Engineering Tripos Part 11B: Module 4C2 Designing with Composites
Solutions - 2014/15 (M Sutcliffe)

1(a) A laminate is made up of a stacked assembly of unidirectional plies, each having
its fibre axis lying at a specified angle to a reference direction. They are used in
preference to unidirectional plies because they are more isotropic, which can be
desirable in some circumstances where loading is in more than one direction, or to avoid
splitting failure.

A symmetric laminate is one possessing a mirror plane lying in the plane of the laminate
I.e. the stacking sequence in the top half reflects that in the bottom half. A symmetric
laminate does not exhibit bending-stretching coupling (the coupling stiffness [B]=0),
I.e. in-plane loading will not generate any out-of-plane distortion and vice versa.

(b) (i)

S =(25,-25,-S,)*—(25,-28, - S, Jes’
where ¢ =cos8, s=sind

For S_16 to be zero (no tensile-shear interactions):
(28,-25,-8, )*s=(25,,-25,-S, ks’

Two solutions are #=0° (s=0) and & =90° (¢ = 0). [These directions commonly
missed]. Third solution is:
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S_16 (& 8_26) are the “tensile-shear interaction” terms. An important feature of the off-
axis loading of unidirectional laminae is the tensile-shear interactions which lead to
distortions. Normal stresses induce shear strains and vice-versa. These can be
minimised if the stacking sequence is chosen carefully, since the distortions from
individual laminae may cancel each other out.
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(i) The lamina stress-strain of the epoxy-glass fibre composite lamina can be written

(8 \ 511 512 516 (02\
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Using the supplied values of the elastic constants of the composite, for 8= 60°
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=-0.023 GPa™

Note: S, can be of either sign (ie it can shear in either direction)

The shear strain is given by

Yy =560, =0.023-0.2 = 4.6x10 [or y1= 0.0377]
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Calculate [Q] in principal material axes (1, 2).
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Calculate the transformed stiffness matrix [(5] in the global x-y axes. The

transformed stiffness matrix for the -45° ply (1% ply) is given by



=E,

L 45
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1.009 ¢* +0.1009 s* +2(0.03027 + 2-0.05 J°c” | = 0.34E,

(1.009+0.1009 - 4-0.05 )°C” +0.03027 (c* +5* ) | = 0.24E,

1,009 s* +0.1009 ¢* +2(0.03027 + 2-0.05 s°c” | = 0.34E,

(1.009-0.1009 - 2-0.05 )c%s — (0.1009 - 0.03027 — 2-0.05 )cs® | = ~0.23E,

:(1.009 ~0.1009 - 2- o.os)c s® - (0.1009 ~0.03027 - 2- o.os)c?’s] - -0.23E

1

1.009 +0.1009 — 2-0.03027 — 2-0.05 Js*c® + 0.05(s* + ¢* )| = 0.26E
1

where ¢ = cos— 45, s=sin—45

°l,-&

0.34 0.24 -0.23
0.24 0.34 -0.23
-0.23 -0.23 0.26

The transformed lamina stiffness matrix [(3] for the +45° ply are given by

0.34 0.24 0.23

Q| =E[ o024 o034 023

0.23 0.23 0.26

Calculate the laminate extensional stiffness matrix [A]
n J—

A.j = Z[QJ (Zk L
k=1 k

Ay =2t ['(611)745 + (611)45} -
= 2t-(0.34+0.34) E,

=137 tE,

Similarly

A, = 2t-(0.24+0.24) E,=0.97 tE,, A,, = 2t-(0.34+0.34) E,=1.37 tE,
A =2t-(~0.23+0.23) E, =0, A, = 2t-(~0.23+0.23) E,= 0
Ay, = 2t-(0.26+0.26) E,=1.05 tE,

Al=

[] 1.37
0.97
0

tE,, [B] = 0 (the laminate is symmetric)

0.97 0
1.37 0
0 1.05

[This question was generally done well.]
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4. (a) Structural considerations: this handle will be very long and thin, and is likely to
be deflection limited (as the strains associated with quite large curvatures will be within
the strain allowables of composites). We expect the structure to be a thin-walled tube,
to be able to maximize the structural efficiency. In principle it would be advantageous
to taper the handle towards the tip. But depending on the processing route this may be
less easy to do.

Weight will be important to allow people to be able to manoeuvre the brush. Cost will
also be relevant, but perhaps an effective piece of equipment will pay for itself quite
quickly, in comparison with the time associated with ladders. A trade-off calculation
will need to be done to assess the cost advantage of a lighter design.

The above general considerations suggest that a CFRP solution might be appropriate.
Bearing in mind the need for high bending stiffness, the lay-up will be predominantly
with fibres running along the axis of the tube. This seems to be appropriate to
pultrusion, with some off-axis material (perhaps woven) included in the pultruded layup
to provide protection against splitting or impact, and torsional stiffness. The relatively
low cost of this route is also attractive. (See the notes for a detailed description of
pultrusion).

Although in principle the handle could be made in one piece, perhaps it would be worth
having sections of reducing diameter joined in some way to allow for the tapering
suggested by the structural consideration. (This could not be achieved by pultrusion but
could be achieved by some form of layup, perhaps hand or automated tape layup.)
Perhaps inserts with step-downs in diameter or concentric tubes as per extendable
aerials could work. As well as these joints, joining at the brush end will be important,
perhaps again using a fitting to avoid premature failure.

Testing will be important for product quality purposes, including rough handling and
impact events, though the component is not as safety critical as say automotive or
aerospace applications.

[In general this part was well answered, though comments in all areas were needed to
score high marks.]]

(b) Woven materials have fibres which do not run parallel to the loading direction. This
means that their contribution to the stiffness is less. Moreover compressive strength is
sensitive to fibre misalignment or load misalignment, as this induces shear in the matrix
causing microbuckling. This is a cause of reduced compressive strength. [Not well
answered]

(c) Barely visible damage is caused by relatively low impact events such as dropping
of tools or stones impacting the structure. A key problem is that, by definition, this
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damage is difficult to see so may be present without the operator knowing it. So this
means that the structure needs to be designed to cope with such damage. Often the
damage is in the form of sub-surface delamination, which will be difficult to see but
may lead to premature failure, either due to fatigue growth or due to buckling of the
delaminated region under a compressive loading.

(d) Such tanks are quite large (several metres in length) so the relatively low weight of
GFRP will make transport and installation in the remote locations easier. While the
deadweight loading of covering soil will not be negligible requiring reasonable
structural properties. In addition GFRP is relatively low cost for this commodity item
and can be formed into the required curved shapes easily. Finally GFRP has good
corrosion resistance against water and other chemicals in the sewage. All of the above
indicate GFRP as a good choice.
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