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An experimental technique to characterize filament-wound composite tubes radially under
impact loading conditions is described. The technique does not incur any risk and it uses a
drop-weight machine to pressurize the test specimens with water via an end-plug. A com-
parison of the static and dynamic properties of glass-fibre reinforced plastic tubes reveals that
the dynamic properties are higher than their appropriate static values.

1. Introduction

The impact strength of fibre-reinforced composite
structures is one of the important properties which
influence the design of these structures. This is because
fibre-reinforced composites are increasingly used in
the structures of aircraft, land and rail vehicles, and sea
vessels, and this imposes some crashworthiness
requirements specified by the appropriate bodies.

In the conventional methods of impact testing the
energy needed to break a specimen of a certain
geometry is measured, from which the material tough-
ness is determined. But the results obtained from these
tests are usually difficult to apply to real structural
problems [1]. The most famous impact testing methods
are the Izod and Charpy methods which have both
been used to impact test fibre-reinforced composite
materials [2—11]. Other investigators have conducted
tests to measure the impact strength of a composite
rather than the impact energy. Examples include the
ballistic testing of fibre-reinforced flat specimens
[12, 13] and the detonation testing of filament-wound
tubes [14, 15].

There have also been some studies to investigate
some other impact characteristics of composites.
Thornton and Edwards [16], for instance, studied the
energy absorption in composite tubes by subjecting
the tubes to impact axial loading. Manders ez al. [17]
investigated the mechanisms of impact damage in
filament-wound tubes impacted by either pointed or
blunt objects on their walls. Hofer and Porte [18]
studied the influence of moisture on the impact
behaviour of hybrid glass—graphite—epoxy composites.
Non-linear impact shear behaviour was investigated
by Lifshitz and Gilat [19].

The present investigation concentrates on the
determination of the radial impact strength of fibre-
reinforced composite tubes. The radial load, which is
obtained using a drop-hammer as described later,
subjects the tube wall to impact hoop tension stress.
The fibre orientation in the test specimens is as near to
hoop orientation as the winding machine could
produce. This is +85° from the axis of the tube. It is
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done so in order to characterize the materials and
compare the impact strength with the static strength.

2. Test equipment

The GRP tubes were tested under internal impact
hoop loading conditions using a drop-hammer machine
built at UMIST for general testing purposes [20].
Internal impact hoop loading was obtained by letting
the hammer drop from a prescribed distance to impact
on a plug that can slide inside the test tube which is
filled with water. Since water is incompressible the
pressure is transferred to the tube wall, subjecting it to
hoop loading.

The complete test rig is shown schematically in Figs
1 and 2. The apparatus consists basically of two cylin-
drical aluminium plugs which slide inside the two ends
of the test tube. O-rings are used to centralize the plugs
with the test specimen. The top plug is longer than the
bottom plug because it is the one which moves inside
the tube when the hammer drops. On the top of the
upper plug there is a high-strength steel plate of hemi-
spherical top which supports a free piece of female
hemisphere of the same material. This arrangement is
to ensure that the top plug is loaded axially. On the
top of all these a lead plate is placed to absorb some
of the energy in order to prevent hammer bounce.

The lower plug has a hole to accommodate mounting
the pressure transducer, and it is fastened to a steel
plate which is fixed to a bulk steel piece, and this in
turn is screwed to the base of the machine.

The top plug contains an axial hole to allow air to
escape when inserting the plug inside the test specimen
prior to the test. The hole is then closed.

Fig. 3 shows the test apparatus dismantled, whereas
Fig. 4 shows it assembled.

3. Test technique

Internal pressure was measured by a Kistler press-
ure transducer which is fastened on the bottom
plug of the test rig. The pressure signals from the
transducer were amplified by a charge amplifier
and then sent to Tektronix storage and oscilloscope.
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Figure 1 Schematic diagram of
the test rig.
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An instant Polaroid camera was used to obtain a hard transient recorders to which were connected a Gould
copy of the pressure signal (against time) from the oscilloscope and Gould plotter which were used to

oscilloscope. observe the signals and to have a hard copy of strains
Strains were measured by strain gauges bonded on against time,
the test specimen. Four strain gauges were used: two To protect the operator a cage was screwed to the

for axial strain and two for hoop strain. They were  base of the machine. The cage was made of steel sheet
arranged in pairs at 180° at the middle of the tube. The ~ with a polycarbonate window which was used to
signals from the strain gauges were amplified by Fylde ~ observe the failure of the test specimen. Fig. 5 shows
transducer amplifiers and then sent to two Datalab  the test rig with the cage after a test.
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Figure 2 Block diagram of the test set-up.
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Figure 3 (a, b) A test specimen with its end-plugs. (1) Test specimen, (2) top plug, (3) bottom plug, (4) male top plate, (5) female top plate,

(6) lead plate.

The impact velocity was between 6 and 8.1 msec ™.

These two limits were calculated from the lowest and
highest positions of the hammer, respectively.

4. Test specimens

Nine tubular specimens of 100mm inside diameter
were tested. They were cut from three different long
GRP tubes. The winding angle of all tubes was + 85°
(as near to hoop winding as the winding machine
could produce). The tubes differ in thickness and the
number of winding covers. The fibre content of the
tubes was obtained by burning off the resin. This was
also found to be different from one tube to another.
The thickness of each specimen was measured at ten
different points and the average thickness was calcu-
lated. Table I summarizes the specimen data.

5. Test results

Fig. 6 shows photographs of the oscilloscope records
of pressure against time of specimens of Groups 200,
300 and 400. Figs 7, 8 and 9 show the strain—time
plots of the different groups of specimens. From the
load~time records and the strain—time plots it was
possible to plot the stress—strain dynamic responses
for the three groups of specimens. The curves were
quite linear till failure. From these curves the exper-
imental values for the dynamic modulus, the dynamic
strength and the failure strain of the tubes were
obtained. These are given in Table II.

TABLE I Data for test specimens (inside diameter 100mm,
specimen length 300 mm, winding angle 1 85°)

Specimen  No. of Fibre content  Specimen  Average
group winding by volume No. thickness
covers (mm)
200 2 0.576 201 0.755
202 0.799
203 0.849
300 3 0.580 301 1.170
302 1.183
303 1.202
400 4 0.636 401 1.405
402 1.489
403 1.472

Figs 7, 8 and 9 reveal that the specimens were
loaded at a high rate of loading in which the average
strain rate was about 1 x 10°mm mm™ min~' (which
is an average value of what one expects to get from a
drop-weight impact testing machine). The exact value
of the strain rate, however, is not important as only its
order of magnitude carries importance.

If the load history of the specimens is represented
schematically as shown in Fig. 10 then two phases of
fracture can be distinguished. The first phase is the
fracture initiation phase which is represented by the
first portion of the curve, and the area under this
portion represents the initiation energy E;. The second
phase is the fracture propagation phase which is
represented by the second portion of the curve, and

Figure 4 A specimen ready on the machine.
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Figure 5 The test rig with the safety cage after a test.

the area under this portion represents the propagation
energy E,. The total impact energy, E, is the sum of E;
and E, and is equal to {Lvdr (where L is the load, v
is the velocity of the drop weight and ¢ is the time). The
ratio of the energy E, to the energy E; gives a measure
of the brittleness or ductility of the test specimen. A
low energy ratio indicates a brittle specimen, while a
high ratio indicates a ductile specimen.

6. Discussion
The duration of applying the load on the specimens
ranged between 3msec (for the thin specimen) and
8 msec (for the thicker specimens). This time is much
longer than the time needed for a stress wave to travel
along the specimen many times. Consequently, the
time lag between the arrival of the stress pulse at the
strain gauges (which are located at the middle of the
specimens) and the pressure transducer (which is
located at the bottom of the specimen) is negligible.
The present technique which uses the drop hammer

seems to be an adequate method to impact test

()] (b)

Figure 6 Oscilloscope record of pressure—time of (a) Group 200 specimens, (b) Group 300 specimens and (c) Group 400 specimens.
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TABLE II Experimental results

Specimen Dynamic Dynamic Failure
group modulus strength strain
(GPa) (MPa) (%)
200 39.1 1569 4,01
300 39.7 1592 4.01
400 49.5 1658 335
TABLE IIT Static properties
Fibre content by volume 0.632 0.564
Static modulus (GPa) 45 314
Static strength (MPa) 1260 1120
Failure strain (%) 2.83 3.57

filament-wound tubes radially. It encounters no danger
as compared with the method which uses an explosive
charge which was used by previous investigators.
However, the order of magnitude of the strain rate is
greater in the explosive charge test.

What would be an improvement in the instrumen-
tation part of the test is to use a computer to store all
the experimental data rather than using a camera to
photograph the oscilloscope screen.

The static properties of the GRP tubes are given by
Nahas [21] as shown in Table III. These properties
were obtained from tests conducted on similar tubes
with fibre content values very near to the fibre content
of the present tubes. The strain rate for the static
properties was 0.006 mm mm ™' min~*,

Comparison of the impact experimental results of
Table II with the corresponding static properties of
Table ITI reveals that the impact properties are higher
than their corresponding static values. This means
that the modulus of resilience, which is the area under
the stress—strain curve and which represents the
material’s ability to absorb energy, for GRP is higher
under impact loading conditions than under static
loading conditions. This makes GRP an appealing
crash-resistant material because it has potentially the
best impact resistance characteristics [22].

From Tables II and III and the values of the strain
rate for the static and the dynamic tests it is evident
that the dynamic properties increase with the strain-
rate value. It is common to plot the values of the
material properties against the logarithm of the value
of the strain rate, but in the present study it is felt that
this will merely be a repetition of Table II and III as
the strain-rate values in the dynamic tests do not differ
in their order of magnitude.

(c)



5 Figure 7 Hoop strain-time plot of Group 200
specimens.
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Regarding the influence of the specimen geometry
on the impact behaviour, it is observed from the load
histories of Fig. 6 that thin specimens have a rather
brittle material behaviour. This is clear from the sharp
drop-off in the load when the ultimate load is reached,
indicating a low propagation energy. As the specimens
become thicker the propagation energy becomes higher
and the behaviour changes to indicate a rather ductile
behaviour for the thickest specimens (Fig. 6c).

To get a better insight into the mode of failure of the
test specimens it is suggested that a high-speed camera

be used to record the Moiré fringes at short time
intervals during the loading of the specimens.

7. Conclusions

It has been demonstrated in this experimental inves-
tigation that filament-wound composite tubes can be
used to characterize fibre-reinforced composite
materials under impact loading conditions. The
present experimental technigue endures no peril as
compared with the explosive test used for the same
purpose.
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Figure 10 Schematic representation of load history.

The dynamic properties of GRP are considerably
higher than their values under static conditions. This
. makes GRP composites very effective as energy-
absorbing structural materials.
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