cy, = 134,440 x———g——'—x2+15,835x—§—x2 = 221,763 MPa x mm’
3 3 3
C, = 7023x1—'16——3_—1'—5-x2+15,835x1—'5§—x2 = 45,352 MPa X mm’
3 3 3
C, = 1756XM><2+4750><%><2 = 13,119 MPa X mm’
Cis=Cy =0
3 3 3
633=4200><—1~'~7-6-~3:~1~'-§—><2+5542><-1-§—><2 = 18,284 MPa x mm’

from which (see Section 12.1.6):

1 1 Lo
217,968 753,509 Eln  El
-1 1 1
[C] = ! 1 = |= —_— 0
753,509 44 576 0 Eln EL»
1 1
0 0 18,284 o0 =

Apparent bending modulus in the x direction:

S — E;, = 59,972 MPa
h

3
Bl Bpox 35

The apparent bending modulus in the y direction:

1 1

S %Eﬁ, = 12,264 MPa
X '/
2 E.f.'l/ X 12

&

4. Rupture: For a stress resultant N,, the plate is deformed in its plane
according to the relation:

896 Nx
e, [=14T7] o
’J/xy 0

then with the values found for [A4]™":

—6 —6
£, =8856x10° X N; & =-266x10°"%xN; %,=0
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One then has for the stresses:

B In the unidirectional layer:
0, = 0, = 134,440 €, + 1756 €, = 1.183 N,
0, = 0, = 1756 &, + 7023 €, = —0.003 N,
Ty = Ty = 0.
B In the mat layer:
o, = 15,835 ¢, + 4750 €, = 0.128 N,
0, = 4750 €, + 15,835 €, = 55 x 10 x N,
Ty, =0
From which the failure criteria are (see Section 14.2.3)
B In the unidirectional layer:

(Lmwa+c@ommgz_1w3x4nmyﬁ

, <1
1270° 141° 1270°

Failure will not occur when: N, < 1072 N/mm.
B In the mat layer:

(0H&Wf+(55E6xA@2_QH8x55E6fo<

1
100° 100° 100°

Failure will not occur when N, < 781 N/mm.

Failure will first occur in the mat layer (first-ply rupture). The mat is supposed
to be completely broken. The stress resultant N, = 781 N/mm leads to a state of
uniaxial stress in the laminate such that:

N, 781

=0, = ——— = — = 1502 MPa>
Oy O 4 % 0.13 0.52 50 a>0oy rupture

The fibers in the unidirectional layer are broken.
Conclusion: The first-ply failure leads to ultimate rupture of the laminate.

18.2.17 Thermoelastic Behavior of a Balanced Fabric Ply
Problem Statement:

Consider a layer of balanced fabric made of carbon/epoxy (V, = 60%). The
configuration of a unit cell (@ X @) is shown in Figure 18.11. One considers the
layer of fabric as equivalent to two layers, each with a thickness e.
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Figure 18.11

al2

Figure 18.12

First part: Upper layer

We study the upper layer as shown schematically in Figure 18.12.
Assume that this upper layer behaves as if it consists of two equivalent unidirec-
tional layers (a X a) crossed at 0° and 90°. These layers have equivalent thicknesses
denoted respectively as:

0°
equi

90°
equi

e and e

0° . 90° _ 1
1. Show that e.,; = 20; Coqui = 7€

2. Deduce from the above the stiffness matrix %[A] of this upper layer made
up of the two previous unidirectionals, with the values of the moduli and
Poisson coefficients for the unidirectional indicated in Section 3.3.3.

3. Deduce from the above the moduli of elasticity and Poisson coefficients
of this upper layer, denoted as E,, E,, G,,, vxy.46

4. The coefficients of thermal expansion of the unidirectional are denoted as
o, and ¢, (see values in Section 3.3.3). What are the values of the
coefficients of thermal expansion o,,, «,, @, of this layer? (One will at

oxy Yoy Yoxy

first calculate the terms denoted as <aEb>; of Section 12.1.7).

46

Note here that:

1 E. vuEo 0
A \voE,  E, 0

by

0 0 Gy
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layer n°2

layer n°1

Figure 18.13

Second part: Complete fabric layer
Now we consider the complete fabric ply (thickness 2e, see Figure 18.11) as the
result of a simple superposition of two layers like the one that was studied in
the previous part, these two layers being crossed at 0° (upper layer no. 2) and
at 90° (lower layer no. 1.

One retains in the following e = 0.14 mm.

1. Write numerically with the previous results the in-plane constitutive behav-
ior for layer no. 2, then for layer no. 1 in Figure 18.13 in the form {c} =
[E]{e). o

2. Calculate the coefficients aF; (see Section 11.3.2) of layer no. 2, then of
layer no. 1.

3. Calculate the matrix [A] characterizing the in-plane behavior of the double
layer in Figure 18.13 (layer no. 1 + layer no. 2).

Third part: (Independent of the two previous parts until Question 9)

We consider a laminate which consists of two orthotropic plies noted as 2 and
1, each with a thickness e, crossed at 0° (or x) and at 90°, respectively. We give
below the respective thermomechanical behavior of these layers in axes x and y,
which are written as:

Ply no. 1 (lower ply):

Oy a ¢ O] & ¥i
o,( =|c b 0y ¢ (mAy g
Ty ), 0 0 d{ 7, 0

Oy b ¢ O & g
o, =|c a Oy g (AL f
Ty ), 0 0 d Yy 0
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Recalling that the thermomechanical behavior of a laminate is written as:

SO.X — —_
N x gqy < (XE b > x
NV ’}/ox] < aEb))’
Ty | _ {A 5] Fw, (_pp (aEb),,
M, B C ox* {aEh 2>x
-M, A (aEDY,

dy 5
=M, Fuw, | (OED") )|
) 3

Write the literal expression of matrix [Al.

Write the literal expression of matrix [C].

Write the literal expression of matrix [B].

Calculate the terms <aEb>,, <akb>,, <aEb>,,, <QEh*>,, <aEh’ >, , <oEh’ >
Write the thermomechamcal behawor equation.

This plate is not externally loaded. It is subjected to a variation in
temperature A7, Deduce from item 5 the corresponding system of equa-
tions. PY

7. Give the values of ¥, and e,

Write the equations that allow the calculation of other strains.

9. Taking into account the results obtained in the second part, write numeri-
cally this system of equations with AT = —160°C. Give the corresponding
values of strains. Comment.

S

@

Solution:

1.1. Volume of fibers at 0°:

2

0o 3a 0°
Vv = Txe = 61 X Cequiv.
Volume of fibers at 90°:
aZ
90° 90°
v o= er =a X Cequiv.
from which:

&= 3e S0 =€
CquV. 4 ) equV. 4

© 2003 by CRC PressLLC



1.2, Stiffness matrix %[A]: According to the Equation 11.8 and the values in

Section 3.3.3:

Ey

—0°

Evy = E, = 7023 MPa: Es = Gy, = 4200 MPa

—90°

E¢ = 134,439 MPa; Ei» = v, E, = 1756 MPa

EN = 7023 MPa; En = 1756 MPa; E» = 134,439 MPa; Es = 4200MPa

—0° 3¢  —oo°
Ay = En X%*‘En X

—=0° e —=90°
A22 = EszSZ-f‘Ezz X

Ay, = 1756 MPa; Ay = 4200 X e (MPa.mm)

I AR

. 102,585 1756 0
plAl =1 1756 38,877 0 |(MPa)
0 4200

1.3. One has, according to Equation 12.9:

L Ve
E, E,

(R
0 0

from which:

E,. = 102,506 MPa

E, = 38,847 MPa

102,585 X e (MPa.mm)

38,877 X e (MPa.mm)

Vye = 0.017; v, = 0.045

G,, = 4200 MPa

One then can verify that:

Ex vyx Ex
1
pA v B, E,
0 0
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1.4. One has (Equation 12.18):

1
(07 Z < oFE /9> x

, t = b[A]" ;(aEb),

1
o, xy E < oFE /0> Xy

With (Equations 12.17 and 11.10):

(abhy. = ab x2e+ab” x & = -

4 4

Eg(af + v, 0) X %e +E,(v(,oc€ + a,) X g

with (Section 3.3.3): @, = -0.12 x 10 ; &, = 3.4 X 10

%(aEb)x 1726 x 10~. Then:

1
E ( (XElf))),

15,203 x 107; %((be)XJ, =0

One then deduces:

Ope=-23%107; @, =39%x10"; 0Oy, =0

2.1. Constitutive behavior: {6} = [E]{e}: According to Equation 11.8
Layer no. 2:

- Ex
En = Ex = T = 102,584 MPa etc.

rx ny

B 102,584 1744 0
[E]"" =] 1744 38,877 0

0 0 4200

Layer no. 1:

~ 38,877 1744 0
[E]" = | 1744 102,584 0

0 0 4200
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2.2, Coefficients F,:
Layer no. 2:

0E, = Edo,, + V) = —0.0168

by = 01512, aEy =0
Layer no. 1 (rotation of 90°):

af = 01512; aby’ = —0.0168; oFs =0

2.3. In-plane behavior of the double layer:

Ay, = EW xe+ B xe = (102,584 + 38,877) x 0.14, etc.

19,804 488 0

(Al = | 488 19,804 0 [(MPa.mm)
0 0 1176
3.1. Matrix [Al:
(a+b)e 2ce 0
(Al = | 2ce (a+b)e 0
0 0 2de

3.2. Matrix [C]:

C,, = a(o_(_e)3)+b(85_o) = (6t+b)6§,etc.

3 3
(a+b)%3 2¢c= 0
[C1=| 28  (a+p)s 0
3
e
i 0 0 ng_

© 2003 by CRC PressLLC



3.3. Matrix [B]:

By, = a(O—(Z—e)Z)_'_b(eZZ—O) = (b—a)%z, etc.

(b-a)e 0 0

[B]

3.4. Terms <oEb>; and <OtEb2>,~:

(akb), = fe+ge = (f+g)e
(akb), = (f+g)e; (akh),, =0
(aEb. = (g%

(aEDY, = (f-g)%:  (aEb)e =0

3.5. Thermomechanical behavior:

]\]X i )l
(a+b)e 2ce 0 (b-a)3 0
N, &
2ce (a+b)e 0 0 (a—b)a
T, 0 0 2de 0 0
= 2 3 3
M, (b-a)3 0 0 (a+b)% Zc%
2 3
e e e
M, 0 (d—b)‘i 0 2¢c— (6t+b)‘3~
0 0 0 0 0
_MX.V -
(f+g)e
(f+8)e
0
... AT 2
(g-N5
eZ
(/-8)3
0
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3.0. Variation of temperature AT:

One has here:

from which we have

(a+b)e 2ce 0 (b—a)% 0 0
2ce (a+b)e 0 0 (a=b)5 0
0 0 2de 0 0 0
2 3 3
e e e
(b—ﬂ)a 0 0 (d+b)§ 265 0
2 3 3
e e e
0 (d—b)‘i 0 26‘5 (d+b)‘3' 0
3
0 0 0 0 0 2d5
3.7. One can note that:
dw,
yoxy = O; =
oxdy
3.8. There remains
_ i - Eox
(a+b)e 2ce (b-a)3 0
, £,
2ce (a+b)e 0 (a=b)5
2 3 3 d’w,
(b-a)5 0 (a+b)s — 2c5 o
2 3 3 N
0 (a=b)3 2c"§ (a+b)% _dw,
L = 82;)/2

Ne=Ny =Ty =M =M=M,=0

ox

0y

’)/uxy

Fw,
5z

T2 oxdy

= AT

(f+g)e
(f+8)e
= AT |
(g-N%

(f-¢ )‘5

(f+g)e
(f+g)e

(8-

Remark: According to the model studied, one truly must have
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0w, J'w,

ox’ ay

2
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It is worthy to note that with this hypothesis one obtains two identical systems
of equations which are written as:

(a+b+2c)e (b—a)% Eox (f+g)e
2 = AT

2 5 2w, _ g_z
(b—&l)% (a+b=20)5||"50 (&=/)3

3.9. With the results of the second part, and AT = —160°C (corresponding to
the cooling in the autoclave after the polymerization of the resin), one has
(units: N and mm):

e’ e’

(a+b)e = 19,804; 2ce = 488; (a+b)—3- = 129; 2c—3— =32

2 2
(b—a)% = 624; (f+g)e = 0.0188; (g—j)% = —0.00164
from which we obtain the strains and curvatures:

En = &, = —1.7X 107

2 2
d°w, J'w

5 = = 8.6x107
ox dy

We can conclude that during the cooling the layer of balanced fabric not only
contracts but also, due to its weave, takes the form of a double curvature surface
along the warp and fill directions; that is, the form of a horse saddle.

18.3 LEVEL 3
18.3.1 Cylindrical Bonding
Problem Statement:

We propose to study, in a simplified approach, a bonded assembly of two
cylindrical tubes (figure below). The shear moduli of the materials are denoted
along with the figure:

adhesive

-4 Mt G, for material 1

]
@ rp G, for material 2

/ @ G, for adhesive
i % |
| 'L &

~Mt — &
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The deformed configuration of the generator of each of the tubes viewed from
above is shown in the following figure, with the shear stresses 7,, and 7,, that
are assumed to be uniform across the thickness of each tube. Also shown is the
bonding element.

before application of the couple Mt after application of the couple Mt
£
1 H 2
J adhesive
Te y Bt %

I
T, =
, ¢ \\?(4 _ (T4 + d14)eydz

_ (T|+dt1)e1d2 / — rc(dxd7

—. adhesive / adhesive /
== (12 ¥ dtz)ezdz
" \ b (2 + d1p)exdz

T2

ax

dz

1. Find the distribution of the shear stresses in the adhesive layer, denoted
as 7. in the previous figure.
2. Numerical application:

G, = 28,430 MPa; G, = 79,000 MPa; G, = 1700 MPa;
e, = e, =12 mm; e. = 0.2 mm; M, = 300 m.daN;
7, = 63.5 mm; r, =51.5 mm; ¢ =44 mm.

3. Calculate the maximum shear stress in the particular case where the
materials 1 and 2 are identical and have the same thickness, denoted as
e, which is small compared with the radii.

Solution:

1. Shear stresses in the adhesive layer: In the previous figure that represents
the bonding element, one reads the following equilibrium:
B Equilibrium of material element 1:

d
drie,dz+ 1, dxdz = O—>;,%e1+rc =0 [al
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B Equilibrium of material element 2:

d
dte,dz—1T.dxdz = O—>-6-i,—§fez—rc =0 [b]

The shear stresses are proportional to the angular distortions, denoted here as ¥
for material 1, 9, for material 2, and 7, for the adhesive, from which:

—_— Tl. —_— Tz. —_— TC
J/1 - Glr YZ_ G27 }/c_ G(;

In addition one has the following geometric relation, by approximating the tangents
and angles (tg 6 = 6; see figure):

-y, dx+Y,dx
(YC+d’}/c)_’}/c# %
as:
dy. _r—n
dx e,

In substituting the stresses:

dre. _ T _ T [c]
dxG, G, G,
One then obtains the 3 relations [al, [b], [c], from the unknowns 7, 7,, 7.
Eliminating 7, and 7, yields

d’t,

e. T, " T,
de Gc

e,G, G,

then:

d’t G,
zc—lzTC =0 with A’ = —C(L+ 1 )
dx e \e;G, ¢e,G,

The general solution for the above differential equation is:

T, = A ch Ax + B sh Ax.

B Boundary conditions:
For x = 0: It is the free edge of material 2, where y, = 0 and %, = 7,,/G..

from which: d—% _rLZh _ _To

d.X' x=0 eC ecGl

d G [d]
then: T = TG

d.X' x=0 eC Gl
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For x = €: It is the free edge of material 1, where 7, = 0 and §, = 7,,/G,

d — T
from which: ave _rmn o T
dx| _, e, e .G,
ar, T0G e}
th . Cc — 20~ ¢
o dx|_, eG,

The boundary conditions [d] and [e] allow the calculation of the constants A and
B of the general solution. We obtain

B
te= eJL{(Glth 7t Gon ag) M Ao b M}

2. Numerical application:

M,
T]O = Py = 986 l\/{})a7
27@rie
M,
Ty = — =15 MPa
2nrse,

One obtains for the shear stress 7. the following distribution, where the stress
concentrations at the extremities of the assembly can be noted.

1 shear stress in
adhesive 1, (MPa)
13.6 MPa
8.8 MPa
0.4 MPa
T T I T X (m)
0 10 20 30 40 44

| length of adhesive joint |

This explains that one should not design such a bonding assembly by basing on
the average shear stress, which does not exist in reality.
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Note: The proposed numerical values correspond here to those of Application
18.1.4 relative to the design of a transmission shaft in carbon/epoxy. One can
note that the rupture strength of araldite, taken to be 15 MPa, is not effectively
reached at the location of stress concentrations.

3. Particular case:

G =G,=G;, e=e=¢ ¢/rn#em,.

The comparison:

t _ !
— and T, = —

Ty = > >
2mrie 2nrye
allows one to write approximately:

Tio # Ty

from which:

G, 1 1
T, = /”LeCGT"{(th /'L€+Sh /w)ch Ax —sh lx}

One notes the presence of peaks of identical stress at x = 0 and x = € as:

. _ G _ch M+l _ G 1
e = e G sh A e Gl A
2

Taking into account that:

Ve 1 A2
TC max = TO—

24y, 2 “%h A2

reveals the average stress in the adhesive (fictitious notion as mentioned above):

. _ M, _ M, e - e
average - 7 — Yoy
2mt 2mrel €

from which:

S A0/2
¢ max average th Ag/z

© 2003 by CRC PressLLC



In setting A€/2 = a, one finds again the relation of Section 6.2.3:

18.3.2 Double Bonded Joint

Problem Statement:

max

th a

G.A*
. with a= |——
ZIVCFZlgC 2 Geec

Shown below is an assembly consisting of two identical plates of material 1
bonded to a central plate of material 2. This joint provides a plane of symmetry
(x — ). We will study approximately the shear stress in the adhesive. For that,
assume that the stresses are just functions of x.

5™ ¢ N adhesive
» Ty |- ]
— ¢
- i Y -
o=
= I T a
g_l 3 I —262

The configuration of a bonding element of length dx is shown below. The
moduli of the materials are denoted as: E; for material 1, E, for material 2, G, for

the adhesive.

Z U,

Uy

dx

dz

€4

]

% adhesive

4"

H

=)

el =
oje,dy T.dxdy (oy + doy)e,dy

]

2 '
]

==

[l ———
y symmetry
G,8,dy (0 + do,)edy
X

1. Determine the distribution of shear stresses in the adhesive, denoted as 7.(x).
2. Numerical application: The two external plates are made of titanium alloy
(TA 6V), with thickness 1.5 mm. The intermediate plate is a laminate of
carbon/epoxy, with V, = 60% fiber volume fraction and the following

composition:
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The thickness of one ply is 0.125 mm. The rupture strength of the adhesive
(araldite) is taken to be 15 MPa. Its thickness is 0.2 mm. What length of
bond € will allow the bonding assembly to transmit a stress resultant of
20 daN/mm of width?

3. Calculate the maximum shear stress in the particular case where the mate-
rials 1 and 2 are identical and where ¢, = e, = e.

Solution:
1. Shear stress in the adhesive: In the previous figure showing an element

of the bond, one reads the following equilibrium:
B Equilibrium of element of material 1:

d
doe, dy+T.dxdy = 0—>—o—gc—le1+rc =0 [a]

B Equilibrium of element of material 2:

d
do,e,dy—1.dxdy = 0—)%62—1} =0 [b]

In addition, one also has the following geometric relation in approximating the
tangents and angles:

U, — Uy
=
Ye e
then with the constitutive relations:
T, dul—la duz_lc
7/C_GC’ dx —E, "V dx E, °
T L W2t
G, e,
e dr. _ 0, O [c]
G.dx E, E

One obtains three relations [a], [b], [c] for the three unknowns o, 0,, 7.
One can write:

l1do, 1, 1do, 1.

E, dx _e]E]; E,dx ek,
1do, 1d02__(1 1)

— +
e B, ek,
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Taking into account the relation [c]:

iz(ﬁ_ﬁ) _ @(L . L)(ﬂ _G_z)
dx’\E, E, e\ek, e[L,)\E, L
2
o, O o, O G,
15(—1——2)—),2(—1——2) =0; with A’ = —( L2 )
dx\E, E, E, E, e\e kel
The solution of the differential equation can be written as:
o, O
——-—2 =4 ch Ax+B sh Ax
E, E,
B Boundary conditions:
o, O o
fi =00, =0 do<=0th:—1——2) ==
or x e 0 an ) en (E1 nl_ "
o, O o
forx =4€; 00=0 and 0, = 0y then:(—l——z) = -2
1 B et E,

from which we can write the constant values:

_ _( O + Oy )
E,sh A  E, th AL

In addition (relation [a] + [b]):

do,

dx é

dori

— =+
5

where: T

i} = AA sh Ax+BA ch Ax
e F,

That is, according to [a]

1 1

—T,| —+
C|:31E1 ek,

] = AA sh Ax+BA ch Ax

O, 1 Oy
o /lf)Ch Ax Z) sh Ax}

T—GC (% L.
< eA|\E th AL
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Remarks:

B One obtains in this manner only an approximation for the shear stress
7. It should be possible to deduce directly from relations [a], [b], [c] a
differential equation in 7.. However, its integration will reveal at the
limits x = 0 and x = € the zero values of 7. (free surface of the adhesive)
making it impossible to obtain a nonzero solution. At the inverse, the
expression found here for 7, does not become zero for x = 0 and x = €.
This contradicts with reality.

One can conclude from the above that the unidimensional approximation for
the stresses 0y, 0,, 7. is unwarranted. However, the form found here for 7. gives
an acceptable order of magnitude for this stress, except at the immediate vicinity
of the free edge. Numerical modeling of the phenomenon (finite element method)
shows in effect that the shear stress 7. increases very rapidly from the free edge, up
to a peak value very close to the value here. Apart from this particularity, there is
a good correlation with the values given in relation [d].

B It also appears in the adhesive normal peel stresses that are confined
to a peak zone close to the free edge. They constitute another factor
that is not taken into account in this study.

2. Numerical application:

Longitudinal modulus of titanium (see Section 1.6): E; = 105,000 MPa.

Shear modulus of the adhesive (araldite): G. = 1,700 MPa.

Longitudinal modulus of the laminate: With the proportions of the previous

plies along the directions 0°, 90°, £45°, one finds (Table 5.4 in Section 5.4.2):

E, = 100,590 MPa.

Thickness of the laminate: 2e, = 20 plies X 0.125 mm = 2.5 mm from which

e, = 1.25 mm.

A stress resultant of 20 daN/mm corresponds to the stresses:

B In the titanium:

200

O = Tx 13 = 66.66 MPa
B In the laminate:
0-20 = % = 80 Ml)a

A numerical calculation of expression [d], for example, with a programmable
calculator, allows one to verify easily the rupture criterion of the adhesive for a
length of € = 40 mm, as shown in the following:
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shear stress in 16.1 MPa
14 MPa adhesive 1. (MPa)
0.3 MPa
x (mm)
| | T
0 10 20 30 40

| length of bonded joint |

3. Particular case: The materials are identical: ¢, = e, = e. Then 6,, = 0,y =
o, and:

G, 1 1
T, = ﬂ.ecEG‘){(th T + - M’) ch Ax —sh lx}

One notes identical peak values of stress for x = 0 or x = ¢ as:

G, chM+1 G _ 1

fem = o O sh A0 Ae B0, M
2

¢ max

Taking into account that:

Temax = O05 74 16/2

Introducing an average shear stress in the adhesive, which is a fictitious stress
as one can consider in the previous figure:

_ e
Taverage - O-OZ

then:

S M2
¢ max th Ae/z average
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in posing:

M/2 =a
4% 1 ith a Gt
. = 3 Y| =
max th a average 2Eee,

18.3.3 Composite Beam with Two Layers
Problem Statement:

A composite beam is made up of two different materials, denoted as 1 and 2,
that are bonded together. The cross section of the beam is shown in the figure
below. The thickness of the adhesive is neglected. The materials are isotropic
and elastic. The longitudinal and shear moduli of the two materials are denoted
as E|, G, and E,, G,.

The elements that allow the study of the bending behavior of this beam in its
plane of symmetry are summarized in Table 15.16.

1. Determine the location of the elastic center denoted as O.

Y
% @ H,
@
b

2. Write the expression for the equivalent stiffnesses (do not provide details
for the shear coefficient k).

3. The shear force along the y direction for the considered section is denoted
as 7. Calculate the shear stress distribution 7,,. Deduce from that the shear
stress in the adhesive at the interface between the two materials.

Solution:
1. Elastic Center: This is determined such that:

J' EydS=0
section

(see Equation 15.16). Let A be an arbitrary origin defining ordinate denoted as Y.
The point O to be found is such that:
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2]
A

J E(Y—=a)dS = 0
section

then:

J EYdS
section

J E,dS
section

a =

I]l 111+112
j EY dS = j E,Yb dY+I E,Yb dY
section 0 H

1

One finds after calculation:

= LB = E)H + B, + H)’
2 E\H, + E,H,

2. Equivalent stiffnesses:
B Extensional stiffness:

(ESy = Y ES, = b(EH, + E,H,)

B Shear stiffness:

GS GS; b
<_/e> = 27 = %(G]H]-i_GZHZ)

i

B Bending stiffness:

(EI) = Y ElL,
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—a H1+H2—a

Hl 2 2
(EI) = bEl_[ YAdS + bEZ_[ Vs

—a Hl—a
b
(E) = S{B(H, =)' +a’ | + B[ (H, + Hy=a)’ = (H,—a)’1}
3. Subject to a shear force T along the y direction, the shear stresses are

assumed to be limited to the component 1,,, given in the material “i” by
the relation (see Equation 15.16):

T dgoi
(GS) dy

Txy =

in which g,(y) is the warping function due to shear and solution of the problem:

d E,
—gzo _ LGS ~——~y throughout the cross section
dy G, (EI)

d
d‘io =0 for y=-a and y = H, + H, —a (free boundaries)

The uniqueness of the function g,(y) is assured by the condition:
_[ E,g, dS = 0.
section

One finds in material 1:

dgy _ 1E (GS)

B = 3ean@ )

and in material 2:

dg,, 1E,{GS) 2 2
dy - ZGZ<E]>[(H1+H2 ﬂ) J/]
from which one finds for shear the following parabolic distribution along the
height of the beam

T E, 2 2
—a<y< — = e -
a<y<H,—a: 1, 2<E]>(a )
T .
Hy-a< y<H+H,—a: T, = 2<EI>[(H1+H2 a)’ —y*]

The corresponding variations are shown below. At the junction between the two
materials (y = H, — a), one finds the shear in the adhesive:
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H2
{ Ty
Hy
T E,
Ty = §<E—I>H1(20L—H1)
adhesive

Remark: The integration of the function g,(3) allows the calculation of the
shear coefficient & by Equation 15.16:

1

k= —
<E1> section

Ei goy dS

The calculation is long but does not present any particular difficulty. The numerical
values of k& are shown in the following figure for different ratios of E,/E, and H,/H,,
for the particular case of identical Poisson coefficients.

K rs
10 1
HEJ_ >
H1_I_ 1
5—]

50

M 4/_/\¥_

EJ/E, 5 | 1
2

1 T 1 T T
.01 .05 1 5 1 5 10 50 100

18.3.4 Buckling of a Sandwich Beam
Problem Statement:
A sandwich beam is compressed at its two ends by two opposite forces F The

two ends are constrained so that there is no rotation.
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1. For what value of F, denoted as F_;., can we obtain a deformed config-
uration for the beam other than the straight configuration, for example,
the configuration shown in the figure below (adjacent-equilibrium)?

2. What error will be caused by neglecting shear deformation of the beam?
(Assume that the dimensions and the material constitutive relations are
known.)

Solution:

1. With the notation convention of Chapter 15 (bending of composite beams),
recall the behavior equations for the beam Equation 15.16.

_ L@(@_ ) _ (uy20:
Ty - ]e dx 6: ) Mz - <E]z> d.X'

Referring to the figure below, one can write the following relations, in which
C represents the moment due to the constraint on the right-hand side.

y

dav
T,#F—; M.= C—-Fv
y dx z

from which, by substituting in the constitutive relations:

de.

v _ LQS.Z(@_V_ A
dx

2k 9~); C—Fv = (EL)

dx ~

Elimination of 6, between these two relations leads to the following equation:

d’v 2 2C . 2 F 1
—+Av=A= with A= ——"— (a]
dx’ F (EL) | _ kF
(GS)
from which the general solution can be written as: (with the condition that F < <—G];S—>)

v(x) = AcosAx+ BsinAx + %
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B Boundary conditions:

For x = 0 one notes v(0) = 0 and 6.(0) = 0. This last condition leads to

dav

dx| =Y

x=0

Due to:

One then finds that:

B=0, A=

|
A

from which: v(x) = %(1 —cosAx)

For x = € one notes v({) = 0 and 0.(f) = 0.
cos Al =1
from which:
M =2nr

one obtains for v(x) the form:

v(x) = 1—2(1 — cos2 mr%f)

The critical value F_. is given by:

2 4dn"mw
A= yE
where A’ has the form [al, leading to:
P B 4n°m’ (EL)
critical =
) 411271'2(]5]2)/@
2 (Gs)
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The smallest value of F is obtained for n = 1 as:

47 (EL)

2
N 4r <E]z> &
€ [1 + m€2 ZE'_S—;

Ia =

critical

Remarks:

B One can verify that the value of F_., is less than

(GS)

k

the form of the general solution v(x) written above is therefore legitimate.

B [t is convenient to note that the deformed v(x) written in [b] is only
defined by a multiplication factor, because the constraining couple C'is
indeterminate. One can find this property by writing explicitly as a
function of v(x) the relation:

dao.
C = M(0) = (EL)—=

x={
2. Neglecting shear effect the assumed undeformability under shear leads to
zero corresponding energy of deformation (Equation 15.16). In this case,

one has: k= 0.
The critical force then takes the value:

o AT EL)

critical — 6 P

The error relative to its previous value is then:

’

Error = critical 1
critical
47 (ELYk
Error = ———
(GS)

For numerical value, we calculate this error for the beam in Section 4.2.2
(beam made of polyurethane foam and aluminum, 1 meter long). One has

(EL) = 475 x 10°; f—%-?l = 650 x 10°
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The error committed is spectacular:

Error = 28.84 = 2884%)!

18.3.5 Shear Due to Bending in a Sandwich Beam
Problem Statement:

One considers the cross section of a sandwich beam as shown in the following
figure. The components, assumed to be isotropic (or transversely isotropic), are
denoted as 1 and 2. They are perfectly bonded to each other with an adhesive
with negligible thickness. The beam has a unit width. The moduli of elasticity
are denoted as shown.

| Y

Z 4 E;, Gy for constituent 1.
- 2 2 He | Hy E,, G, for constituent 2.

Using the formulation in Equation 15.16 for bending of composite beams:

1. Study the warping function g, for this cross section.

Deduce from there the shear stress distribution.

3. Calculate the shear coefficient for bending in the plane xy, as well as the
deformed configuration of a cross section under the effect of shear. Numer-
ical application: Give the value of k for a beam made of polystyrene foam
with thickness of 80.2 mm (E, = 21.5 MPa; G, = 7.7 MPa) and with aluminum
skins with thickness of 2.15 mm (&, = 65,200 MPa; G, = 24,890 MPa).

N

Solution:

1. Warping due to bending:
This is the solution of the problem described in Equation 15.16. Assuming
here that g, does not vary with the variable z:

d’ E,
;fz—“ = —Z;—’i %EG% x y in the domain of the section

a8,

dy 0 fory = £ H,/2.
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in which both g, and G, dg,/dy are continuous as one crosses from material 1 to
material 2.

Taking into account the antisymmetry of the function g, with respect to variable
7y, one obtains

Ea ;
HY2Sy<HY2 ¢ gy =~ 2 + 4+ B
1
E,a ;
~Hy2SySHY2 i g = =gy + Az
2
Eia ;
—H|/2Sy<—-H,/2 : g, = _Egy +A,y-B,
1

with:

_ (GS) _ 12G2H2+G1(H1_H2)
(EL) E,H + E\(H. —H)
_ E1ﬂlHi

YT G24

_ (L AN e (BimEN e (B ENH
Bl_a16{(G2 6'1)E11_]f ( Gz )Hg (GZ Gl)g}

2B E, E
4, = A]+_1+£’_2(_2__1)

2. Shear stresses due to bending:
These are given by the relation (see Equation 15.16):

: G i d
T = 1<G5> gra go
then:
T, 0 T, 0
Txv = Gi—L&); sz = i—L&) =
/ (GS) dy (GS) oz
One obtains
o<ysiyz s n.= i D g 2)+E(gj_g_§)
SYSHE b =T T 7Y )T T TS
1 7, h’2 2
H)/2<y<H,/2 : 1, Z(EIZ)E1(4 y)
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The corresponding distribution is illustrated below for two distinct designs of the
components 1 and 2.7

y ¥
%xy Ty
5=3-i=05 E=5()‘i=0€-)
E, ' H E, ' H

3. Shear coefficient:
The calculation of k is done without difficulty starting from Equation 15.16:

1
k= <E—IZ>J-DE18“J/ das

One obtains

E .
k= — —ZHQ[Ele+(£*EZ—E1)H§]---
8LE,H, + E,(H, — H;)] | &> 5
E H, bE,(H. — H;
..+-C-;l@H§+—;—HfH§)}+ 53 1y - 2)3
1 E,H, + E\(H,—H)
with: @ = 122282t GlFh = 1)
E,H + E,(H, — Hj)
2
a  E|H, 2(G1 ) 261( ZEz)
= 222 mg 21 |- 21 =22
16 ZG]{ 3 "\a, °G, 3E,

The evolution of the shear coefficient % is represented in the following
figure for different values of the ratios E;/E, and with the same Poisson
coefficient (0.3) when varying thickness of the skins.

7 Observation of the evolution of Ty for the beam with thin skins justifies the simplification
proposed in Application 18.2.1, “Sandwich Beam: Simplified Calculation of the Shear Coefficient.”
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Remarks:

B The limiting cases E, = E;; H, = H; H, = 0 correspond to a homogeneous
beam with rectangular cross section for which one finds again the classical
value k = 6/5 (or 1.2).

B The expression for the k& coefficient written above is long. One can obtain
a more simplified expression for easier manipulation if the skins are thin
relative to the total thickness of the beam. One can refer to Application 18.2.1.

B Deformed configuration of a cross section: The displacement of each point
of the cross section out of its initial plane is obtained starting from the
function g, by the relation (see Equations 15.12 and 15.15):

T
N. = E;?)(go_kxy)

It is described graphically for two distinct sets of properties of components 1 and
2 in the following figure:

_ ElE;=3 / ] E,/E, =50

H,/H,; = 0.5 / - [ T HyH=09 ~ T
1 [ .
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B Numerical application:
One finds: & = 165.7. Note that for this type of beam, the shear coefficient
can have very high values compared with those that characterize the
homogeneous beams.

18.3.6 Column Made of Stretched Polymer
Problem Statement:

Consider a cylindrical column or revolution designed for use in the chemical
industry (temperature can be high, and it may contain corrosive fluid under
pressure) made of polyvinylidene fluoride (PVDF). It is reinforced on the outside
by a filament-wound layer of “E” glass/polyester. The characteristics of the two
layers of materials are as follows:

B Internal layer in PVDF: thickness e, isotropic material, modulus of elasticity
E,, Poisson coefficient v;,.

B External layer in glass/polyester: To simplify the calculation, one will
neglect the presence of the resin. As a consequence, E,, V,, G, (see Chapter
10) are neglected. The total thickness of the glass/polyester layer E, consists
of a thickness denoted as h” of windings along the 90° direction relative
to the direction of the generator of the cylinder, and a thickness denoted
as b of balanced windings along the +45° and —45° direction (as many
fibers along the +45° as along the —45° direction). One then has e, = b” +

4

b (see figure below).

e, 2. (glass/polyester) tubular column
1

—
-

| \
\VII‘m‘ ] X

[cocooboocooo

wall

e 1.(P.V.D.F)

The longitudinal modulus of elasticity of the glass/polyester layer is denoted
as E,. The thicknesses e, (internal) and e, (external) will be considered to be small
relative to the average radius of the column.

1. The plane that is tangent to the midplane of the glass/polyester laminate
is denoted as x,y (see figure). Calculate the equivalent moduli E. and E,,
the equivalent coefficients v, and v, of the reinforcement glass/polyester

. 90 J2is -
as function of E,, ™, and b .

2. One imposes a pressure of p, inside the column at room temperature

(creep of the materials not considered). The resulting stresses are denoted
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in the axes x,y:

0, and 0y, in the internal layer of PVDF
0, and 0,, in the external layer of glass/polyester

(a) Write the equilibrium relation and the constitutive equation resulting
from the assembly that is assumed to be perfectly bonded. Deduce
from there the system that allows the calculation of o, and 0©,,.

(b) Numerical applications: Internal pressure p, = 3 MPa (30 bars); » = 100
mm. PVDF: E; = 260 MPa; v; = 0.3; ¢, = 10 mm. Glass/polyester: E, =
74,000 MPa; e, = 0.75 mm; b = h™°/3. Calculate Oy, Oy, Ouy, Oy

() Deduce from the previous results the stresses o, in the glass fibers
at 90°, and Geﬂs in the fibers at £45°. Comment.

3. We desire to modify the ratio H”°/b* such that the stresses are identical
in the fibers at 90° and in the fibers at £45° (“isotensoid” external layer).

(a) What are the relations that »”/h™, 0y, 0, have to verify?

(b) Indicate an iterative method that allows, starting from the results of
Question 2b, the calculation of the suitable ratio »”°/h*". Give the
composition of the glass/polyester with the corresponding real thick-
nesses (use a mixture with V, = 25% fiber volume fraction).

Solution:

1. Equivalent moduli:
The constitutive law of the laminate in the axes x,y is written as (see
Equation 12.4):

N. x O-ox n[hply
Nt =40 o, with 4,= 3 Ee,
Txy Yox_ y k=1 st ply

The coefficients 1_55 are given by Equation 11.8 as, neglecting E,, V,, Gy
B For the plies at 90°:
EY = B = Eys = By = Eis = 0
=90

Ezz = E(
B For the plies at +45°:
ElJrl45 = Eerz45 = E:;S = E1+245"'
= —E;ﬁ = —E;;ﬁ = Eg/4
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B For the plies at —45°:

-, —45

En

=FEn =

-

—=—45

.:E]3 =

= —45 = —45

33 = Li2
——45
Ex = EJ/4

from which one can find the coefficients A;. For example, one has

Au — 1_:‘19{)/090+E145b+/'5+I_:‘Il45b_/’5 — %bﬂs
A, = Efgbgo_’_ﬁgsbws_i_igib%s _ %bﬂs
and so forth. One obtains
N 1 1 o[ | €ox
N, %Ioi4i 1 (1 +4 :i) 0|4 &
Ty 0 0 1| | Yoxy

In inverting and in denoting for the average stresses (fictitious) in the external

laminated layer (index 2): 0,, = N,/e,; 0y, = N,/ey; T, = T /e,

8().76 b90 O-Zx
(1 +4 ﬁs) 10
g, L= 2 a c
oy - 2y
Y E€ /090 - 1 0 Y
yoxy O O 1 TZxV

The above relation can be also interpreted as follows (see Equation 12.9):

0y

Yny

|
|
S
<

=

(e}

_h || O
E,
1 0 O3y
E,
1
0 =—|| ¢
Gyl || “20

where the equivalent moduli of the laminate appear. From this, by identification

one has

_ E{ b90

B = ———: E = E~—
82( % Tﬁ) €2

p° bt

_ 1 _

vxy = 90 > vyx =1
[1 + 4@)
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Comment:

The obtained results are simple because:

B The polyester resin is not taken into account. The fibers work only in their
direction.

B The voluntary decoupling between the external layer (glass/resin) and the
internal layer (PVDF) is preferred to the consideration of a “global” laminate
consisting of plies of glass/resin at 90°, +45°, —45° and a ply of PVDF,
isotropic, with thickness e;.

2. (@) Equilibrium relation:
The isolation of the portions of the column shown below allows one
to write

(oaxx €3)
(Glxx e‘l)

—— (0—1y>< el)
(o2yx €3)

2rr(e, 0y, + €,0,,) = m’zpo
1X2(e,0,,+e,0,,) = 1X2rxp,

from which one has the equilibrium relations:

r
€0, t€,0;, = poz (2]

€,01,+,0,, = por (3]

B Constitutive relations:
The elastic behavior of the internal layer of PVDF is described by the
classical isotropic equation:

1 1%

£ = 1 O

1x E1 E1 0 1x

— 1% 1

&, r=| .42 1 o,
Y B B 0 B

71 Xy O O “‘1 Tlx}

3 Gl
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The behavior of the external layer in composite is described by the relation
obtained in the previous question as:

1 Vox

Eox - —= 0 O,
Ex El

— Vi

guy - - Txl ,l O 0-2 V
E. E

YOx17 O 0 ; Tny

L xy]

Equality of strains under the action of stresses is written as:

Slx = 8()3(; Sly = Eoy

and leads to the relation:

1 v, 1 Vix

—-0,,——0,, = —0,,——=—0 4

ECYOECY BT R Y .

Vi 1 Vi 1
——0,+—0,, = ——0,,+—0,,

E, U E Y E. E " Bl

Relations [2], [3], [4], [5] constitute a system of four equations for the four
unknowns Oy, 0j,, O, Oy, Performing the subtraction [4] — [5], one obtains

o (1 + vl) . (1 + vl) . (1 + VX),) o (1 + \7,,.,5)
1x El 1y E] 2x Ex 2y E

y

In performing the addition [4] + [5], one obtains

o(155) o (52 - (5o 12
1x Ew1 1y E1 - 2x Ex 2y EV

and with [2] and [3], by substitution, one obtains a system that allows the calculation
of oy, and 0, as:
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(b) Numerical application:
One has h™ = h™*/3, from which we have

+45

90 + +45
e,=h" +h '

=075 mm; b =056mm; 5" =0.19 mm.

Following the results [1], one finds

E. = 7953 MPa; E, = 18747 MPa; v,, = 0.42

The system [6] has for solutions:

\olx =171 MPa; o, = 3.07 MPa‘

Relations [4] and [5] allow the calculation of ©,, and 0,,. One finds

\oz‘x = 188 MPa; ©,, = 386 Mpa\

(o) Stresses in the fibers:
Following Equation 11.8, one has for any ply k in the external layer:

kR k
4 2 2 3
O ¢ Ot s | Eox
Oy = Ee| &% & -5’ | & (71
Ty s —cs® s Yow

The strains €, and §g,, are obtained by means of the previous results (see
Question 2a), for example:

O-IX' vl -3
Epx = €y = ———0,, = 3.03 X 10
0X 1x E] E] 1y 3 3
1% o, .
Ey = &, = _E—iam-‘--ﬁ—}f = 9.85 x 10 3

If one inverts Equation 11.4, taking into account that the only nonzero
stress in the axes €, t of the ply is oy

% k
¢ s 2cs Oy

= 2 2
0, s ¢ -2cs 0

—sc sc (cz—sz) 0

One then has

B In the fibers at 90°:

Following (7], 6, = 0; 6, = E, &,
Following [8], ¢, = 0; Gy)o =0’
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from which:

90
O-g = Efgoy

0, = 729 MPa

B In the fibers at +45°:

. +45 45
Following [7]: 0, = 0, = % (e, + &)

. 45 _ +45 P _+45 ‘
Following [8]: 0, " = 0, " = 10y

from which one obtains

+45

E,
G( = E(gox + goy)

o/® = 477 MPa

One obtains an identical stress in the fibers at —45°. Note the disparity of the
stresses in the fibers at 90° and at £45°. In fact, the external layer is not suitably
designed, because it is desirable to make all fibers work equally in order to obtain
a uniform extension in the glass fibers.
3. (a) One desires that 0'590 = O'f%:
Referring to the results of the previous question, this equality is also written

as:
E
E(’ Eop = E (gox + 80}')

as:
goy = Eox

The constitutive relation of the laminate (Question 1 and relation [1])
indicates then:

GZx T/Vx T/x 62 )
_— = :_GZy = ——:'ZO'ZX+ —=
E. E, x E,
Then after calculation:
90
b _ 62 ) GZX [9]
45 T o
b 2x

(b) With the results of numerical application 2(b), relation [9] above
indicates

O-ZV_GZx =053

2x

. . 9 +45 .
If one adopts this new value for the ratio »”/h™", one obtains for new results:
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- b90/bi45 = 0.53;

E. = 8216 MPa; E, = 25653 MPa; V,, = 032; v, =1
0, = 2.42 MPa; o0, = 2.72 MPa;
0,, = 167 MPa; 0,, = 364 MPa;

Relation [9] then indicates

TZ % _ 587
- .

2x

that one adopts for the new ratio »/h .

m /p = 0587

E. = 8166 MPa;  E, =27,627 MPa; V,, = 029; v, =1
0, = 2.63 MPa; 0, = 2.69 MPa;
0,, = 165 MPa;  ©0,, = 3064 MPa.

Relation [9] then indicates

O-Zy — Oy,
O-Zx

= 0.6

that is, a relative variation of 2% with respect to the value of the ratio b/
taken to carry out the calculations. The iterative procedure then converges rapidly.
One will obtain the external isotensoid layer and an internal layer of PVDF in
biaxial tension for a ratio of

»/h 2 0.6

The composition of the glass/polyester reinforcement will be as follows:

y
38%
31%
0
—p X
31%
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The real thickness of the windings in glass/polyester, taking into account the
volume of the resin, will be (with V; = 0.25):

e}, = ,/0.25

e, =3 mm

18.3.7 Cylindrical Bending of a Thick Orthotropic Plate under
Uniform Loading

Problem Statement:

Consider a thick rectangular plate b x a, with b >> a made of unidirectional glass/
resin (see figure). It is supported at two opposite sides and is loaded by a constant
transverse pressure of ¢,,.

1. Calculate the deflection due to bending at the midline of the plate located
at x = a/2 (maximum deflection).

2. Indicate the numerical values of the contributions from the bending
moment and from transverse shear using the following: E, = 40,000 MPa;
G,. = 400 MPa; v,, = 0.3; v, = 0.075; g, = =1 MPa; a = 150 mm; » = 15 mm.
Comment.

Solution:

1. For the cylindrical bending considered, Equation 17.32 allows one to write

I N P L T
d.X' =—qo; dx - Qx7 Yy - 11 dxa Qx - /@X dx Y

Elimination of Q,, M, and 6, leads to
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then:

q X x° x°
= ==|=+A=+B=+Cx+D
o 611(24 G TP T )

The boundary conditions are written as:

= do, k, d*w
x=0 }wo =0, M,=0= ;l;} =G Jo——— =
X=a xz dx

After calculation of the constants A, B, C, D, one obtains for the deflection at x = a/2:

w(@) _ gyt 20T Ve Ve i+/e(/z)2Ex Ll
o\ %o Eb’ 384 M\a) G..9(1-v,v,)

The calculation of k, was done in Section 17.7.1 for this type of plate. One
has (see Equation 17.34)

k.= 6/5=12

from which:

w(g) 20 =vev) _5_+(é)2 % ___ 1
3) = 20 =15 \a) o vy

The first term in the brackets represents the contribution from the bending
moment, and the second term represents that due to transverse shear.
2. Numerical values:

wy(al2) = —0.5727 mm — 0.5625 mm

(moment) (transverse shear)

w,(al2) = -1.13525 mm

Note that 49.5% of this deflection is due to transverse shear. One can see from
the above expression for w,(a/2) that the influence of transverse shear on the
bending deflection increases with the value of the relative thickness h/a (here,

© 2003 by CRC PressLLC



hla = 1/10 corresponds to a thick plate). One also notes the influence of the ratio
EJG.."

18.3.8 Bending of a Sandwich Plate
Problem Statement:

A rectangular sandwich plate (a X b) is fixed on side b, and loaded along the
opposite side by a constant distributed load f, (N/mm). The two other sides are
free (see figure).

The plate consists of two identical orthotropic skins of material 1, and an
orthotropic core made of material 2. The orthotropic axes are parallel to the axes
X,), 2.

1. Calculate the deflection of the midplane at the extremity x = a of the x
axis, assuming cylindrical bending about y axis for the plate.
2. Numerical application:
Given
/o =-10 N/mm
a = b=1000 mm
H, =2H, = 100 mm

Material 1:
E" = 40,000 MPa
G = 4000 MPa

> =

Material 2:
E® =40 MPa
G.” =15 MPa

For each of the materials
Ve = 0.3
Ve = 0.075

*® This example of thick plate in bending constitutes a test case for the evaluation of computer
programs using finite elements. For complementary information on this topic, see bibliography,
“Computer programs for Composite Structures: Reference examples and Validation.”
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(a) Calculate the deflection at the extremity x = @ and show the contributions

from the bending moment and from the transverse shear.
(b) Calculate the transverse shear stress 7,.:

B On the midplane of the plate.

B At the interface between the core and the upper skin.
B At the midthickness of the upper skin.

Solution:
1. In the case of cylindrical bending, Equation 17.32 allows one to write
dQ. dM, B de, (hG,) (dw,
dx = 0, dx Qx7 MV - CH dxa Qx /ex (dx + 9.1’)
Then Q. = f,, and elimination of Q,, M, and 6, leads to
dw, [,
dx’ Cn
then:
gt emer
w, = <3 +A2 +Bx+C

The boundary conditions are written as:

_ Jo _dw, _
0:w,=0et O, = O:Ie\%be~> v

d@ d w, 0
dx dx’ B

=
Il

=
Il

a:M,=0=

After calculation of the constants 4, B, C, one obtains the deflection at x = a

)

fod’ Joa
u(a) 56 I /ex<bGAz>

with (see Equation 12.16):

~ H —H)\ -nH
Cu = “( 12 ) E112

and according to Equation 17.2:

e 0,5
E.(Hi—H)+E.H,

C., =
u 12(1=v,,v,.)
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According to Equation 17.10:
(bez> = GSZ(Hl _HZ) + GEZHZ

from which one obtains

4(1 — vxyvyx). oas lex o
EJ(H,—H) +E H, Gyo.(H,—H,)+G..H,

wy(a) =

The calculation of k, was carried out in Section 17.7.2 for this type of plate. It
was given by Equation 17.39.
2. Numerical application:
(a) Deflection: Equation 17.39 gives k, = 110.8
from which:

w,(a) = -1.177 mm + (-5.519 mm)

(moment) (transverse shear)
w(a) = —6.636 mm

Note that 83% of this deflection is due to transverse shear, and this happens in
spite of very thick skins. This important influence is due to the very large value
compared with unity (110.8) of the transverse shear coefficient and due to the
fact that the plate is thick (H/a = 1/10).

(b) Transverse shear stress 7., (see Section 17.7.2):

Midplane: (z = 0): 7, = 0.1286 MPa
Interface (z = H,/2): 1. = 0.12855 MPa

Midthickness of the upper layer: z = (H, + H,)/4: 1,.. = 0.075 MPa

18.3.9 Bending Vibration of a Sandwich Beam®
Problem Statement:

Consider a sandwich beam of length € and width d simply supported at its ends
(see figure). It consists of two identical skins of material 1 (glass/resin) and a core

* This application constitutes a test case for the validation of computer programs using finite
elements, see in the bibiography, “Programs for the calculation of Composite Structures,
Reference examples and Validation.”
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of material 2 (foam). These materials are transversely isotropic in the plane y, z.

The elastic characteristics are denoted as:

E, G,

0 0
X)) Ex ’ ny

Specific masses are p; and p,.

1. Write the equation for the resonant frequencies for bending vibration in
the plane of symmetry (x, y) of this beam.
2. Numerical application:
Given:

]

E. =40,000 MPa; G, = 4,000 MPa; p, = 2,000 kg/m’

E; =40 MPa; G,, =15 MPa; p, =50 kg/m’

H, = 2H, = 100 mm; € = 1000 mm; d = 100 mm

Calculate the first five frequencies in bending vibration.

Solution:

1. Equation for the vibration frequencies:
At first one establishes the differential equation for the dynamic displace-
ment v(x, #) starting from the Equation 15.18, noting that for the example
considered, the elastic center and the center of gravity of section are the
same (decoupling between bending vibration and longitudinal vibrations).

oT. v oM. 2’6
2 = (ps)LL. o7 = z
ox {ps o  ox +7, = {pl or

_ @(iv_ ) _ (a2
T)'J - ]e ax ez ) Mz - <E]z> ax

Elimination of 7,, M., 6. between these four relations leads to the equation for
V(x, D:

ﬁv_<plz>(1+d) I'v_ (pS) v, (PL(PS)I'V _
o' (EL) ax*ar (EL) gf (GS(EL) o
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with

e
(GS){pL)
In assuming that the solution takes the form v(x, 1) = v, (x) X cos(@t + @) one
can rewrite the differential equation that defines the modal deformation v,(x) in
the following nondimensional form:

d4_ dte
L@’ (1+a)—2+ c?f(aaf—i,)\—,o =0
dx dx )

in which

_2 M 252 =2 _ (pL)
CEELCT T T e

X =

) o =

vO
€7

After writing the characteristic equation, the reduced modal deformation takes the
form:

0o = AchX,x + BshX,x + CcosX,x + DsinX,x (1]
where:
X;  _o'(1+a) [|of-ofl-—a) 1
b= +“““““§-—"'— + |@ [af(——;—) + :—2:| (2]
X; r

2
[
o
o
=
S
<
[
2
=
I
N
2
~
§
I
(e
<
-~

or:

2
Il
(@)
o
=
—_
<
=}
Il
2
+
al
<l
s}
Il
()

These four conditions allow one to obtain with [1] a linear and homogeneous
system in A,B,C,D. By setting the determinant equal to zero, one obtains an
equation for vibrations which reduces to

sin X, =0
Then the solution can be written as:

X,=nm (n=1,2,3,...) (3]

© 2003 by CRC PressLLC



2. With the numerical values indicated in the Problem Statement, one can
calculate the shear coefficient 4, the literal expression for which has been
established in Application 18.3.5. One finds & = 110.8. The frequencies
can be written starting from the circular frequencies w,, @,, ®;,... extracted
from equation (3], where X, takes the form [2].

;
/;' = ZL’( Hz)

. 50
one obtains:’

/. =64.476 Hz; f,=131.918 Hz; f, = 198.734 Hz
. =265.383 Hz; [ = 331.963 Hz.

** One keeps voluntarily the nonsignificant decimal, for the purpose of comparison with values obtained
from numerical models.
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