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commonly used, aramid co-polymer and high modulus polyethylene (HMPE), and these are then

compared. Results from tests on single fibres and 50 ton break load braided ropes are presented, which
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This paper describes the mechanical behaviour of ropes used for deep sea oceanographic operations.

First the requirements of deep sea handling ropes are presented. Two high performance fibres are

show that the initial stiffness of a new HMPE rope increases with load level in a bedding-in process

resulting from both molecular alignment and construction reorientation. The aramid rope is less

sensitive to this effect and shows a high stiffness from first loading. Measurements made at sea on

oceanographic ropes of both materials using an elastic recoil method are presented, and apparent

modulus values are consistent with laboratory measurements. Once both ropes have been fully

bedded-in the HMPE is significantly stiffer, particularly under dynamic loads. Creep tests indicate that

aramids creep less quickly than HMPE under constant loads over a 6 h period at 20 1C. Bending over

sheave tests indicate longer lifetimes for the aramid but further tests on wet aramid are required to

complete this conclusion.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Marine sediments can provide a high-resolution record of
environmental change over a geological timescale. Young et al.
(2000) and Brandes (2011) have given recent examples of the
geotechnical information that seabed core samples can provide.
The key to recovering accurate sediment records is to maintain the
dimensional accuracy of the sediment layers in the recovered core
sample. One oceanographic operation, which provides valuable deep
sea sediment information is coring, either gravity coring in which
tubes are pushed into the ocean floor under their own weight then
extracted and lifted to the surface, or gravity piston coring (using
large Calypso or Kuhlenberg corers) in which a trigger system drops a
weighted tube up to 60 m long, which penetrates into the sea floor
(Skinner and McCave, 2003). With nearly 60% of the sea floor at
depths of 4000 m or more this is not a trivial operation. The Calypso

giant corer was introduced about 15 years ago and would have
required 5 tons of steel wire cable for coring even at 3000 m depth.
The use of new synthetic fibre rope materials, lighter but with an
elastic recoil 4 times more important, is thus essential, but requires
new operational procedures. The sampling equipment weighs
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several tons, so ropes up to 6000 m long with break loads from 20
to 50 tons are needed. Synthetic ropes have been proposed for many
years, Houbolt (1971) among others used polypropylene ropes to
obtain short cores in the 1960s, but this is quite a low stiffness
material. The quality of long core samples depends on the stiffness
of the rope, higher stiffness is preferable to reduce elastic recoil
during penetration (Széréméta et al., 2004), and damping capacity is
needed to limit the movements of the piston, which damage the
sample. There are other requirements for a handling rope however,
notably the ability to bend over sheaves repeatedly without damage,
a balanced torque-free construction to limit twisting, the ease of
making terminations at sea, ease of reeling on storage drums, and
the possibility to repair after damage.

There are few vessels in the world capable of performing
operations at these depths, as it requires special winches, large
storage capacity drums and considerable expertise. Table 1 describes
some of them, and indicates the rope materials in use today.

It is clear from this Table that two types of material are in use
for this application, aramid copolymer ropes made of Technoras

fibres and HMPE based on Dyneemas and Spectras. Both materi-
als have advantages and disadvantages, but few independent data
are available on such ropes. This aramid copolymer is used rather
than more traditional aramid fibres (Kevlars, Twarons) as it is
believed to show better fatigue behaviour. Mower (2000) has
shown some results. Defining the stiffness of fibre ropes is more
complex than for steel, as the stiffness values depend to a greater
HMPE and aramid fibre ropes for deep sea handling operations.
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Table 1
Synthetic fibre ropes used for deep sea oceanographic handling operations.

Vessel Operator Rope

Pelagia NIOZ, Holland Technora

RRS James Cook NOC/NERC, UK HMPE

RRS Discovery NOC/NERC, UK Aramid

RV Knorr WHOI, USA HMPE

Marion Dufresne IPEV, France Technora

Pourquoi Pas ? IFREMER, France HMPE

Surôıt IFREMER, France Technora

Table 2
Nominal fibre properties.

Fibre Reference Density Filament diameter

(mm)

Modulus

(GPa)

Strength

(MPa)

HMPE Dyneema

SK75

0.98 18.5 109–132 3300–3900

Aramid Technora

T221

1.39 12.5 70 3000

Fig. 1. Handling rope constructions, upper; HMPE, lower; coated Technora.
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or lesser extent on several parameters. These include the mean
load level, the load amplitude, the loading rate, and the previous
loading history. Various previous studies, notably those of Del
Vecchio (1992), Fernandes et al. (1999), Chailleux and Davies
(2003), and Franc-ois et al. (2010) have described the influence of
these parameters on the behaviour of polyester and other syn-
thetic fibres in mooring lines. A test campaign to measure
stiffness can therefore be quite time consuming, and the ISO
Committee has spent considerable time in defining test proce-
dures for mooring line applications (ISO 2007). This paper will
describe results from stiffness tests on the two rope materials in
order to provide data to assist in the choice of ropes for this
application. Additional tests have been performed on individual
fibres, in order to clarify the origins of the results. Some stiffness
measurements made at sea with the same ropes during recent
campaigns will also be described. Finally, other important proper-
ties such as the bend-over-sheave (BOS) behaviour of ropes based
on the two fibres will be discussed.
2. Materials

The two main types of fibres employed today for oceano-
graphic ropes are aramid copolymers and HMPE. These are
generic fibre types, covering a large range of grades, Table 2
compares the nominal properties of two specific fibres used in
handling lines, based on suppliers’ data (DSM, Teijin).

These will be referred to as HMPE and aramid hereafter, but
the reader should note that both these generic fibre types can be
found in grades with both higher and lower properties.

Based on these data it is clear that these HMPE fibres are
lighter (they float) and stronger than this particular aramid grade,
but this is only part of the picture. In order to use these materials
they must be transformed into ropes, requiring a large number of
operations including twisting and braiding. This inevitably leads
to a reduction in properties, so the fibre properties cannot be used
directly to design ropes. Rope mechanics analyses, based on fibre
and yarn properties together with construction geometry have
been developed and can be useful in rope design but still require
experimental validation for a particular construction (e.g. Leech
et al. 1993). Fig. 1 shows two rope constructions currently in use,
which will be studied in detail here. Both have similar nominal
outer diameters (around 30 mm), but the constructions are quite
Please cite this article as: Davies, P., et al., Mechanical behaviour of
Ocean Engineering (2011), doi:10.1016/j.oceaneng.2011.10.010
different. The HMPE is a 12-strand braid without an external
cover, the aramid is a 16�2 strand braid with an extruded outer
jacket in polyester elastomer and a light polyester braid between
the jacket and the aramid fibres. The comparison between them is
made on a similar diameter basis here, as it is this which
determines sheave size (D/d ratio), and the storage space required
on board the vessel. It should be noted however that the notion of
diameter is not easily applicable to the HMPE braid, whose
section is not perfectly round and whose diameter changes during
loading. Also, rope weight and strength are not identical, and the
comparison could also be made based on various other para-
meters, including purchase or lifetime cost.

Fibre ropes are hierarchical structures with several scale levels.
Those tested here are composed of twisted yarn assemblies,
known as rope yarns, which are themselves twisted together in
the opposite direction into strands, which are then braided
together. A detailed discussion of rope-making operations is given
by McKenna et al. (2004). There are 108 rope yarns in the HMPE
rope studied here and 128 in the aramid rope.
3. Test procedures

The basic rope element is the individual fibre or filament. It is
useful to examine fibre behaviour, as it allows the material response
to be separated from effects added by the rope construction, but
fibre tests are difficult to perform and can show considerable scatter.
A small number of single fibre tests were performed in a DMA
(TA 2980 Dynamic Mechanical Analyser) using the ASTM method
D3822 (ASTM 2007), in which fibres are bonded to a cardboard
frame. This allows the fibre to be aligned on the test machine, the
frame sides are cut before testing. Fibre diameter was measured on
each sample after testing, in a scanning electron microscope.

Then tensile tests were performed on full size rope samples
8 m long with spliced ends terminations, on a 100 ton test frame,
Fig. 2. Spliced loops were placed over 100 mm diameter loading
pins. The main test programme, which required 2 weeks of
testing, was performed on one sample of each rope. The test
machine controller was programmed so that exactly the same
loads were applied to all samples. The elongation was measured
in the central section of the ropes over a length of 3 m using a
wire displacement transducer clamped to the rope. Overall length
(piston displacement) was also recorded, using an LVDT in the
piston, but this was not used for stiffness calculations as it
includes splice and end loop movements.
HMPE and aramid fibre ropes for deep sea handling operations.
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The tests performed were based on the procedures in the ISO
document developed for offshore mooring lines, with some
modifications, which will be described. Fig. 3 shows the overall
test sequence for each rope, which lasted 80 h. After a bedding-in
sequence 4 quasi-static cycles were applied between 10 and 30%
of the minimum break load or MBL. MBL was taken to be 500 kN
for both ropes. Then a dynamic stiffness sequence was performed,
with measurements at increasing mean loads of 10, 20, 30 and
40% of MBL followed by decreasing 30, 20 and 10% values. Three
amplitudes were applied at each mean load level, with 100 cycles
for each condition at a period of 25 s. Finally a creep-recovery
sequence was followed with increasing constant load periods of
6 h up to 50% MBL.
4. Results from laboratory tests

4.1. First loading

Fig. 4a shows examples of results from first tests on fibres
taken from the ropes, with increasing load levels up to 50% of
measured fibre strengths (2400 MPa for both fibres). Mean
Fig. 2. Part of aramid rope on 100 ton test frame with wire transducer in place.

Cover removed at rope ends for splicing.
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filament diameter was measured to be 18.5 mm for the HMPE
and 12.5 mm for the aramid. The results in Fig. 4a indicate that a
new aramid fibre is very stiff from the first loading at low loads,
while the HMPE fibre requires higher loads before it reaches high
stiffness values and shows large hysteresis on unloading.

Fig. 4b shows the response of new ropes to similar loading,
with increasing load levels up to 50% MBL.

This is not exactly the ISO rope procedure, which recommends
a single load–unload cycles to 50% with a 30 min hold time, but
the advantage of the progressive increase used here is that the
load level influence on residual strain can be evaluated. Both
ropes show a residual strain on unloading. The first time the
aramid is loaded to 20% of its break load a residual strain around
1% is measured, while at the same load level the HMPE residual
strain is closer to 2.5%. This increase in stiffness as the load is
increased for the first time and permanent residual strain is the
well-known ‘‘bedding-in’’ phenomenon in synthetic fibre ropes
(Northolt et al., 1995). For aramid fibres Northolt defined an
expression with an orientation parameter, including the perma-
nent and retarded reorientations of crystallites, which align with
the stress direction. This re-orientation occurs both at a molecular
scale within the fibres and also at a rope construction level as
rope elements re-align in the load direction. There are few clear
indications in the literature on the relative contributions of these
two mechanisms but by performing similar load-unload tests on
both single fibres and ropes it is possible to clarify this. This
residual strain is important as it affects the apparent stiffness.
Fig. 5 shows values for both materials, for fibres and ropes.

The aramid rope residual strain is mainly due to the construc-
tion, the contribution from the fibres is very small. For the HMPE
rope however, there is a significant contribution from the fibres,
but once again it is the construction reorientation, which accounts
for most of the residual strain. It should be emphasised that the
comparison between fibre and rope is based on percentage values
of measured break loads for both. When a rope is loaded to 20% of
its break load the individual fibres in the rope will not be
subjected to 20% of their failure load, as the strength conversion
efficiency from fibre to rope is always below 100%. Due to this, the
material contribution to the bedding-in strain will probably be
even lower than that obtained in Fig. 5 simply by comparing the
residual strains at equivalent % break loads. Various rope models
have been developed to estimate the load transfer at different
levels in rope constructions (Leech et al. 1993), but these are not
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simple analyses due to the large number of rope elements and the
need to model the many interactions between them (Leech 2002).

After first loading the ropes were subjected to 100 cycles in the
10–30% MBL range to stabilise them, as recommended in the ISO
guidelines (ISO 2007). These cycles, which are in the working
range of these ropes during coring operations, clearly show the
differences in behaviour. Fig. 6 shows the 95th–100th cycles for
both materials.

These results indicate two features. First, the stiffness at the
end of the bedding-in sequence (i.e. after the rope has been
loaded to 50% of MBL) is higher for the HMPE rope. Second, the
damping behaviour, as indicated by the hysteresis loops recorded
during cycling, is also significantly higher for the HMPE rope.

4.2. Quasi-static and dynamic stiffness

After stabilisation, slow and fast cycling were used to deter-
mine the other stiffness values required by the ISO guidelines.
Table 3 presents the results, stiffness is simply defined as the
increment of applied load divided by the corresponding change in
strain. For the dynamic tests 100 cycles were recorded for each
load condition and the values are mean values for the last 5 cycles
in each sequence (this corresponds to 250 data points for each
value). These indicate that while the quasi-static stiffnesses are
similar the dynamic values are considerably higher for the HMPE
rope. Fig. 7 shows a plot of the dynamic stiffness values. The
increase in stiffness with increasing mean load and decreasing
amplitude has been noted for a number of synthetic fibre ropes
previously (e.g. Franc-ois et al. 2010) but the HMPE is much more
sensitive to these parameters than the aramid.

4.3. Creep and recovery

Following the stiffness measurements a creep-recovery sequence
was applied. Creep, the extension of a rope under constant load, can
be a concern for HMPE ropes subjected to high loads and/or high
Last 5 cycles
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Table 3
Quasi-static and Dynamic stiffness measurements, kN/%, of bedded-in ropes.

Stiffness value Aramid HMPE

End of bed-in (last 5 of 100 cycles) 200 292

Quasi-static (3 cycles) 166, 165, 168 201, 205, 210

Dynamic

Mean load (%MBL)/Amplitudes

50 (10%)/10, 23 kN 190.6 187.3 316.9 292.9

100 (20%)/10, 23 kN 213.1 210.1 353.4 334.2

150 (30%)/10, 23 kN 228.1 225.4 387.1 367.7

200 (40%)/10, 23 kN 238.6 238.5 408.9 397.7

HMPE and aramid fibre ropes for deep sea handling operations.
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Table 4
Stiffness values from elastic recoil measurements on oceanographic vessels.

Vessel Rope

type

Diameter

(mm)

Measurement

depth (m)

Apparent stiffness

(GPa)

James Cook HMPEa 30 5260 38

Pourquoi

Pas?

HMPE

new

29 4830 24.5

Marion

Dufresne

Aramid 30b 4330 28.9

Suroı̂t Aramid 17b 2660 28.8 (25.4–31.0)

a Heat treated HMPE.
b Diameter of outer jacket.
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temperatures (Smeets et al. 2001). The difficulty in characterizing
creep is that long times may be necessary to stabilise it, and short
term creep rates may be much higher than those measured over
longer periods. However, as most handling operations last only a
few hours the tests here were limited to a 6-hour constant load
creep period followed by removing the load and a 6 h recovery
period before increasing the creep load to the next level. Fig. 8
shows the measured creep strain values for the two materials,
defined as the total increase in strain between reaching the creep
load and the start of unloading. The creep strains are significantly
lower for the aramid rope.
5. Stiffness measurements at sea

In order to examine the behaviour of these materials under in-
service conditions various measurements have been made on
aramid and HMPE ropes on the Marion Dufresne, Pourquoi Pas,

Surôıt and James Cook research vessels. These measurements were
performed in calm sea by lowering the coring system to a given
depth, then releasing a known weight, typically around 1 ton,
with the trigger arm. The resulting vertical displacement of the
cable, typically several metres, Fig. 9, was calculated from the
acceleration measured by a sensor (NKE STPH transducer) fixed to
the trigger arm. The measured strain rate, 0.05%/s, was a little
higher than the rate imposed during laboratory bedding-in
(0.025%/s).

The apparent elastic modulus Eapp was then determined using
the expression:

Eapp ¼ ðWw:Lf Þ=ðLr :SÞ

with Ww the weight of the dropped mass in water, Lf the rope
length, Lr the rebound distance, S the rope section. Table 4 shows
Please cite this article as: Davies, P., et al., Mechanical behaviour of
Ocean Engineering (2011), doi:10.1016/j.oceaneng.2011.10.010
some stiffness values measured on the different oceanographic
vessels.
6. Discussion

6.1. Stiffness

The results shown above clearly demonstrate that synthetic
fibre rope stiffness properties are more complex than those of
steel, and test conditions must be specified when stiffness values
are cited. The initial stiffness of the HMPE rope is low but once
bedding-in, which involves both fibre re-orientation and changes
to the construction, has been achieved the dynamic stiffness
potential is significantly higher for the HMPE than the aramid.
This can be seen both in laboratory test results, Table 3, and by
comparing new and heat treated rope values in Table 4. If we
calculate apparent initial modulus values from the force/strain
values measured in the laboratory, using the same nominal
surface areas as those employed to obtain the values from elastic
recoil stiffness, a comparison can be made, Fig. 10.

For both materials the apparent stiffnesses measured at sea are
in the range of values measured in the laboratory during initial
loading. The exact values will depend on the complete loading
history of the rope, but it is clear from this figure and the results
in section 4.1 that for the aramid 80% of the bedded-in stiffness is
obtained after loading to 15% of the break load, while for the
HMPE it is necessary to load to about 20% MBL to reach this level.
These loads are in the working range for piston coring.

6.2. Bending behaviour

Other properties of interest for handling ropes are those
characterizing the interaction of the rope with sheaves and
HMPE and aramid fibre ropes for deep sea handling operations.
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Fig. 11. Bend over sheave (BOS) test on jacketed aramid, rope wetted continu-

ously during test.

Table 5
Cyclic bend over sheave (CBOS) test results.

Material Cycles to

failure

Failure region

Coated

Aramid

10 555

12 263

HMPE 5 421

5 154
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winches. The performance of fibre ropes during repeated bending
on winches and sheaves is very complex, depending on both
internal and external friction. The oceanographic vessels use a
high D/d (sheave diameter/rope diameter), typically over 50 to
reduce wear, but it has been shown elsewhere (Derombise et al.
2008) that the standard aramid rope can degrade after repeated
bending over sheaves. However, very few comparative data are
available. In order to extend the direct comparison of the two
rope options some smaller ropes, with the same aramid copoly-
mer and HMPE fibres and constructions as the 29 mm diameter
ropes but of smaller (18 mm) diameter, were subjected to
repeated cycling over a 380 mm diameter steel sheave, Fig. 11.
The sheave angle is 601, with a groove diameter of 20.9 mm. This
is a severe test, the D/d ratio is around 21, but it provides a first
indication of the relative performance of the two materials.
Samples were continuously wetted with tap water during tests.
Please cite this article as: Davies, P., et al., Mechanical behaviour of
Ocean Engineering (2011), doi:10.1016/j.oceaneng.2011.10.010
Table 5 shows the cycles to failure for tests on two samples of
each material, with an applied load of 40 kN (20% of break load) in
the rope and a cyclic displacement over the sheave of 7400 mm
in 20 s.

All samples failed on the sheave. These data suggest that the
aramid rope is better on sheaves than HMPE but this is only part
of the picture. Tests on aramid copolymer ropes soaked in sea
water before BOS testing showed reduced lifetimes (Derombise
et al., 2008), consistent with the low lifetimes of aramid yarns in
the yarn-on-yarn abrasion test. The performance of the aramid
rope is therefore highly dependent on the extent to which the
coating slows water ingress. These results indicate one aspect of
the differences between the two ropes, which is governed by
inter-strand abrasion within the rope. However, external friction
coefficients between the rope and a winch drum are also impor-
tant as they dimension the winch system, and those of HMPE tend
to be rather low compared to the coated aramid coefficients.

Finally, it should also be noted that there are many technolo-
gical developments, which can improve both bending fatigue
behaviour and friction coefficients. These include external coat-
ings, mixtures of fibres and improved fibre sizings e.g. (Nye and
Longerich 2004, Thomas and Gilmore, 2009). This is a rapidly
evolving area and several commercial alternatives are now
available.
7. Conclusion

This paper has presented results from mechanical tests on the
two types of synthetic fibre ropes most used for deep sea handling
operations, aramid and HMPE. Both ropes have advantages and
disadvantages and both are currently in use on oceanographic
vessels. The aramid rope stiffness is less sensitive to bedding-in
and shows lower permanent residual strains. It also creeps less.
The HMPE rope is lighter, and stiffer after bedding-in with higher
damping. Resistance to cyclic loading on sheaves is superior
for dry aramid but experience from tests on soaked aramid and
HMPE and aramid fibre ropes for deep sea handling operations.
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in-service experience suggests that wet fatigue behaviour of
aramid is not as good as that of wet HMPE. Measurements of
apparent stiffness at sea appear consistent with laboratory values,
but loading history and in particular the maximum load seen
previously by the rope determine the apparent stiffness.

In the past this has been a rather limited commercial activity,
but the offshore oil and gas industry has recently become very
interested in large deep sea handling ropes (Tornqvist et al.,
2011). As a result the market has expanded and considerable R&D
effort is being applied to improvements in rope technology for
these applications. This should also benefit future oceanographic
applications.
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