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Samenvatting

Dyneema® is een veelgebruikt materiaal voor lijnen in de maritieme sector. Pleziervaart,
racejachten en bergingswerkzaamheden maken alle dankbaar gebruik van de relatief licht-
gewicht vezels met een hoge treksterkte. Daarbij rapporteert DSM ‘excellente’ weerstand

tegen UV, vocht, zout en slijtage. Het is mede om deze redenen dat een aantal schippers van

de ‘bruine vloot’ heeft geinvesteerd in Dyneema® tuigage. Echter, de ES-TRIN regelgeving
stelt “Touw uit polyethyleen mag niet worden gebruikt” (Artikel 20.15). Hoog modulus
polyethyleen (HMPE, Dyneema® is een merknaam) is feitelijk een polyethyleen (PE), waar-
door de letter van de wet het gebruik van HMPE voor lopend want niet toestaat. Echter, de
eigenschappen van HMPE zijn significant anders dan van PE door verschillen in het produc-
tieproces en resulterende moleculen. De moleculen van HMPE zijn meerdere ordes grootte
langer dan die van een gewoon PE en zijn bovendien uitgelijnd.

TNO heeft in opdracht van de Inspectie Leefomgeving en Transport een bureaustudie
uitgevoerd naar het mogelijke gebruik van Dyneema® SK75 en SK78 en DM20 in staand en
lopend want van de ‘bruine vloot’. Op basis van de bureaustudie concludeert TNO dat
Dyneema® onder voorwaarde van strikte inspectie- en afkeurcriteria kan worden toege-
staan. Regelgeving voor veilig gebruik en afkeurcriteria van deze ‘fibre ropes’ (lijnen) zijn
reeds beschikbaar en het materiaal is niet ongebruikelijk in maritieme toepassingen. Op
basis van de bureaustudie kan nog geen uitspraak gedaan worden over de (maximale)
levensduur van Dyneema®, hiervoor is aanvullend onderzoek nodig.

TNO beveelt aan om reguliere inspectie te baseren op de criteria in NEN-EN-ISO 9554:2019
en in documenten die beschikbaar gesteld zijn door fabrikanten. Ook wordt aanbevolen het
gebruik van Dyneema® toe te staan, mits voldaan wordt aan de volgende voorwaarden:

1 Lopend want bestaat uit Dyneema® SK75 of SK78.

1 Geen HMPE (ook geen Dyneema®) in staand want.

1 Alle lijnen zijn gedocumenteerd in het tuigboek, met minimaal materiaal en type,
fabrikant en datum van ingebruikname.

1 Geen knopen in de lijnen, ook niet in het verleden.

1 Contact met roestige oppervlakken en scherpe randen wordt vermeden.

1 Alle eindverbindingen zijn gemaakt door aantoonbaar getrainde personen.

1 Oogsplitsen alleen met gesloten kous en bekleed met de mantel.

1 De lijnen hebben zodanige afmetingen dat een veiligheidsfactor is aangehouden van
1,35 boven de minimumsterkte (zie Artikel 20.15 in ES-TRIN).

1 TNO beveelt sterk aan om lijnen te gebruiken met een coating op iedere fiber in de lijn
ter bescherming tegen UV, zand en schavielen. De ‘coating’ kan ook bestaan uit een
buitenlaag van Dyneema® of een ander materiaal zoals polyester.

1 Blokken / katrollen hebben afmetingen conform paragraaf C.2.4 van NEN-EN-ISO
9554:20109.

1 De beschermende mantels van de lijnen en de UV coatings zijn intact bij zowel de lijn als
bij de eindverbindingen.

1 De Dyneema® lijnen worden vervangen als een van de afkeurcriteria in tabel C.1 van
NEN-EN-ISO 9554:2019 van toepassing is. Uitzondering hierop is dat het vermoeden van
een schokbelasting, geen vervangingscriterium is.
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TNO stelt voor en is in staat om experimenten - in eerste instantie trektesten - uit te voeren

op lijnen met de volgende eigenschappen:

1 Eén tot tien jaar in gebruik.

1 Met splitsen gemaakt door daarvoor getrainde personen.

1 Toegepast geweest in lopend want.

1 Minimum beschikbare documentatie: aankcopdatum (minimum informatie = jaar),
producent, verkoper en diameter van de kern (excl. mantel).

1 Per schip één lijn, of maximum twee lijnen als ze gebruikt zijn in verschillende onder-
delen van de tuigage.
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1 Introduction

Dyneema® is often applied in pleasure and racing yachts due to its specific properties: it is
relatively lightweight, enabling smaller diameters and lower weight of the rigging system, it
has little to no elongation upon loading and it floats on water. Next to that, DSM reports it is
resistant to humidity, salt, UV rays and abrasion [1] and has a better fatigue performance
than polyester, aramid and other commercially available alternatives.

It is for the above listed reasons that skippers of the Dutch historic sailing fleet (NL: bruine
vloot or historische zeilvloot) have invested in Dyneema® ropes for their vessels. However, the
European Standard of Technical Requirements for Inland Navigation vessels (ES-TRIN) [2]
states “If materials other than those stated in [table indicating steel wire and polypropylene
fibres] are used, the strength values given in the table [...] shall be complied with. Fibre ropes
of polyethylene shall not be used.” (Article 20.15 section 3) and this should be adhered to.
Technically, High-Modulus Polyethylene (HMPE) is a subset of polyethylene (PE) by which the
letter of the law forbids its use.

The properties of HMPE are significantly different from general PE due to differences in their
production process. The molecules of a HMPE are several orders of magnitude longer than of
general PE and have oriented fibres (Figure 1.1) which results in superior properties compared
to regular PE fibres. HMPE ropes have yield strengths comparable to high-strength steels. It is
for this reason that HMPE is allowed for lifting operations in marine environments [3, 4] and is
amongst the main equipment for maritime salvage operations by e.g. Smit Salvage [5]. The
benefit of HMPE over PE is expressed in DNV-ST-NOO1 [3] by the additional material safety
factor, which is 25% higher for PE than it is for HMPE and aramid.
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1.1

1.2
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Figure 1.1: Macromolecular orientation of HMPE and regular PE [1].

Problem statement and context

Skippers of inland sailing vessels have used Dyneema® ropes already for years without
incidents that can be traced to the use of HMPE [6]. Next to that, certifying bodies have
accepted the current rigging systems at the delivery of the proof of rigging (NL: Bewijs van
Tuigage, BvT) [6]. Forbidding the use of HMPE for the historic sailing fleet will require significant
replacement investments of the skippers and has thereby resulted in quite some resistance
[7]. This is why ILT has asked TNO to study the applicability of HMPE (specifically Dyneema®)
for rigging onboard the inland sailing vessels. Awaiting the results of the TNO study, ILT
accepts the use of Dyneema®, with some preconditions, amongst which the requirement that
the rigging is well documented in the rigging book and HMPE is not applied in standing rigging
(6].

Project goals

The goals of this project are to:

1. Provide insight into the properties of HMPE, including ageing, and recommend a maximum
service life of Dyneema® ropes for historic sailing fleet applications and/or steps that
should be taken to determine such a maximum service life.

2. Recommend inspection criteria that enable safe use of Dyneema® ropes onboard the
historic sailing fleet.

3. Inform the sector how the safety of HMPE rigging could be assured or improved.

This report covers the first and the second of these goals.

) TNO Intern 7132
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1.3 Scope and assumptions

The scope covers the safety of standing and running rigging but excludes mooring. The
considered materials in this study are Dyneema® ropes of the material grades SK75, SK78
and DM20%.

Several grades of Dyneema® are indicated with a number, following the letters SK or DM. A
higher number indicates longer polymer chains and thereby typically higher strength and
lower elongation.

T SK refers to the two main inventors of modern Dyneema® fibre: Paul Smith and Rob Kirschbaum who both worked
for DSM Dyneema® in The Netherlands. DM20 on the other hand was a fundamentally different development by
DSM and they branded it Dyneema® Max (DM)20. [38]
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2

2.1

2.1.1

Dyneema® properties

As it is mentioned in previous paragraph the focus of this report is the assessment of the
Dyneema® SK75 and SK78 ropes for running rigging. These two material grades are very
comparable in properties, where SK78 is the “next generation” fibre compared to SK75. The
backbone of the respective molecules is the same, and minor differences are found in the
feedstock. SK78 has very few very short side branches to the chain (where SK75 has no side
branches) which increases the creep resistance of SK78. The tensile properties of SK75 and
SK78 are identical [8].

In this report other HMPE ropes than Dyneema® SK75, SK78 and DM20 are not considered.
However, some differences in properties are to be expected, given that “Not all HMPE fiber
types are the same, the properties are dependent upon their UHMWPE-feedstock and fiber
production process. DSM Dyneema’s fiber types for marine markets, SK78, SK99 and DM20,
are produced from in-house custom made UHMWPE-feedstocks designed for their specific
purpose.” [9] (UHMWPE is Ultra-high Molecular Weight PE). The results as indicated in this
chapter should therefore not be extrapolated to HMPE fibres in general. More work would be
required to also study other types of HMPE ropes.

When considering Dyneema® for maritime applications, special attention should be given to
the following properties and (ageing) environments:

Mechanical properties

The relevant mechanical properties of Dyneema® are the properties that relate directly to the
relevant failure modes of a Dyneema® rope. The failure modes that are considered here are
(static) break, fatigue break and abrasion. Upon inspection one can not always pinpoint the
underlying failure mode, but merely the limit (ultimate force).

Rope break strength

The rope break strength is determined by either of the following failure modes:

1. Break strength subject to an overload / static rope strength.

2. Break strength subject to creep.

3. Break strength subject to a shock load.

Each of these properties are discussed in more detail below. Understanding of the failure
modes can help to determine adequate inspection criteria.

The static rope strength is compared for SK75 of different sources [1, 10, 11] in Figure 2.1. It
can be observed that the rope strength (maximum force divided by the cross sectional area)
decreases somewhat with increasing diameters. Next to that it can be observed that data
from different suppliers yields closely resembling strength results for SK75. The average value
of all datapoints in the graph is a strength of 1.18 GPa.
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SK75 Rope strength as a function of
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Figure 2.1: Rope strength of SK75 as calculated from rope break forces reported by Emmetts’ Ropes [10], by
Engel-Netze [11] and by Dyneema® [1].

It should be noted that the material strength should be carefully interpreted. As an example:
For SK99 filaments (fibres) DSM states a specific strength of 4.3 N/tex and 4.1 GPa [12] with
the remark “These values are influenced by testing methods and hence the direct comparison
of properties is not always possible.” It is essential to distinguish between results for filaments,
yarn and rope. Tensile test of SK99 concludes a specific strength of 3.16 N/tex, 2.86 N/tex and
1.67 N/tex for filaments, yarn and rope (4mm diameter) with eye-splices, respectively [13].
This indicates that the formation of a rope, due to the stress concentrations on the fibres
(=filaments) upon braiding the rope, yields lower strengths than the individual fibres and that
the strength of fibres is not to be compared with the strength or ropes.

In case the ropes are used in a nearly static application (i.e. standing rigging) creep is a prop-
erty that has to be paid attention to. Rope creep is dependent on the fibre type, tension, time
and temperature. The rope creep is compared for the three considered Dyneema® material
grades in this report in Table 2.1.

Table 2.1: Comparing UHMWPE from DSM Dyneema® in a 1000 kN break strength rope, figure from [14]

Rope Core Weight
(2000 KN BS)

Creep

Fiber Type Lifetime

Creep Load Temperature Creep Rate*

DM20 0.0 %/yr 250 years

SK78 16 °C 0.5 %/yr 15 years

SK75 2.3 %/yr 7 years

For another example case (Dyneema® SK78 with a rope core weight of 650 g/m, creep load
200 kN, at a temperature of 20°C) DSM reports a creep lifetime of 8 years. Any changes in
tension and temperature will change the creep lifetime [15]. DSM states that their
Dyneema® fiber, for the above listed conditions, has minimum double creep lifetime than
generic HMPE fibers (
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Table 2.2). The creep rate will increase for higher temperatures.
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2.1.2

2.13

2.13.1

2.1.3.2

Table 2.2: Comparing Dyneema® SK78 generic HMPE in a 1000 kN BS (break strength line). Taken from [8].

Rope Core
Fiber Type Weight Creep Load Temperature Creep Lifetime
(1000 kN BS)

SK78 8 years

other HMPE = 3 years

DM20 is a Dyneema® material grade that is specifically designed to have ultra-low creep and
is therefore recommended for standing rigging by its suppliers [16]. This recommendation by
a supplier cannot without further research be applied to HMPE for the historic sailing fleet, but
it does indicate that it is can be a fruitful research direction.

There is very little data on shock load resistance of Dyneema® ropes. The work of McCorkle
et. al. [17] reports test results for Dyneema® SK75, subject to shock loading as observed in
tugboat operations. It is concluded that the magnitude of shock loading that are measured
on the winch during tugboat operations is not significant to cause any fiber damage to the
SK75 ropes [17].

It should be noted that Dyneema® is also used for ballistic applications due to its high energy
consumption upon impact.

Fatigue resistance

Ropes can, besides failure due to a (static) overload, also fail by a fatigue failure mode. In this
case several lower loads accumulate damage in the fibre ropes which over time builds up to
rupture. Contaminations (salt, sand etc) can speed up the fatigue damage accumulation
process as inter-fibre abrasion is increased.

For ropes the two main modes to consider are fatigue in tension and in bending. The primary
function of a rope is to carry a tensile load. The bending fatigue resistance is typically less, also
in light of the load application in another direction than solely that of the fibres. This results in
requirements related to the minimum D/d ratio, where this refers to the diameter of sheaves
and/or winches in relation to the rope diameter, see also [18].

Abrasion resistance

For the application of Dyneema® as running rigging it is important to ensure high abrasion
resistance. Low abrasion resistance could lead to rope failure. In ropes there are two types of
abrasion, internal and external [12].

Internal abrasion

HMPE fibres have a very low coefficient of friction and they are known to have good abrasion
resistance. This results in good fibre-to-fibre abrasion resistance. Yarn-on yarn abrasion may
improve through contact with water in HMPE fibres due to the cooling or lubricating effect of
the water [12]. Whereas the abrasive effect of salt crystals on fatigue and break tests of
Dyneema® ropes have been tested and here no significant changes in properties were
observed [8].

External abrasion
The most common causes of rope failure are external damage through surface abrasion
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2.2

2.2.1

and rope cutting. There are no industry-wide standards to determine external abrasion or
cutting of ropes [12]. Hard rope coatings, specifically designed for use in combination with
HMPE fibres, forming a tough protective film on the outer rope layer, significantly reduce
external abrasion when in contact with rough surfaces. These special rope coatings improve
the rope lifetime versus standard polyurethane coatings between 3 and 6 times when tested
at 25% break load conditions.

A specific form of abrasion for ropes is chafing. Chafing is wear/damage to a rope due to
mechanical friction upon interaction with another object. It can severely reduce the tensile
strength of a rope and is thereby to be prevented:

“The parts of the rigging shall be arranged in such a way as to prevent unacceptable chafing.”
(Article 20.05 of ES-TRIN [2]). The retirement criteria from NEN-EN-ISO 9554:2019 [19]
indicate maximum acceptable levels of wear due to chafing. It should be noted that chafing
has a more pronounced effect on low-diameter ropes than it does for high-diameter ropes,
due to the larger surface to volume ratic.

Ageing
The deterioration in mechanical properties is one of the most evident effects of aging, which
significantly affects safety and lowers the service life of UHMWPE. The environmental factors

that affect the service life of the UHMWPE fibre include temperature, humidity, light, chemical,
and biological erosion [20].

UV and thermal ageing

Ultraviolet light is regarded and proved as the most critical factor for failure of the UHMWPE
fibre. Studies on artificial weathering of HMPE show a direct effect on the tensile strength of
the material while tensile modulus is minimally affected [21]. In UV environments, the
breaking strength decreases more rapidly than that treated in salt spray and hygrothermal
environments [22]. Interestingly UV ageing in humid and hot environments is less harmful
due to les propagation of oxygen.

) TNO Intern 13/32



) TNO Intern ) TNO 2024 R10601A

Thermal ageing has been proven to have a synergistic effect with the thermo-oxidative
degradation processes and contributes significantly to the decrease in their molar mass which
eventually leads to the reduction of mechanical properties [23]. The influence of thermal
aging on SK75 is shown in Figure 2.2.
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Figure 2.2: Thermal ageing at 23 and 40 degC on Dyneema® SK75 fibre. Figure from [12].
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The Dyneema® fibres are less prone to age (degrade) compared to other polymers and as a
result they retain their strength for a longer time (see Figure 2.3).

Tensile Strength retained after Accelerated Weathering per 150 4892-2
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D5M Dyneema fibers degrade less than other polymers

Figure 2.3: DSM Dyneema® fibres tensile strength compared to other polymers for accelerated weathering
per ISO-4892-2 [24].

2.2.2 Salt

In salt spray environments, the breaking strength of the UHMWPE fibres specimen decreased
gradually with the increase in treatment time. For example in the study of Zhang et al,, the
breaking strength reached a value of 655 N after aging for 60 days [22]. The salt spray
environment contains not only water molecules, but also inorganic salt ions that can erode

the UHMWPE fibre, so salt spray aging has a more significant impact on breaking strength
than the hygrothermal environment.

DSM has reported that sea water has no chemical effect on tensile strength of Dyneema®
(Table 2.3). This is a different influence of salt than the abrasive effects from reference [22]
by which the results cannot be compared.
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Table 2.3: Effect of chemical exposure on the tensile strength of Dyneema® [25]

Tensile Strength & Chemical Exposure

Conditions )
- Effect on Tensile
Chemical Concentration Temperature Exposure time Strength
(%) °0) (ho)
Inorganic acids
Hydrochloric acid
Nitric acid

Sulfuric acid

Organic acids

Glacial acetic acid
Alkalis

Ammonium hydroxide
Calcium hydroxide
Sodium hydroxide

Strong oxidizing agent

Kalium permanganate
In Sulfuric acid

Organic compounds

Acetone
Ethanaol

il

Petral

Toluene

Trichleromethane
Miscellaneous
Distilled water

Sea water

Detergent in aqueous solution

2.2.3 Hydrothermal environment

Zhang et al., has reported a rapid decrease of the breaking strength of UHMWPE after 10 days
of aging in hydrothermal environment [22]. The rate in which the fibre will degrade is
dependent upon the whole environment (e.g. sunlight intensity and temperature).

2.2.4 Combination of UV, salt and water environment

Tests in a simulated outdoor marine environment (UV ageing, salt and water spraying) show
that the breaking strength reduced in half for tests resembling 6 months in real service
environment [22]. DSM has tested the Dyneema® fibres for a combination of UV and water
environment and has reported that it has very good resistance [24]. Still, it has to be noted
that very good resistance means that the properties of the material still deteriorate and can
have an effect on their application. Moreover, it was reported that there is no effect on the
tensile break strength of Dyneema® after exposure in sea water [25].

2.2.5 Algae

Dyneema® fibre has excellent biological resistance. The fibre neither stimulates undesired
growth nor is sensitive to any attack by micro-organisms [26].
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3

3.1

Dyneema(® ropes for
‘Bruine vioot’ applications

Upon the application of Dyneema® ropes for the historic sailing fleet there are several points
of attention related to the application. These are properties and requirements that go beyond
the material and relate to the application of the ropes. Considered in this chapter are the
application of splices and end connections, running and standing rigging and the resulting
maximum service life,

Splices and end connections

Dynamica ropes, a Danish manufacturer of Dyneema® ropes states on their website:

“Do not tie knots! Introducing knots to rope will cause up to 60 % loss in strength of the rope.
Instead, opt for splices. When executed by trained and authorised riggers you will only lose
about 10 % of the initial strength.” [271].

Formally ISO 10325:2018 [28] indicates a table where the minimum breaking strength of the
rope is reduced by 10% upon the application of eye-spliced terminations. However, it proves
difficult to identify the underlying data for these numbers. Next to that, ISO 10325:2018 adds
the note: “A strength determined by the test methods specified in ISO 2307 is not necessarily
an accurate indication of the force at which that rope might break in other circumstances and
situations. The type and quality of terminations, the rate of force application, prior
conditioning and previous force applications to the rope can significantly influence the
breaking strength. A rope bent around a post, capstan, pulley or sheave might break at a
significantly lower force. A knot or other distortion in a rope might significantly reduce the
breaking strength.” [28].

The master thesis of Joel Hartter [18] is one of the very few sources to publicly report
experimental data of the tensile strength of different knots and end splices in HMPE ropes.
Specifically, he reports that knots in 9/19” Amsteel -Blue (an UHMW-PE, Dyneema® SK75) 12-
strand braided synthetic rope have a reduction of the tensile strength between 42 and 80%
(average is 68%) in relation to the catalogue minimum value of the tensile strength for
different types of knots. These tests are not repeated. This number is in line with the 60% loss
as reported by Dynamica [27]. The breaking strength of buried eye splice connections in
relation to the catalogue minimum strength of three different diameters are reported in Table
3.1. Each test is repeated 5 times.

Table 3.1: Summary of test results of the implications of buried eye splices in Dyneema® SK75 ropes with
different diameters, data from [18]

Diameter (inch) Diameter (mm) Lowest strength Mean strength
3/8 9.5 -4.4% 2%

9/16 14 -16.5% -3.6%

5/8 16 -7.4% -5.5%
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3.2

) TNO Intern

The data from Table 3.1 approaches the 10% loss for splices made by certified riggers that is
reported in ISO 10325 [28] and by Dynamica [27]. See Appendix B for an overview of typical
eye-splices for Dyneema® ropes.

Application in running rigging

The minimum required tensile strength (in kN) of ropes for running rigging of materials as
currently approved by ES-TRIN are indicated in Table 3.2.

Table 3.2: Minimum tensile strength of the ropes as indicated in ES-TRIN [2] for running rigging applications

Minimum tensile
strength [kN],

currently indicated

in ES-TRIN Article

Minimum tensile

Term (NL) Term (EN) Sail area 2015 for steel wire strengEh' [kN] for
HMPE: "YY
and/or
polypropylene:
Up to 35 20 27
Stagzeilvallen Staysail halyards
>35 38 52
Up to 50 20 27
Gaffelzeilvallen/ Gaff sail halyards/ | >20 to 80 30 41
torenzeilvallen top sail halyards >80 to 120 60 81
>120 to 160 80 108
Up to 40 14 19
Stagzeilschoten Staysail sheets
>40 18 25
Up to 100 60 81
Gcffelzgllschoten/ Gaff-/Top-sail 5100 to 150 85 115
torenzeilschoten sheets
>150 116 156

Accounting for the strength reduction of 10% [28, 27] (see also Section 3.1) for the application
of splices when executed by trained and authoerized riggers in a Dyneema® rope, as well as
the 21% safety margin for HMPE over polyester from DNV-ST-NOO1 [3] (see Appendix A for a
comparison of safety factors in different standards), this yields a required tensile strength:
:E& Py
T80 Y

Yy “YY D L

The results of the above calculation are presented in the last column of Table 3.2.

Assuming a strength of Dyneema® SK75 and SK78 ropes , = 1.18 GPa [29], the
diameter to obtain this minimum tensile strength can be calculated using:
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This means that for the most severe load (gaff-/top-sail sheets for sail areas exceeding 150
m?) the diameter of the rope is to be 13 mm or higher. For all other cases of running rigging
applications this minimum diameter is less than 13 mm.

Especially for ‘lopend want’ one can expect shock loads as well due to manoeuvring and gusts.
These shock loads do not decrease the tensile strength, for test based on tugboat operations
the result was even that the tensile strength increased due to fibre alignment [17].

3.3 Application in standing rigging

ES-TRIN does not explicitly specify the materials for standing rigging. However, steel wires are
a typical material choice for standing rigging. Due to the more static type of loads on standing
rigging, the sensitivity of a material to creep is important for the material selection. SK78 or

DM20 are preferred materials over SK75 due to a better creep resistance (see also Section
2.1.1).

The required minimum strength for standing rigging as mentioned in ES-TRIN is copied in
Table 3.3.

Table 3.3: Minimum tensile strength of the ropes as indicated in ES-TRIN [2] for standing rigging applications

Min strength in ES-TRIN [kN] currently indicated in ES-TRIN Article

OB e 20.14 for non-PE materials: “YY - function of mast length
Fokkestag Forestay 160-294

Want Shrouds 355-720

Bakstag Backstay 89-159

Topwantsteng Topmast 89-159

Vliegerstag Flying jib-stay 58-119

Boegstag Bow sprit shrouds | 58-119

Waterstag Bobstay 70-1437

By the letter of the law ES-TRIN does not specify the material for standing rigging, which
thereby does not forbid the use of HMPE. Accounting for the strength reduction of 10% [28,
271 (see Section 3.1) for the application of splices when executed by trained and authorized
riggers in a Dyneema® rope, as well as a 33% safety margin for HMPE over polyester from
DNV-ST-NOO1 [3] (see Appendix A for a comparison of safety factors in different standards),
this yields a required tensile strength:

&0

VY VY 30@ vy 8 v
For the forestay and shrouds the application of HMPE, using the same safety margins as for
running rigging in Section 3.2, would require 4 Dyneema® ropes per side with a diameter of
21 and 34 mm for vessels with a mast length of 18 m. For the backstay, topmast, flying jib-

stay, bow sprit shrouds and bobstay the diameters go up to 16 mm.

2ES-TRIN Article 20.14 section 7: 1.2 times the strength of the kluiver- and vliegerstag (of the respective jib-stay
and flying jib-stay)
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3.4

3.5

Maximum service life

In communication between RHC/LMS and ILT [30] it is mentioned that RINA assumes a
strength reduction of Dyneema® ropes of 1 to 2% per year, yielding a reduction of at least
10% in 10 years. For a safety factor of 5 between the safe working load (SWL) and the
maximum load this would yield a reduction of 2% of the SWL in 10 years. The communication
concludes that based on this strength reduction the ropes should be replaced every 10 years.
One correction to this communication: if the safety factor is static at a value of 5, the SWL
reduces 10% (not 2%) together with the strength. Alternatively, if at the end of the service life
a safety factor of 5 is required, the initial safety factor should be 5,5, so that the defined SWL
remains constant at decreasing strength.

This strength reduction of 10% in 10 years as well as the 10 years replacement criterion were
not found in the rules of RINA and in the timeframe of this project it was not possible to dive
further into this number. The retirement criterion of 10 years is not known to Avient/DSM [8].

However, in terms of aging, DSM reports the tensile strength reduction of the fibre as a
function of thermal aging. This results in a reduction of approximately 10% over 10 years at
23 degrees Celsius. This reduction is not linear, but logarithmic over time (Figure 2.2). It should
be mentioned that the tensile strength does not only decrease due to temperature, but also
due to abrasion, creep, UV and humidity by which the total tensile strength reduction in 10
years is expected to be higher than 10% for a Dyneema® fibre. It should be noted that these
results are for a single fibre and not for a rope. For a rope the influence of UV is typically
reduced due to the lower area to volume ratio.

NEN-EN-ISO 9554:2019 indicates, amongst other retirement criteria, to retire the rope if more
than 10% of the yards are cut or badly abraded in score between strands. This can roughly be
translated to the assumption that the rope should be retired at a reduction of 10% of the
break strength. This 10% reduction of the break strength is met after approximately 10 years
exposure to 23 degrees Celsius (see Figure 2.2). This does not yet include the expected
reduction of the break strength of the fibre due to a combination of thermal aging, UV,
humidity, abrasion and creep. It is unsure whether the material factor of 21% for the use of
HMPE over of polyester from DNV-ST-NOO1 [3] is sufficient to account for the total degradation
of the rope in 10 years.

More research is required to determine a safe maximum service life. This research is part of
the recommendations of this report.

Application of protective sleeves

It is strongly recommended to cover all Dyneema® ropes for maritime applications with a
protective sleeve as well as a UV coating and/or cover to protect the rope from UV light [31],
sand intrusion and chafing. Coating also enhances the bending fatigue performance of the
rope. All fibres should be coated and not only the cutside layer of the rope.

Various types of covers are available in the market to protect from abrasion and UV [32]. The
most suitable are:

1) Braided polyester cover
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The hard braided cover is used for ropes, rope slings, rope tethers and winch ropes on the
body. The individual fibres are impregnated, and heat set in order to close the fibres and
elevate the wear resistance. The braided cover is not as durable as Dynamica PRO cover.

2) Braided Dynamica PRO cover
A hard braided cover used for ropes, rope slings, rope tethers and winch ropes on the
entire length, bearing points, spliced areas and in the eyes. The individual fibres in the
Dynamica PRO cover are impregnated and heat set in order to close the fibres and elevate
the abrasion resistance; making the cover very durable.

The application of sleeves/mantles to a Dyneema® rope can be a feasible option, provided
that it fits snuggly around the Dyneema® core. This is for example the case for braided covers.
Loose sleeves pose a challenge for running rigging, given the fact that the ropes are typically
adjusted often and the majority of the rope passes through winches and along sheaves.
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a

4.1

4.2

Concluding remarks

Conclusions

Based on this desk study, no reasons are found to not allow Dyneema® ropes for use in
running rigging onboard the historic sailing fleet. Dyneema® is widely used and standards are
available for the safe application of HMPE in lifting operations [3, 4, 33] as well as mooring
applications [34]. However, there are some points to take into account as for the retirement
criteria and safe applications. These points are listed as part of the ‘way forward’ in Section
5.2.

Maximum service life

At the moment there is not sufficient information to determine a safe maximum service life.
More research is required to propose a maximum service life to the specific application of
Dyneema® ropes for use in running rigging onboard the historic sailing fleet.

Recommendations

Service life

A service life of maximum 5 years instead of 10 years might be acceptable, although at this
moment there are no data to justify a specific recommended lifetime, because this will
depend on the specific application and use of the rope during the service life. TNO
recommends to carry out experimental work, the results of which will give justification to a
lifetime recommendation (see below).

This does not preclude the possibility that it is required to replace certain ropes earlier than
this end-of-life moment, based on visual inspection that might reveal damage or
degradation.

Application of protective sleeves

It is strongly recommended to cover all Dyneema® ropes for maritime applications with a
protective sleeve as well as a UV coating and/or cover to protect the rope from UV light,
sand intrusion and chafing. All fibres should be coated and not only the outside layer of the
rope.

NB: in practice often braided core-shell rope constructions are used. Here the core functions
as the load bearing element (mainly composed of Dyneema® yarns) and the shell functions
as the protective sleeve (consisting of Dyneema® or other types of materials like polyester).

Inspection criteria

Inspection criteria for Dyneema® ropes are readily available in standards NEN-EN-ISO
9554:2019 [19]. 1t is recommended tc adhere to these criteria and to accept the use of
Dyneema® ropes, provided that a set of requirements is adhered to, as listed in section 5.2.

Experimental study to determine safe service life

TNO proposes an experimental study on several (number to be determined) used ropes with
the following properties:

1 Yearsin service between 1 and 10 years.

1 Including authorized splices.
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1 Have been applied in running rigging.

1 Available minimum documentation: year of purchase, producer, seller and diameter of the
core.

1 Per vessel one rope, or maximum two ropes with a different function.

TNO is able to perform tensile tests of specimens of these ropes to validate the tensile strength
after a certain amount of years in service. These experiments can be used to identify the
degradation of the ropes over time, along with a proposal for the acceptable service life of a
rope.

Other variations to study in this experimental work might include:
1 Authorized and non-authorized splices in new and used ropes.
1 Self-locking (i.e. Brummell) and non-self-locking splices.

1 Shock load applications.

Scope extension

Next to the above indicated experiments TNO recommends to further study:

1 Standing rigging applications.

1 Recommended requirements for the minimum D/d ratio for winches, sheaves and end
connections based on the fatigue resistance of the HMPE ropes.
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S Way forward

5.1 Phase 0: Status as per January 22" 2024

At the moment HMPE is allowed for the use onboard the historic sailing fleet with some
conditions. The text below is a rough translation of the statement from ILT [6] indicating
these conditions. If there are different interpretations between both texts, the original text in
Dutch is to be adhered to.

At the moment ILT allows the use of HMPE onboard the historic fleet, with the following

requirements and boundary conditions:

1 HMPE is not to be used in standing rigging,

1 alllines and ropes are to be well documented in the rigging book,

1 material should be covered with a protective coating or mantle to prevent aging due
to UV light,

1 the material type, tensile strength and age should at all times be deducible from

certificates/ product specifications and supplier,

winches and sheaves should be suitable to handle the rope material,

1 running rigging should have a higher ultimate tensile strength compared to steelwires
as reported in article 20.15 of ES-TRIN,

1 end connections in uphauls/topping lifts (NL: dirken/kraanlijnen) and backstays (NL:
bakstagen) are to be made by certified riggers,

1 all other end connections are to be made following the protocol of the manufacturer.

]

Inspectors from class and ILT can decide to not allow the application of HMPE onboard a

ship if there are doubts on the safety of the application, this can for example be when:

1 Material is degraded due to UV and can be “taken apart”. Often this is combined with
“bleaching” of the ropes,

1 There is local melting due to chafing (NL: schavielen),

1 The rope gets “fluffy”

1 In case of damage where multiple failed yarns grow together to a nest.

There are two remarks to this set of requirements: Whether this scope (HMPE) only covers
Dyneema®, or also other brands of HMPE is not specified. A second remark is that HMPE is not
to be used in standing rigging, but ILT does menticn the requirement that end connections in
backstays (part of standing rigging) are to be made by certified riggers.

5.2 Phase 1: Upon delivery of this report (spring
2024)

Based on the results of this desk study TNO does not see any reason why Dyneema® ropes
cannot be used in running rigging of the historic sailing fleet, provided that the following
requirements are adhered to:
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Running rigging is made of Dyneema® SK75 and/or SK78 and/or DM20 (not of other types
or brands).

HMPE (including Dyneema®) ropes are not used in standing rigging?.

All ropes are well documented in the rigging book, mentioning at least material grade,
manufacturer and date of purchase.

No knots are made, nor have they been made, in the ropes.

Contact with rusty surfaces and sharp edges is prevented.

All end connections are made by trained and authorised riggers.

All end connections in the form of eye splices have a closed thrimble (see Appendix B for
an overview of types of eye splices and thrimbles).

The ropes are dimensioned to have a safety factor of 1.35 over the minimum strength as
mentioned in Article 20.15 of ES-TRIN.

Sheaves are dimensioned according to section C.2.4 of NEN-EN-ISO 9554:2019 [19].

All ropes have an intact protective mantle as well as a UV coating.

The Dyneema® ropes are replaced if either of the retirement criteria as listed in table C.1
of NEN-EN-ISO 9554:2019 [19] is met, with the exception that the suspicion of shock loads
does not serve as a retirement criterion.

5.3 Phase 2: After TNO laboratory work

T

he TNO laboratory work as proposed in the recommendations (Section 4.2) is mainly

focussed on determining a safe service life. The test results can potentially be used to extend
the recommended service life as mentioned for Phase 1.

3
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Potentially DM20 is a suitable material grade for application in standing rigging, but the scope and budget of the
present project does not allow to draw any conclusions on DM20.
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Appendix A

Safety factors for lifting
operations in marine
environment with HMPE
ropes

Several standard in the maritime industry indicate safety factors for lifting operations in a
marine environment, along with specific material factors including explicitly the use of
HMPE. Lifting operations are deemed the closest resemblance from standards to the
standing and running rigging onboard the historic sailing fleet. The specific HMPE factors (if
permitted) are identified for several standards and summarized below:

1 Lloyds Register: LR-CO-001 Code for Lifting Appliances in a Marine Environment, July
2023 [33]:
- HMPE material factor over wire ropes = 1.25 for derrick systems and ropes in general.
1 DNV: DNV-ST-NOO1 Marine operations and marine warranty [3], section on lifting
operations:
- HMPE material factor over polyester ropes = 1.21.
- HMPE material factor over steel wire ropes = 1.33.
1 RINA RES13 Rules for loading and unloading arrangements and for other lifting
appliances on board ships [4]:
- HMPE material factor over steel wire ropes = between 1.2 and 4.

To conclude, the most applicable formulation is the comparison between polyester and
HMPE ropes to be used in lifting operations as mentioned in DNV-ST-NOO1 [3]. This yields an
additional safety factor of 21% for the use of HMPE instead of polyester.

The standards and their specific formulations are discussed in more detail below.

Lloyds Register: LR-CO-001 Code for Lifting Appliances in a Marine Environment, July

2023

Safety factor of 5:

LR-CO-001 Code for Lifting Appliances in a Marine Environment, July 2023

1 Chapter 2 Derrick Systems - Section 2 Design criteria

- 2.5.1 Wire ropes are to have a breaking load not less than the maximum tension in

the rope multiplied by a factor obtained from Table 2.2.2 Factors for wire ropes.
A Table 2.2.2 for running rigging: between 3 and 5
A Table 2.2.2 for standing rigging: not exceeding 3.5
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- 2.5.3 Man-made fibre ropes, where permitted for standing rigging, are to have a
breaking load not less than the value obtained from Table 2.2.2 Factors for wire ropes
multiplied by 1,25.

1 Chapter 4 Cranes and Submersible Lifting Appliances - Section 2 Shipboard cranes

- 2.26. Rope safety factors between 3 and 5 for both running and standing application
for cranes.

1 Chapter 8 Fittings, Loose Gear and Ropes - Section 7 Fibre ropes

- 7.1.2 Ropes may be manufactured from one of the following materials: [...] HMWPE or
UHMWPE (man-made fibre).

- 7.2.3 The safety factor to be applied to fibre ropes is, generally, to be 25 per cent
higher than the equivalent safety factor for a steel wire rope.

It should be mentioned that the formulation in LR-CO-001 Chapter 2 does not strictly
indicate a safety factor for man-made fibre ropes where not permitted for standing rigging.
Nor does it mention a material related safety factor for running rigging.

DNV-ST-NOO1 Marine operations and marine warranty [3]
Safety factor at least:

r rrrrr P® P& P& dPBLBT TH L X
Safety factor up to:

r rrrrr pop® X8 THE I8 U p ¢

1 16.4.4.1 lifting factor normally taken ast p® but can be p& under some
preconditions (16.4.4.2)
16.4.5.1 consequence factor normally taken asr P
16.4.6 sling or grommet reduction factorst | A@R
o Termination factor:f  p8t tior fibre rope sling splices
o Bending factor:T ¢8t Tup untilt P& o
1 16.4.10 wear and application factor( pg if often used and exposed to wear and
tear, else reduction up tor P8t Tt
1 16.4.9->509.8.5.1: minimum material factor
o 1.5 for certified steel wire ropes
1 16.4.9->5.9.8.5.2: minimum material factor
o 1.65 for polyester
o 2.0 for HMPE and aramid
o 2.5 for other fibre materials (including nylon, polyethylene and
polypropylene)

= =

Hence, the factor for the use of HMPE/aramid over polyester is 2.0/1.65 = 1.21. The factor for
HMPE over steel wire ropes is 1.33.

RINA RES13 Rules for loading and unloading arrangements and for other lifting
appliances on board ships [4]
Chapter 11 Ropes for Running and Standing rigging
1 2 Fibre ropes
- 2.8 Working load of ropes
A 2.8.2 Steel wire ropes
1 a) safety factor for cranes intended for shipboard operations: between 3 and 5
1 b) safety factor for cranes intended for offshore and tran-shipping operations:
§ running rigging between 3 and 5
§ standing rigging between 3 and 4
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1 c) safety factor for cranes intended for man riding operations: not less than 10
A 2.8.3 The coefficient for man-made or natural fibre ropes by which the breaking
load is to be divided in order to obtain the working load depends on the diameter
of the rope according to Tab 4.
1 Tab 4: between a factor of 12 for 12 mm diameter and factor 6 for 40 mm
diameter.

Hence, assuming that the closest resemblance is found with cranes intended for shipboard
operations (2.8.2 a), the safety factor for HMPE over steel wire ropes is between 6/5 = 1.2 for
diameters of 40 mm and cranes with a safe working load (SWL) below 100 kN and 12/3 =
4.0 for diameters of 12 mm and cranes with a SWL above 1570 kN. It should however be
mentioned that HMPE ropes onboard the historic sailing fleet have diameters closer to 12
than to 40 mm and are to be compared to cranes with relatively low SWL values - by which
the safety factor for rigging onboard the historic sailing fleet should be somewhere between
this 1.2 and 4.
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Appendix B
Types of splices and end

connections

) Appendix B

Table B.1: Typical types of splices and thimbles (NL: splitsen en kousen)

Dutch term

Term (NL)

Points of attention

Eye splice

Eye splice with
open thrimble

Eye splice with
closed thrimble

Eye splice with
closed,
reinforced
thrimble

Low Friction
Ring

Oogsplits zonder kous

Oogsplits met open
puntkous

Oogsplits met gesloten
kous

Splits met gesloten,
versterkte, kous

Low Friction Ring

[35]

[36]

[35]

[35]

Not allowed as per Article 20.13 of ES-
TRIN

Runs the risk of cutting the line open
with the end of the thrimble upon
plastic deformation after higher load
applications

Offers resistance against deformation
due to the reinforcement

Maximum angle of the line in
combination with the maximum force
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