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SUMMARY

An actuator reaction strut from the VC 10 aileron power control circuit,
made from steel, has been redesigned, made and tested in carbon fibre reinforced
plastic (CFRP) with aluminium alloy ends, partly to demonstrate the weight
saving potential of CFRP in this type of application and partly to investigate

some of the problems of jointing and load diffusion which CFRP presents.

The strut has overall axial strength and stiffness requirements in both
tension and compression. All have been met with the redesigned CFRP strut with
the exception of tensile stiffness, the low value of which was shown to be

fundamental to the form of end attachment adopted.

This Report describes the design, fabrication and testing of the CFRP

strut which weighed 437 less than the original steel component,
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1 INTRODUCTION

Carbon fibre reinforced plastic (CFRP) has provided structural engineers
and designers in the aerospace industry with a material of great potential,
The combination of low density and high strength and stiffness promises very
substantial structural weight savings if the novel problems of design and
fabrication can be solved. The exercise described in this Report was one of a
number of early experimental investigations aimed partly at demonstrating the
weight savings which could be shown on paper, and partly at contributing to the

solution of some of these novel problems.

A VC 10 aileron control strut was chosen for redesign for a number of
reasons: the loads are highly directional and this invites the use of CFRP in
the highly anisotropic form in which most weight is likely to be saved; the
component was shorter than the longest carbon fibres then available (1 m);
fabrication by moulding from dry fibres and resin was feasible, there being no
pre-impregnated CFRP sheet or tape at that time; the problems of end design

and load transfer were of general interest.

Details of the design, fabrication and testing of the CFRP strut and its
end attachments are given here. The limitations of the design are discussed

and suggestions for possible alternatives are given.

2 THE EXISTING STEEL STRUT

This component is one of the actuator reaction struts used on the VC 10
for reacting the aileron hinge loads, and is illustrated in Figs.l and 2. The
strut is made of a T45 steel tube of 38.1 mm outside diameter and 2 mm wall
thickness, 52 cm long, pinned at each end with five SP28 steel taper pins,

6,35 mm 1n diameter, to a forged S107 steel end fitting incorporating a
spherical bearing. The strut is pin jointed at both ends and is attached to

the aircraft by means of shear pins as illustrated in Fig.3, the distance
between pin centres being 67.26 cm. The geometrical shape and size of the strut
are partly determined by space limitations. The strut must be capable of carry-~
ing a fully factored axial tensile load of 117.6 kN and a corresponding axial
compresgive load of 122.8 kN. In addition, to ensure acceptable control circuit
response to pilot induced control movements, a minimum value of 70 KN/mm for
both tensile and compressive stiffness is required. This design requirement on
stiffness led to the original choice of steel for the main compression tube and,
because of possible corrosion problems due to interaction of dissimilar metals,

steel end fittings were used. The weight of the strut components are:



Fube 952 g
Two eye end fittings 1720 g
Two spherical bearings 154 g
Extras 44 g
Total 2870 g
3 GENERAL DESIGN OF CFRP STRUT

3.1 Preliminary work

Some early work on struts made from glass reinforced plastic and designed
to carry both tension and compression is reported elsewhere], and one of the
later designs from that work is shown in Figs.4 and 5. The compression member
of the strut was made from unidirectional glass fibre and a cold-setting epoxy
resin system* and was manufactured by a leaky mould technique. To enable the
struts to take tensile loads, an overwind of glass fibre and resin was made
consolidating a steel end fitting on to each end of the compression member.

To save weight, the material was machined away from the compression member
section at mid-span where the tension overwind material could be expected to
contribute to the compression strength. Because separate material was in
general used to carry the tensile and compressive loads, this design proved
excessively heavy. Moreover applying alternate tensile and compressive loads
broke the bond between the end fittings and the compression member. For these

reasons this type of design was not considered further in the present exercise.

3.2 Design of the main CFRP member

3.2.1 General remarks

The design conditions for the existing steel strut referred to in
section 2 were used in the design of the replacement strut so that a direct
comparison of weights could be made. With the experience reported in
section 3.] it was decided to design a strut that would carry both tensile and
compressive loads in the same material, and a circular tube of unidirecticnal
CFRP was chosen 1n view of its uniforwmly high second moment of area and its
uncomplicated section which can be easily moulded. The tube is portrayed in

detail in Fig.6,

* CIBA MY753 resin and HY951 hardener » 6/1 parts by volume cured at room
temperature,



3.2.2 Calculation of tube dimensions

The cross—sectional dimensions of the tube were calculated to give minimum
outside diameter consistent with resistance to overall buckling and with the
use of the minimum amount of material necessary to provide the required tensile
and compressive strength and stiffness. However, since the ultimate compres-
sive strength of unidirectional CFRP is generally less than the corresponding
ultimate tensile strength, and since the compressive load carrying requirement
is slightly greater than the tensile, tensile strength is not a critical design
case, Moreover, it has been shown2 that temsile elastic modulus is slightly
greater than the equivalent flexural modulus, so i1f the latter is taken as the
average of tensile and compressive values, compressive modulus must be less than
tensile, Since the tensile and compressive stiffness requirements are equal, it
follows again that tensile stiffness is not a design case. Attention can there-
fore be concentrated on designing the tube to resist the maximum compressive

load from the points of view of strength, stiffness and overall buckling.

Let the tube have internal and external radii r and R respectively,
cross—sectional area A, length L between pin joints, and let the maximum
compressive load P produce a decrease in length &8L. Then 1f E 1is the
compressive elagtic modulus and I the second moment of area of the tube,

Euler buckling will not occur 1f
Iz = . (1)

Again, 1f A 1s the required axial stiffness the minimum acceptable value of

A 1is given by
A = — (2)

If o 1is the ultimate compressive strength, then the minimum value of A to

carry the load P 1s given by
. (3)

The numerical values of L, P and * are known. The values of ¢ and

E depend on the type and fibre volume fraction of the carbon used in the tube,



Because preliminary calculations showed that compressive stiffness rather than
strength was likely to be the dominant consideration, Type I fibre was chosen
at a fibre volume fraction Ve of 0.50, which was about the highest which
could be moulded easily. A typical fibre tensile elastic modulus for this
material is 414 GN/mz; using this figure and the results of Ref.2, and assum-
ing flexural composite modulus to be the average of the tensile and compres-
sive figures, E was calculated to be 163 GN/m2 and this figure was used in
the tube design. For the same composite material 448 MN/m2 is a typical value

for o and this also was used for design.

Minimum values of I and A were then calculated from equations (1) to

(3) and found to be,

34590 mm’

290.3 mm2 .

]

I

A

It is evident from these calculatioms that the critical design constraints are
governed by equations (1) and (2); that 1s the second moment of area required
to prevent buckling and the area required to give adequate linear compressive
TT(R2 - rz), we have

]

stiffness. Now since I = % (R4 - r4) and A

Substitution of the values of I and A from equations (1) and (2) respec-

tively gives the minimum internal tube radius

r = 13,87 mm
and hence the minimum external tube radius

R = 16.84 mn .

These dimensions were rounded up to the nearest practical Imperial sizes,

giving the following values which were used in the experimental work:

14,29 mm

~
1]
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17.46 mm
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The similarity between the dimensions of the CFRP tube and the existing steel
tube is not unexpected, as both tubes are designed to the same stiffness con-

atraints and both materials exhibit similar moduli1.

3.3 End fitting design

The end fitting has to fulfil a dual purpose. Firstly it has to provide
attachment to the existing reaction points and secondly it must be capable of

transferring lead into the CFRP tube.

End fitting designs that lend themselves to tubes are the CFRP metal
multi-shim joint and both convergent and divergent wedges. The multi-shim
joint, which consists of alternate thin layers of metal and CFRP, is limited
only by the bond strength between the layers, but it is extremely complicated
to fabricate as it requires close tolerance shim manufacture and skilful
assembly. Both convergent and divergent wedges rely as the name implies on a
mechanical wedging action to transfer load. The convergent wedge has the
advantage of a less bulky end, but is restricted to large tube mouldings using
the wet lay-up moulding technique because of the difficulty of mandrel removal.
The divergent wedge although suffering a bulky end 1s readily fabricated by the
wet lay-up moulding technique and was therefore chosen as the end fitting to be
used in this exercise. The choice of the angle of divergence of the tube end
was a compromise based on the one hand on' the loss of axial load carrying
capacity due both to a change in fibre alignment and to bending at the change
of section, and on the other on the high hoop stresses developed due to the
wedge action, which increase with a decrease in wedge angle. This resulted in

the choice of a 20 degree included angle wedge.

The end fitting assembly which 1s illustrated in Figs.7 and 8 comprises
an eye end, a clamping ring, a tension plug, and a split collet; these were
machined from extruded bar of L65 aluminium alloy, chosen for 1ts good ultimate
strength to weight ratio. Because the end fittings were required for testing
several strut assemblies up to ultimate design conditions, they were so designed
that the 0.1% proof stress was not exceeded. The eye end was made similar to
that used on the original strut and was designed to the axial loading conditions
referred to in section 2 using a standard lug design techn1que3. Integral with
the eye end 1s the tension plug which supports the tube end against radial
crushing by compressive hoop loads when the strut assembly is loaded in tension.
The eye end is attached to a clamping ring by means of a fine screw thread.

This clamps the eye end to the tube mechanically and provides the means of



tranafeiring the temsile axial load from one to the other. Note that the
clamping ring is subjected to both axial and hoop tensile loads. To
facilitate the clamping of the tube end by the clamping ring, a split collet
is provided. Compression loads are taken on the end face of the tube through
direcy. contact with the eye end. The tension plug, split collet and clamping
ring provide end support to the CFRP. Figs.9 and 10 show the action of the

end fitting under beth loading conditioms.

The axial stiffness AT of the strut assembly can be calculated from

the following equation

Ap = I (4)

where n is the number of components contributing to the stiffness of the
strut assembly and A, is the stiffness of the ith component. In the tensile
case the components contributing to the overall stiffness are the CFRP tube,
the clamping rings and the eye ends. In compression the components are the
CFRP tube and the eye ends. The stiffnesses of the components can be

calculated from equation (2) and are as follows;

CFRP tube 163 kN/mm
Eye end 580 kN/mm
Clamping ring 2170 kN /mm

The tensile and compressive stiffnesses of the strut assembly can be calculated

using equation (4), and are 104 XN/mm and 95.3 kN/mm respectively.

4 CFRP STRUT MODEL ONE

4.1 Strut fabrication

The main CFRP member was fabricated by a wet lay-up process in which the
flow of excess resin out of the moulds ends assists in aligning the fibres.
The mould is shown in Figs.l1l and 12, Half the weighed amount of type I carbon
fibre (cut from metre length untreated Morganite material) together with excess
resin* was layered in the lower half of the mould with the fibres parallel to

the tube axis ., After coating with resin the mandrel was aligned in the mould

* SHELL 828 resin, MNA and benzyl dimethylamine ~ 100/85/1 parts by weight.



and the remaining half of the fibre and resin layered over the mandrel. The
upper half of the mould was then positioned and the whole assembly placed in a
hot press at 100°C and allowed to soak at this temperature until the viscosity
of the resin was such that it readily flowed from the ends of the mould. Using
a pressure of approximately 345 N/mz, the mould was closed allowing all excess
resin to flow out of the mould ends. The mould was then pressed to stops and
the component cured Zn gi¥u for one hour at IOODC, followed by a post cure of

0. . . . .
24 hours at 120°C in an air circulating oven.

This fabrication process produced a tube with divergent ends which when

trimmed conformed to the dimensions shown in Fig.6.

The fibre volume fraction was determined from the weight and density of
fibre used and the volume of the tube. A figure of 0.50 was aimed at, but
subsequent accurate fibre density measurements showed the value to be 0.48 and

all subsequent tubes were made to this figure unless otherwise stated.

The weights of the CFRP strut and the aluminium alloy end components were;

CFRP tube 260 g
Two split collets 82 g
Two eye ends and two tension plugs 824 g
Two clamping rings 410 g

Total 73757;

4,2 Tensile test

The assembled strut shown in Fig.13 was tested in tension between pin
joints 1n an Avery testing machine, Failure occurred in the end fitting
through circumferential crushing of the CFRP tube end by the compressive hoop
stresses produced by the end fittings. This caused a shrinkage in the tube
end section, and subsequent extrusion of the tube from between the split collet

and tension plug. The failing load was 26.6 kN,

] CFRP STRUT MODEL TWO

5.1 Modification of strut design

Two significant changes were made in the design and fabrication of this
model. Firstly the fibre was surface treated by ox1dation4 in air at 550°C
to a weight loss of at least 0.67% (the fibre used in this strut was made up
from batches of fibre whose oxidised weight loss ranged between 0.67% and 1.27).
Secondly the end fittings were modified by separating the tension plug from the

eye end and securing 1t to the CFRP tube with adhesive (3M's EC2216). This
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allowed the tension plug to move axially with the CFRP tube, preventing radial
collapse and extrusion of the tube end. Surface preparation of the tension
plug prioxr to glueing consisted of mechanical cleaning using a fine emery
paper, followed by a surface preparation process using chromium trioxide to
Specification DTD 915B. The CFRP tube surface was prepared by mechanical
cleaning using a fine emery paper followed by washing in distilled water and

finally drying in an air circulating oven.

To aid alignment of the tube and end fittings a central spigot was
added to the eye end, Figs.14 and 15 show the modified end fittings and their

assembly.

5.2 Tensile tests

The strut assembly designated 2/I, with split collets assembled dry,
was tested in tension as before and failed at 37.9 kN. Failure occurred at
the change of section at the tube end. Subsequent examination of this
failure showed that the split collets were not fitting correctly around the
tube at the change of section and were consequently causing a stress concen-—
tration and surface fibre damage. To overcome this, subsequent struts were
assembled with split collets that had been given a generous radius at the
change of section, and toc allow for fitting errors they were secured with
adhesive. The adhesive and surface preparations used were the same as for
the tension plug referred to in section 5.1. Three further struts designated
2/1I, 2/T11 and 2/IV were assembled using the modified split collet and then
tested in tension as before. Failure of strut 2/II, shown in Fig.l16, began
at the end fitting at a load of 94.7 kN. Struts 2/III and 2/IV both failed
in tension remote from the ends at 85.7 kN and 67.8 kN respectively. Figs.l17

and 18 show the failed tubes.

Because the failures of the last two struts were apparently uninfluenced
by the ends, the fibre stress at failure should have approached the fibre
ultimate tensile strength (1434 MN/mZ). It was in fact substantially lower in
both cases (568 MN/m2 and 450 MN/m2 respectively). This led to a separate
investigation, reported elsewheres, which showed that the fibre surface treat-
ment described in section 5.1 had substantially reduced the fibre ultimate
tensile strength. The treatment was therefore changed from model 3 onwards

and this 1s detailed i1in section 6.1.



5.3 Compression tests

In order to provide direct information on the ultimate compressive
strength of the CFRP rubes for comparison with the design figure, several
specimens were cut from a moulded CFRP tube and tested. They consisted of
tube sections 102 mm long whose ends were cast i1n an epoxy resin® to give
lateral support to the fibre ends, To ensure true axial loading of the speci-
mens the cast end faces were machined square with the tube axis and the tests
were carried out between the parallel compression platens of an Avery testing
machine. One specimen with an end fitting assembled was also tested in com-
pression to determine the effect, if any, on the compression strength of the

CFRP tube.

The results and modes of failure are listed in Table 1. Figs.19 and 20
show the compression specimen and failed specimens respectively. The four
tube section specimens gave a mean composite compression strength of
458 MN/m2 which compares closely with the figure of 448 MN/m2 used for design
(see section 3.2.2), The tube cross—-sectional area was, however, larger than
the minimum design value in order to use practical Imperial sizes, and for the
actual tube the maximum compressive design load corresponds to a stress of
only 390 MN/mz. The composite failing stress of the end fitting assembly of
390 MN/m2 shows that this end fitting is just adequate for these design

conditions.

A complete strut assembly with both tension plug and split collet secured
with adhesive was tested 1n compression between pin joints in an Avery testing
machine. Failure occurred in about 30 s at a load of 108 kN approximately one
third of the way along the length of the CFRP tube. Fig.21 shows the failed
specimen. The compression strength of 344 MN/mz obtained from this test is
rather lower than the figure of 390 MN/m2 for a single end and may have been

influenced by some misalignment of the end fittings.

6 CFR? STRUT MODEL THREE

6.1 Modification of strut design

Several changes were made to the design as the result of experience.

Fibre surface treatment was changed to a wet oxidation process using

sodium hypochlorites. This gave improved composite shear strength without

* CIBA MY753 resin and HY95! hardener ~ 6/1 parts by volume cured at room
temperature.
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degrading the fibre tensile strength. The fibre used for this strut and

subsequent struts was a Morganite fibre whose tensile strength was 2040 MN/mz.

Failures were still occurring at the ends so, to reduce stress concen-
tration effects due to the abrupt change of section near the end of the CFRP

tube, the shape was modified as shown in Fig.22.

To give some arbitrary transverse and torsional strength and better
handling characteristies to the CFRP tube, a thin inner core tube was provided;
this was helically wound onto a steel mandrel in surface treated type II fibre
two tows thick to the pattern shown in Fig.23 using the filament winding
machine6 shown in Fig.24. Fabrication was then continued as described in
section 4.1 giving unidirectional CFRP over the core tube, The overall fibre

volume fraction in the tube section was 0.504.

Modification to the end fittings consisted of changing the design con-
ditions from proof to ultimate figures and the inclusion of a spherical
bearing similar to that used on the original strut. This bearing gives a
full three degrees of freedom against unwanted induced bending and twisting
loads. The split collet and tension plug were modified to suit the new shape
of the tube ends. Figs.25 to 27 show respectively the modified end fittings,
details of the eye end, and the split collet and tension plug.

Redesign of the eye end reduced the amount of aluminium alloy used, but
spherical bearings added additional weight. Each redesigned eye end weighed

450 g giving a strut assembly weight of 1740 g.

6.2 Tensile tests

A strut assembly incorporating the new modifications was tested in
tension and failed in the end fitting at a level of 113 kN due to a bearing
failure in the split collet and clamping ring. Subsequent examination
indicated that there was a lack of fit between the tapers of the split collet
and the clamping ring so that only a fraction of the theoretical load bearing
area was in contact. This lack of fit caused distortions in both components
and was remedied by machining subsequent split collets after assembly, giving

concentricity with the tube's axis and positive mating with the clamping ring.

A second strut, modified in this way, was assembled and tested, giving
a failing load of 116.6 kN. Failure in this case was initiated by transverse
compre931VE7 failure of the CFRP inside the end fitting approximately 15 mm

from the end of the tube, propagating around 85% of the tube's circumference.
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This was followed by longitudinal shearing of the CFRP parallel to the tube
axis as far as the change of tube section, where the remaining 15% failed in

tension. Fig.28 shows the failed specimen.

An approximate stress analysis of the tube end has shown that compres-
s1ve hoop stresses of about 480 MN/m2 would oceur at this latest tensile
failing load. This agrees quite well with transverse compression strength
tests7 carried out on specimens made from the same fibre and resin system, and
subjected to similar constraint, which gave ultimate failing strengths of
517 MN/m2 and 603 MN/m2 corresponding to fibre volume fractions of 0.4 and
0.5 respectively.

6.3 Compression test

A strut assembly with all modifications was loaded in compression and
failure occurred at the end fitting at a load of 117 kN, giving a composite
compressive stress at failure of 372 MN/mz. This was not significantly better
than strut two and still below the design stress of 390 MN/mz. From the
appearance of the strut, shown in Fig.29, failure may have been caused by a
lack of pre-tightening of the clamping ring, so that under a compressive load
some axial settlement in the tube end left the tube end unsupported except

for the split collet,

7 CFRP STRUT MODEL FOUR

7.1 Modification of strut design

To finalise the design of the end attachment the clamping ring was
redesigned in an aluminium alloy CFRP material combination. This consisted of
an aluminium alloy L65 screwed ring designed to take the tensile axial loads,
over which a continuous type II carbon fibre with epoxy resin* was circum—
ferentially wound. This overwind (vf = 0.50) was finally machined to an
appropriate diameter and shape to take the tensile hoop stresses 1n an
efficient manner. The maximum hoop stresses developed in the clamping ring were
calculated to be 472 MN/m2 at the tube end and 692 MN/m2 at a point 19 mm from
the tube end. This modification resulted in a weight saving on each clamping
ring of 50 g, giving a 25 per cent weight reduction on the original clamping
ring. Fi1g.30 illustrates in detail the new clamping ring and Fig.31 the

finalised end fitting components.

* Shell 828 resin, MNA and benzyl dimethylamine ~ 100/85/1 parts by weight,
cured at 100°C for | hour, post cured at 1209C for 24 hours.
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Fabrication of the CFRP tube was carried out as referred to in
section 6.1 using the same type I and type II carbon fibre but with an increase
in volume fraction of the type I carbon from 0.48 to 0.5, making the total

volume fraction of carbon in the tube 0.524,

The weight of the final CFRP strut compotients were:

CFRP tube 260 g
Two split collets 82 g
Two eye ends 900 g
Two tension plugs 87 g
Two clamping rings 308 g

Total 1637 g

7.2 Tensile tests

7.2.1 Strength test

A strut assembly made to the final design, shown in Fig.32, was tested
in tension and failed in the end fitting at a load of 117.6 kN at which the
fibre stress was 770 MN/mz. As before, failure was caused by a transverse
compression failure of the CFRP inside the end fitting, this time approxi-
mately 8 mm from the end of the tube, followed by longitudinal shearing of
the CFRP. Fig.33 shows the failed specimen. The tensile strength so
measured satisfied the axial tensile loading requirement, but tensile tests5
of CFRP specimens made from the same material as the tube have showm that a
fibre strength of 1836 MN/m2 can be achieved, so that the efficiency of the
end 1n tension is only about 41%Z. The limit is set by the transverse com-
pressive strength of the CFRP. The transverse compressive stresses may be
reduced somewhat by changing the rate of divergence of the tube end, but
there does not appear to be much scope for improving tensile efficiency with

this type of end design.

7.2.2 Tube modulus measurement

The tensile elastic modulus of the CFRP tube was measured by a strain

gauge technique, A foil strain gauge* was secured with adhesive** to the

* Saunders Roe batch 1843, 25.4 mm long, 100 ohm resistance and gauge
facter 2.12.

*% CIBA MY753 resin and HY951 hardener ~ 6/1 parts by volume, cured at room
temperature.
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outside wall of the CFRP tube of a strut assembly, and aligned parallel with
the tube axis as shown in Fi1g.34. A digital voltmeter was used for measuring
the bridge voltage and also the output of the strain gauge, using a conven-
tional Wheatstone bridge network. The strut assembly was loaded in tension
between pin joints in an Avery test machine in load increments of 10 kN from

10 kN to 60 kN, the corresponding strain being recorded at each load. Fig.35
shows the load/strain curve plotted from the test results. The tensile elastic
modulus calculated from these results was 255 GN/mz, which was in good agree-
ment with the figure of 234 GN/m2 derived from the fibre modulus and the law of

mixtures.

7.2.3 Stiffness measurement

The tensile stiffness of the strut assembly is the load required toincrease
the length between loading pins by one unit of length. Direct measurement of
this extension between the loading pins 1s not practical however because of pin
deflections suffered under load. Measurements were therefore taken between the
side pins, shown in Fig.36 which were secured to each eye fitting normal to the

strut and pin axes, and in line with the pin joint centres.

To measure the tensile stiffness the strut assembly used in section 7.2.2
was loaded in tension between pin joints, the load being applied in 1increments
of 2.5 kN up to a maximum of 60 kN. At each load increment the corresponding
increase in length was measured using a telescopic tube and displacement trans-—
ducer (linearly variable differential transformer) mounted between the side pins,
the voltage output of the transducer being measured with a digital voltmeter.
Fig.37 shows the load extension curve for the loading and unloading cycle. The
slope of the linear portion of the curve on the loading cycle gives the stiff-

ness of the strut assembly as 20.4 kN/mm,

Although the value obtained during a single loading cycle must be treated
with caution, the result obtained falls so far below specification as not to
merit an investigation involving repeated loading which would at that time have
been 1inconvenient. It 1s, however, of interest to compare this value with a

single theoretical estimate calculated in the manner described in section 3.3.

Because of the modifications to the strut components the tensile stiffness
of each finalised component was re—estimated using equation (2} giving the

following values:
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CFRP tube 163 kN/mm
Eye end 490 kN/mm
Clamping ring 1420 kN/mm

The tensile stiffness of the finalised strut assembly determined from

equation (4) is then 86 kN/mm.

The measured temsile stiffness 1s very much lower than that calculated,
and this is clearly due to the method of end attachment. The qualitative
explanation is as follows. It has already been shown that axial tensile
loads generate substantial radial stresses in the divergent wedge end of rhe
CFRP tube; 1ndeed, these same stresses eventually initiate overall tensile
failure. Because the transverse compressive modulus of the tube is low
(about 7 GN/mz), these stresses lead to substantial radial elastic deforma~
tions. These in turn lead to axial movement in the wedge, the magnitude of
which 1s aggravated by the relatively shallow wedge angle, It is these
strains which explain the difference between the measured and calculated

overall stiffness.

The marked hysterisis effect evident in Fig.37 arises largely 1in the
end fitting, in particular from the friction between the tube end and the

clamping ring during unloading.

7.3 Compression tests

7.3.1 Strength test

A strut assembly made to the final design (Fig.32) was tested in com-
pression. Failure occurred in about 30 s away from the end fitting at a
load of 141.5 kN, corresponding to a composite compressive stress of
450 MN/mz. This more than satisfied the compressive load requirement of

122.8 kN. Fig.38 shows the failed specimen.

7.3.2 Tube modulus measurement

The compressive modulus of the CFRP tube was measured using the same
method and strut assembly as used for the tensile modulus described in
section 7.2,2. Fig.39 shows the load/strain curve plotted from the test
results., The compressive elastic modulus calculated from these results was
247 GN/mz, while the modulus estimated 1n section 3.2.2 using the results of
Ref.2 was only 163 GN/mZ. The tensile modulus of the fibre used was 10%

higher than the figure used in the design calculations, but nevertheless the



in

17

assumptions used 1n section 3.2.2 were evidently unduly conservative as the

compressive modulus measured here is little different from the tensile figure.

7.3.3 Stiffness measurement

The overall compressive stiffness was measured using the method described
in section 7.2.3 for the measurement of tensile stiffness. Fig.40 shows the
load extension (-ve) curve for the loading and unloading cycle. The slope of
the linear portion of the curve on the loading cycle gives the stiffness of the
strut assembly as 88.5 kN/mm. The theoretical stiffness calculated from
equation (4) 1n section 3.3, and using the re-calculated stiffness for the
strut components referred to in section 7.2.3, was 98 kN/mm. This agrees

adequately with the measured value.

The measured value satisfies the design tensile stiffness value of
70 kN/mm (section 2). The close agreement between measured and calculated
values in this case highlights the difference in stress distribution between
the tensile and compressive cases. In the former load 1s transferred from the
pin via the clamping ring and this generates high transverse compressive
stresses with the results which have been described in section 7.2.3. In the
latter load is transferred directly from the eye end to the ends of the tension

plug, tube and split collet.

Under axial compression the strut suffers an axial strain which for
increasing load is linearly propotrtional to the applied load (Fig.40). During
unloading however the strain is far from linear and the strut exhibits a
marked hysterisis. A possible explanation 1is that during loading the flared
end of the CFRP tube 1s subjected to stresses which cause a change 1in the
local tube diameter. This in turn causes a significant amount of relative
movenment between the clamping ring and the tapered split collet. During the
unloading cycle relative movement between the two components is inhibited by
friction forces and such movement does not occur until the frictional forces

are overcome, resulting in apparent hysterisis.

It can be seen that the deformation of the tube end has a less effect on
overall hysterisis in compression than in tension, As previously described

(section 7.2.3), hysterisis in tension 1s largely caused by the wedge action,

8 DISCUSSION AND CONCLUSIONS

The final CFRP strut (model 4) weighed 437 less than the existing steel

component, and the quantitative results are summarised in Table 2.
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Both the strength and stiffness of the complete strut in compressiocn
were satisfactory. The values of compressive strength assumed in the origimal
design, the values obtained from small tube sections and the walue obtained
from a complete model 4 strut all agreed closely. Strut failures in com-
pression showed no sign of overall buckling, did not appear to be influenced
in any way by the ends, and the design compressive load was achieved comfort-
ably. The CFRP tube compressive modulus and the overall compressive stiffness
of the strut exceeded the value assumed in design and the design requirement
respectively. It appears therefore that the method of design, and in parti-
cular the form of end attachment, would be satisfactory for a compression

member of this kind.

The tensile results were less encouraging. The model 4 strut failed 1n
tension at exactly the design requirement value, but the failure occurred in
the end fitting at a load corresponding only to an estimated 41% of the
ultimate tensile strength of the main CFRP tube. It was clearly established
that the end failure was caused by the transverse compressive stress in the
flared end of the CFRP tube, and an estimate of the value of this stress at
failure agreed quite well with independent measurements of the transverse
compressive strength of the material. The tensile modulus of the CFRP tube
was slightly higher than expected, but the overall strut stiffness was well
below the design requirement value. This inadequacy was shown to be a con-
sequence of the low transverse compressive modulus of the CFRP, Under ten-
sile loads lower than that precipitating transverse compressive failure in
the CFRF flared end, the low tramsverse compressive modulus permits rela-
tively large radial elastic strains which, because of the small wedge angle,
lead to large corresponding axial movement within the end fitting. Both the
strength and stiffness of the end fitting are therefore limited in tension
by the transverse compressive performance of the CFRP. There does not
appear to be a great deal of scope for improvement, either in the material
properties which affect this performance or in detailed design, and this
type of end design 1s not therefore generally suitable for a component of
this kind designed to carry tensile loads. A more promising approach would
seem to be an adaptation of the shim joint concept. This might take the
form of a number of concentric cylindrical metal shims bonded between layers
of CFRP at each end of the tube and drilled to take loading pins. An end
attachment of this kind in plane form has given ultimate tensile strength
efficiencies much higher than that achieved in the work reported here, and

its stiffness should not be limited by the transverse properties of CFRP,
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Several interesting lessons were learned during the course of the work,
among them the reduction in fibre ultimate tensile strength caused by air oxida-
tion surface treatment under certain conditions, and the importance of accurate
fit of the end attachment compoments to avoid stress concentrations as far as

possible.

Some aspects of the design were considered only partially or not at all,
The provision of some torsional strength and handling integrity by means of a
helically wound core was demonstrated only qualitatively, but no difficulty
can be foreseen in using the technique in a real design. Fretting could
clearly be a problem in the end components and was taken account of in the work
reported here only by bonding the CFRP tube to the metal fittings with an
adhesive to prevent surface fibre damage. Methods of protection against corro-
s1on between the aluminium alloy end fittings and the CFRP tube were not con-

sidered and no fatigue measurements were made.

Overall, the exercise has demonstrated quantitatively the weight saving
potential of CFRP in compression struts of this kind and has contributed to
the solution of the difficult problems of attachment and load diffusion which

the use of CFRP in highly anisotropic form presents.



Table 1

COMPRE SSION STRENGTH OF SPECIMENS CUT FROM CFRP TUBE STRUT MODEL TWO

Failing load

Composite compression

Specimen 2 Remarks
kN strength MN/m
1 122.6 390 Compression failure
2 147 468 Compression failure
3 142,7 454 Compression failure
4 164 522 Compressicen failure
5 122.6 390 Tested with end fitting

Failed at end fitting

0z
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clearly be a problem in the end components and was taken account of in the work
reported here only by bonding the CFRP tube to the metal fittings with an
adhesive to prevent surface fibre damage, Methods of protection against corro-
sion between the aluminium alloy end fittings and the CFRP tube were not con-

sidered and no fatigue measurements were made.

Overall, the exercise has demonstrated quantitatively the weight saving
potential of CFRP in compression struts of this kind and has contributed to
the solution of the difficult problems of attachment and load diffusion which

the use of CFRP in highly anisotropic form presents.



Table 1

COMPRESSTON STRENGTH OF SPECIMENS CUT FROM CFRP TUBE STRUT MODEL TWO

Failing load

Composite compression

Specimen 2 Remarks
kN strength MV/m
1 122.6 390 Compresgion failure
2 147 468 Compression failure
3 142.7 454 Compression failure
4 164 522 Compression failure
5 122.6 390 Tested with end fitting

Failed at end fitting

0t



Table 2

SUMMARY QF RESULTS

Tension Compression
Load at CFRP ultimate CFRP Overall Load at CFRP ultimate CFRP Overall
failure strength modulus stiffness failure strength modulus stiffness
2 2
(kN) (N /) @ /n®) | Gat/mm) (1Y) (/) @ /n%) | (eN/mm)

Model 1 Complete strut *26.6 84

Tube sections 144 458

Single end fitting *122.6 390

Complete strut 2/I %37.9 121
Model 2 Complete strut 2/I1 *94,7 301

Complete strut 2/III 85,7 273

Complete strut 2/IV 67.8 216

Complete strut 108 344

Complete strut %113 360
Model 3 Complete strut %116.6 371

Complete strut 117 372

Complete strut *117.6 374

Complete strut 255 20.4
Model 4 Complete strut 141.5 450

Complete strut 247 88.5
Design requlrement 117.6 70 122.8 70
Value calculated using fibre

. 918 234

properties and law of mixtures
Value used for design 448 163
Theoretical values 86 98

* End failure.
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Fig.13  Assembly of CFRP strut models 1and 2
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Fig.20  Failed compression specimens
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Fig.24  Filament winding machine



Fig.25  End fitting components for CFRP strut model 3
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. Fig:28 Tension failure CFRP strut model 3 -




' Fig.28 Compression failure CFRP strut Edmm_m 3
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ig. 31 Finalised and fivting components




" Fig32  Finalised striit assembly



Fig:33  Tension failure CFRP strut model 4
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