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Abstract

It has well known that Carbon Fiber Reinforced Plastic
(CFRP) cables show their excellent performances in lightweight,
high strength, no-magnetism and corrosion-resistance. And thus they
are being expected to use as structural members in space structures
or in civil engineering fields in place of steel ones. However, since
CFRP cables have been currently very few applications available,
their physical properties have not been still cleared. This study is
to investigate fundamentally the dynamic tensile properties of CFRP
cables. Dynamic tensile tests for CFRP cables were executed by
making use of the hydraulic rapid loading machine, which has the
maximum loading capacity of 980 kN and the maximum loading speed
of 4m/s. From test results, it can be found that the failure
strength of CFRP cables becomes smaller with the increase of load-
ing rates and the performances of carbon fibers at breakage for
high-speed loads quite differ from that for static loads.
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1. Introduction

Carbon Fiber Reinforced Plastic (CFRP) cables have great industrial potential
on account of their excellent performances in lightweight, high strength, no-magnetism
and corrosion-resistance. Such space structures as a satellite loaded with an antenna
and a solar battery array have been getting larger scale year by year according to
the increase of mission demand. Considering the current and future situation, the
deployable structures are the most common as a stowage of satellite for transporta-
tion to the orbit. In this deployable structure, many flexible metal or fiber cables
are used to lighten and simplify the deployment mechanism without losing the func-
tional accuracy and reliability of structure. In the field of “aeronautical engineering,
many studies’® related on the steel cables have been steadily done to examine the
mechanical properties of them. In recent years, the application of cable network,
tension truss and space tether to deployable space structures have been studied®”.
Of these, the studies on CFRP cables are extremely few even though they are indis-
pensable and important®.

- For the other fields, in civil engineering, CFRP cables and sheets have been
practically used for many structures. For instance, Reinforced Concrete (RC) bridge
piers, which they are to be suffered from salty breezes, were strengthened by CFRP
cables in place of reinforcing steel bars”. Also, after the great Hanshin-Awaji Earth-
quake in 1995, the existing bridge piers have been retrofitted and reinforced by
CFRP sheets™?, and many studies on the application of CFRP materials to struc-
tures have been continued**®. However, most of these studies are related on the
static physical properties of CFRP cables'™”. As of studies on the dynamic tensile
properties'™? of them were resulted from impact tests by the weight-drop or the
rotating circular plate impacting machines. In these tests, though the dynamic prop-
erties of CFRP cables under very high strain rates can be found, it may be affected
by a high stress wave simultaneously. It is known that impact tests are commonly
employed for investigating the behaviors of structural materials and members sub-
jected to impact loads. Thus, to examine and find precisely the dynamic properties
of structural materials without stress wave effects, a rapid loading test should be
employed.

This study is to examine the tensile properties of CFRP cables with strain rate
effects. Then different five loading rates were chosen as test parameters in the
rapid loading tests. CFRP cable specimens for this test have the same specifica-
tions as ones used in the previous static tensile tests. In tests, specimens were
tested until the tensile breaking will occur. Based on test results, the tensile failure
load, the elongation at breakage and the energy absorption capacity were examined
and related with the strain rates of 107* to 10" (1/s).

2. Outline of dynamic tensile tests for cable specimens

2.1 CFRP cable specimens

Fig.1 shows the configuration of CFRP cable specimen used for the dynamic ten-
sile tests. A CFRP cable is made of seven strands, in which six strands were
twisted spirally around a core strand as shown in Fig.l(b). Each strand is bundled
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Fig. 1 Specimen.

of 12000 Poly Acrylo Nitrile (PAN) series carbon fibers impregnated with epoxy
resin, which has the 3mm in diameter (manufactured by Tokyo Rope Co. Ltd.) as
shown in Fig.l(c). It was found from the photographic line method that CFRP cable
has the fiber content of 68% by volume, the nominal diameter of 10.5 mm and spiral
pitch of 130 mm. A specimen has 215 mm in gauge length and 575 mm in full length.
Both ends of a cable were inserted into the tab, which is made of mild steel, with
the outside diameter of 32 mm, the inside diameter of 19 mm and 180 mm in length.
Then, both the end tabs were filled with the expansive admixture, which is commonly
used to break rocks or RC structures in civil engineering fields. A specimen was
installed in a correctional device to align and the expansive admixture was hardened
under the room temperature. The compressive pressure by the expansive admixture
becomes about 60 MPa in a week after fixation and continues to increase day by day.
For this test, the specimens cured for two weeks were employed.

To measure the strain in a CFRP cable specimen, three strain gauges (FLA-5-
23, 5mm in length) were attached to the center position and other two positions of
20 mm from each tab (i.e., the interval of about 85 mm) in the direction of the spi-
raled side wire of a cable. In tests, three specimens were tested under the same
testing condition.

2.2 Dynamic tensile testing procedures

The dynamic tensile tests were performed by making use of the rapid loading
test machine (the loading capacity of 980 kN, the maximum loading speed of 4 m/s) as
shown in Figs.2 and 3. Bearing force and displacement of a cable specimen and
strains in the spiraled side wire were measured by the load transducer of 490 kN,
the laser non-contact displacement sensor (the resolution of 50 #m and the capacity
of 200 mm) and strain gauges, respectively, as illustrated in Fig.4. The measured
data from measuring devices were recorded and analyzed by the data acquisition sys-
tem (the maximum measuring frequency of 10 MHz). In measurement, the data sam-
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loading machine.

pling frequencies were varied from 20 kHz to 1 MHz corresponded with the loading
rates. And, the states of all tests were also recorded by the high-speed video
camera (NAC HSV-400, 400 frames per second).

The rapid loading test machine is principally consisted of a main actuator, a bal-
ance actuator and a servomechanism actuator. Before starting a test, the main
actuator is constrained by the balance actuator to work. And, a servomechanism
actuator will work to open oil holes in the balance actuator, and then the main
actuator starts loading. Loading speed is controlled by the operational speed of a
servo-valve, that is, the opening speed of in-and-out holes in the oil cylinder will be
operated. Tensile testing instrument is consisted of two steel rigid frames. These
two frames are combined so as to make a right-angled crossing as shown in Fig.3.
A load transducer and a specimen fixation device are equipped in a movable frame
(four steel bars with the diameter of 50 mm and two of H-shaped beams) fixed to the
main actuator. Other frame (two steel columns with a diameter of 90 mm and a steel
beam with the size of 75 X 150 X 500 mm) is fixed to the reaction base of test
machine as shown in Fig.5. Force to the specimen was loaded to the lower end of
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specimen fixed to the movable frame as shown in Figs.3 and 5.
As given in Table 1, the loading rates were designated for five levels as very

Table 1 Testing conditions.

Displacement Anticipation Number of
No. Name . .
speed (m/s) Strain rate(1/s) specimens
1 Very low (VL) 1x10* 4. 65x 10 2
2 Low L 0.10 0. 47 3
3 Middle 0.34 1.59 3
4 High H) 1.17 5. 44 4
5 Very high (VH) 4.00 18. 60 5

low, low, middle, high and very high, which corresponds to the expected strain rates.
In this study, the stress and the tensile strength can be evaluated by dividing the
measured load by the nominal cross-section area. Here, since the strain was meas-
ured by the strain gauges attached to the spiraled wire of cable, this strain are not
exactly the true axial strain in a cable.

3. Experimental results and considerations

3.1 Results from quasi-static tensile test

The relation between the load and the elongation of a CFRP cable specimen by
quasi-static tensile tests is shown in Fig.6. Here, the elongation is given as the
averaged value of the data from three strain gauges. The load and elongation-time
histories are also shown in Fig.7. It can be found from Fig.6 that the relation be-
tween the load and elongation is given as a straight line up to the failure (i.e., the
breaking point) of cable. In this case, the averaged tensile failure load of two spec-
imens was 114.5kN and the averaged elongation at the breaking point was 1.35%.
Although the elongation shown here is the strain in the direction of a spiraled side

150 - - - 150
X
z 1 z100 :
° T =

0] [y

i 1 3 s0 H

e 0

0 05 10 15 2.0 40
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Fig. 6 Load vs. elongation at the quasi- Fig. 7 Load and elongation vs. time at the

static test. quasi-static test.
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wire, this agrees well with the experimental result obtained by measuring directly the
directional elongation of cable specimens'”. This may be an accidental result, but the
elongation evaluated from the strain in spiraled wires can be acceptable as the direc-
tional elongation of a cable. Moreover, from results in the quasi-static tensile tests
of CFRP cables, it is hard to find out the phenomenon"®” , which the tensile elastic
modulus increases greatly in the early loading stage due to the frictional resistance
between the side wires and the core wire and/or the uneven of twist in a steel wire
cable. The averaged tensile elastic modulus determined from the linear relation of
load and elongation in the early loading stage was 134 GPa. When a twisted strand
is pulled under the condition of free rotation, a twist will be returned and a strand
will rotate. Even though the fixing device of a cable specimen used for this test has
the rotational mechanism, the rotation of a cable specimen was not observed until it

is broken since the weight of fixing device is very large.

| cFvL

A

Fig. 8 Photograph of fractured cable at the

quasi-static test.

An example of a fractured CFRP cable specimen by the quasi-static tensile test
is shown in Fig.8. It can be seen from the figure that the fracture of a cable by
the quasi-static tensile test will occur when all strands break simultaneously in
pieces. To see how the fractured cross section was, the difference of applied stress
states can be found. That is, when one side of fractured section becomes the ser-
rated surface, the other section has the inclined and smoothed surface. This may
be resulted that both the tensile and compressive failure were occurred and inter-
mingled in the same strand. The breakage in a CFRP cable specimen will occur in
the specified section at first by tensile stress, and then the internal energy may be
released at this time. This will cause the compressive failure at the other section
since a cable contracts abruptly so as to return to its original dimensions. However,
since the failure in a cable occurs instantly, it is difficult to determine where the
broken section was originated at first.

3.2 Results from high-speed tensile test

3.2.1 Failure state

The failure states of CFRP cable in the high-speed tensile tests are shown in
Figs.9-12. In the high-speed tensile tests, CFRP cables were resulted to the failure
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Fig. 9 Photograph of fractured cable at Fig. 10‘ Photograph of fractured cable at
the high speed test (0.10m/s). the high speed test (0.34m/s).

Fig. 11 Photograph of fractured cable at Fig. 12 Photograph of fractured cable at
the high speed test (1.17 m/s). the high speed test (4.00m/s).

when all strands broke simultaneously and instantly, which is similar to the case in
the quasi-static tensile tests. Compared the failure states for high-speed loads with
that for quasi-static tensile loads shown in Fig.8, it can be found that the broken
positions of strands in the two are greatly different. For high-speed loads, in 13 of
15 specimens, all strands of a cable were broken at both ends near the tabs. While
for quasi-static loads, all strands were broken in pieces over the length. As common
knowledge in material tests, the breakage at near the fixed end may be resulted due
to the stress concentration. And thus, it might be pointed out that the breakage at
both ends was caused by a method of chucking specimen. It is thought from the ex-
perimental facts that, though there is no evidential correlation, the breakage of cable
specimens at both ends may be in connection with that the failure load decreases
with the increase of strain rates. Since the breakage at both ends of a cable is
happened only in high-speed tensile loading tests, it may be concluded that this will
due to the stress localization but the stress concentration. In quasi-static tensile
tests, even if a tensile load is applied unequally to each strand due to the geometric
gap or imbalance of a cable at the beginning, these defects will be gradually elimi-
nated as time passed and deformation progressed. @ While, for high-speed tensile
tests, since there is no time to recover the uniformity of a cable, the breakage will
be localized in a certain part where the stress concentrates.
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In this study, the fixing method of a cable specimen is referred to the common
method, which is currently and generally employed for the tensile tests of cables.
From test results in this study, when the dynamic tensile properties of cable spec-
imens subjected to high-speed loads or impact loads will be examined further, the
fixing method of a cable specimen in tests should be improved or newly developed.
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Fig. 13 Load vs. elongation (0.10 m/s). Fig. 14 Load vs. elongation (0.34 m/s).
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As an example, the tip of a tab with a taper shape is proposed. As to the fractured
surface in strands, the tensile-type fracture was observed in one end and the other
end was the compressive-type fracture. It is concluded that the fracture mechanism
for high-speed loads is quite similar to that for quasi-static loads.

3.2.2 Load and elongation relation

The relations between load and elongation of CEFRP cable specimens resulted
from high-speed tensile tests are shown in Figs.13-16. Fig.17 shows a typical exam-
ple of time histories of load and elongation, in the case of loading rate of 1.17 m/s.
Here, the elongation is given by rating the measured strain. It can be found from
Figs.13-16 that the load-elongation relations are somewhat changed when the loading
rate becomes larger. The load- elongation relations in the case of loading rates of
0.10 to 0.34 m/s are almost linear up to the breaking point in the same as that for
the case of quasi-static loading. When the loading rate becomes larger than 1.17
m/s, the elongation of cable will be developed 0.5 ms behind the load, as shown in
Fig.17, since a slight play may be possibly existed in the mechanical joints or other.
Generally, in dynamic tests, the load data measured with a load transducer is strong-
ly affected by the inertia when the loading speed becomes larger. Thus, the results
shown in Figs.15 and 16 are given after the effect of inertia force was removed.
From these figures, the load-elongation relations for the case that the loading rates
are over 1.17m/s, it can be seen that they show a weak non-linearity. And, as can
be seen from Fig.17, the differences among the strain at three points were not rec-
ognized in both time and value. Based on AE (Acoustic Emission) method, the stress
wave velocity in a CFRP cable is about 8000-9000 m/s. This means that it takes
9 us the stress wave to propagate between two strain gauges with the interval of 85
mm, and thus the difference of localized deformation can be neglected. At the
moment when a cable is broken, the output from three strain gauges change with the
location to either increase or decrease as shown in Fig.17. This may be considered
that the compressive stress will be originated in a localized certain part in the same
phenomena as that for quasi-static tensile tests.

3.2.3 Failure load

The relation between the failure load and the strain rates resulted from high-
speed tensile tests is shown in Fig.18. In this study, the strain rate is defined as

-c 1-2 1 1 T 1 1

° [
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5 [

z

s 1.0 ]
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Fig. 18 Failure load vs. strain rate.
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the slope of the tangent to the strain-time curve, in which the behaviors of three
measured strains show almost same. And, the failure load shown in Fig.18 is nor-
malized with the averaged failure load obtained from static tensile tests. The failure
loads of CFRP cables under the conditions of the strain rates of less than 1.0 (1/s)
are nearly equal to that for the static tensile test. When the strain rate becomes
larger than 1.0 (1/s), the failure load remarkably deteriorate. At the strain rate of
about 10.0 (1/s), the failure load is about 10% lower than that for the static tensile
test. Based on the results from the high-speed tensile test, the failure load of
CFRP cable is related with the strain rates by

L € -2.44x107° B —oy o [ Ed
La :( Ed j e (~361x1079x[-52) ) (1)
S S

where L4 is the failure load (kN) for a high-speed tensile load, Lg is the averaged

failure load (kN) for the static tensile test, €4 is the strain rate (1/s) in a high-
speed tensile loading, és is the strain rate (1/s) in the static tensile test, e.g., és=
107* The failure load-strain rate relation calculated from Eq.(1) is given in Fig.18

by the thin line.
3.2.4 Ultimate elongation

The relation between the ultimate elongation and the strain rates for the high-
speed tensile test is shown in Fig.19. The ultimate elongation of CFRP cable is de-
fined as the elongation when the maximum load (or the failure load) is applied to a
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Fig. 19 Ultimate elongation vs. strain rate.

cable specimen. In the figure, the ultimate elongation is given by the normalized
value with the averaged one from the static tensile test. As can be seen from
Fig.19, the ultimate elongation increases clearly with the increase of the strain rate.
At the strain rate of 5.0 (1/s) or higher rates, the strain rate effect becomes even
larger. That is, at the strain rate of about 10.0(1/s), the ultimate elongation is
about 10% larger than that for the static tensile test. Based on the results shown
in Fig.19, the ultimate elongation of CFRP cable is expressed by the function of the
strain rate as:
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e €, \13x1072 _ €4
e—(:: [ dj e (7.88X10 7>><(€.s)) (2)

€

where eg is the ultimate elongation (%) for a high-speed tensile load, es is the aver-
aged ultimate elongation (%) for the static tensile test, ¢4 is the strain rate (1/s)
for a high-speed loading, €s is the strain rate (1/s) in the static tensile test, e.g.,
¢s=10"% Based on Eq.(2), the ultimate elongation-strain rate relation is given in

Fig.19 by the thin line.

3.2.5 Energy absorption capacity

The relation between the energy absorption capacity up to the tensile failure of
CFRP cable for high-speed tensile load and the strain rates is shown in Fig.20.

Y
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O?/@%
1.0 gm/f——///éo _____________ -

Normalized energy
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10* 10° 10° 10" 1 10' 10°

Strain rate 1/s

Fig. 20 Energy absorption capacity vs. strain rate.

The energy absorption capacity was calculated by a trapezoidal rule from the load-
elongation relation. In Fig. 20, the quantity of absorbed energy for high-speed ten-
sile load is normalized by that for static tensile load. It can be seen that the ener-
gy absorption capacity of CFRP cable increases with the strain rate increases. That
is, at the strain rate of about 10.0 (1/s), the ultimate elongation is about 15% larger
than that for the static tensile test. From results, when the energy absorption
capacity of CFRP cable is related with the strain rate, its relation yields the follow-

ing equation:

E £,

S

1.32x10°2 _ ¢
& — [ ed ] Xe (1.5%10 6>X(Tj‘> ) (3)

where, Eg is the energy absorption capacity (N°M) for a high-speed tensile load, Ej
is the averaged energy absorption capacity (N-M) for the static tensile test, €d is
the strain rate (1/s) in a high-speed tensile loading, €¢s is the strain rate (1/s) in
the static tensile test, e.g, ¢s=10"* Using Eq.(3), the energy absorption capacity-
strain rate relation is given in Fig.20 by the thin line.
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4, Conclusions

The goal of this study is to find fundamentally the dynamic tensile properties of
CFRP cable subjected to high-speed tensile loads. Then the high-speed loading tests
for CFRP cable specimens were executed. In tests, specimens were tested until the
tensile breakage will occur. Based on test results, the tensile failure load, the
elongation at breakage and the energy absorption capacity were examined and related
with the strain rates of 10 ™* to 10' (1/s). The conclusions based on the ex-
perimental results presented in this paper are as follows:

1) The tensile stress wave, which is generated by the high-speed loadings, prop-
agates to the whole length of CFRP cable and then concentrates at the near end
of tab. The tensile breakage of strands will occur at either end of cable.

2) When the dynamic tensile properties of cable specimens subjected to high-speed
loads or impact loads is to be examined, the fixing method of a cable specimen
in tests should be improved or newly developed. As an example, the tip of a
tab with a taper shape is recommended.

3) The load- elongation relations in the case of loading rates of 0.10 to 0.34 m/s
are almost linear up to the breaking point in the same as that for the case of
quasi-static loading. When the loading rate becomes larger than 1.17 m/s, the
elongation of cable will be developed 0.5 ms behind the load. In dynamic tests,
the load data measured by a load transducer is strongly affected by the inertia
when the loading rate becomes larger.

4) The failure loads of CKFRP cables under the conditions of the strain rates of
less than 1.0 (1/s) slightly deteriorates compared to that for the static tensile
test. When the strain rate becomes larger than 1.0 (1/s), the failure load re-
markably deteriorates. At the strain rate of about 10.0 (1/s), the failure load is
about 10% lower than that for the static tensile test.

5) The ultimate elongation increases with the increase of the strain rate. For the
strain rate of 5.0(1/s) or higher, the strain rate effect becomes even larger. At
the strain rate of about 10.0 (1/s), the ultimate elongation is about 10% larger
than that for the static tensile test.

6) The energy absorption capacity of CFRP cable increases with the strain rate in-
creases. At the strain rate of about 10.0(1/s), the energy absorption capacity
is about 15% larger than that for the static tensile test.
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