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Abstract
The purpose of this research project was to investigate the performance of friction braking
mechanisms which are often utilised as the means of energy dissipation in retractable fallarresters.
Subsequent to recent Health and Safety Executive research concerning retractable fallarresters, concerns arose during a UK industry product evaluation exercise, where it was
reported that some retractable fall-arresters did not perform as well as expected when subjected
to the dynamic strength test of ANSI Z359.1. These products apparently required a greater
distance to arrest the fall of the test mass than that anticipated, and it led to the hypothesis that
perhaps some combination of design, material and environment was causing the braking
mechanisms to lose their frictional effectiveness.
After reviewing these tests and carrying out an independent test programme to investigate the
matter further, the conclusion was that despite the age and external condition of some of the
test specimens concerned, performance during testing did not reveal any significant loss of
brake frictional effectiveness. However there was a very large range of performances, and it
seemed that the relative difference in good and poor performance appeared more to do with the
inherent brake design features of the specimen concerned, and how well it was engineered and
manufactured, as opposed to any gradual loss of brake frictional effectiveness due to
environment and other factors.
However, there were a number of related issues raised as result of conducting the research and
five recommendations are made accordingly. These concern: (i) proposals to introduce new
material into the ANSI Z359.1 and BS EN 360 standards; (ii) manufacturers’ production and
quality procedures; (iii) service agents and servicing manuals; and (iv) further research into
aspects of brake performance and conditioning tests.
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EXECUTIVE SUMMARY
The purpose of this research project was to investigate the performance of friction
braking mechanisms which are often utilised as the means of energy dissipation in
retractable fall-arresters.
Subsequent to recent Health and Safety Executive research concerning retractable fallarresters, concerns arose during a UK industry product evaluation exercise, where it
was reported that some retractable fall-arresters did not perform as well as expected
when subjected to the dynamic strength test of ANSI Z359.1. These products
apparently required a greater distance to arrest the fall of the test mass than that
anticipated, and it led to the hypothesis that perhaps some combination of design,
material and environment was causing the braking mechanisms to lose their frictional
effectiveness.
As part of their ongoing fall protection research programme, Safety Squared
investigated this matter from an independent perspective. Accordingly a review was
undertaken of the testing which had been carried out. The conclusion was that the
concerns over the potential loss of frictional effectiveness could not be substantiated.
An independent test programme was undertaken to investigate the matter further. A
short review of literature specific to retractable fall-arrester brake design was also
carried out, which looked at how friction disk brakes were developed in response to fallarrest standard requirements.
In this test programme sixteen tests were carried out on nine different test specimens
from five different manufacturers. Some of the test specimens had been used in a
working environment and had some degree of service history, whereas others were in
a relatively new condition with no service history. The average age of the test
specimens was 10.4 years. All were CE marked except one which had pre-CE
certification. Each specimen was first tested using the dynamic performance test of BS
EN 360 (2002), followed by a second test using the dynamic strength test of ANSI
Z359.1 (1992). Seven of the test specimens were able to withstand the two
consecutive tests. All of the test specimens were dismantled after testing in order to
determine how the major components had fared, and to look for features and other
aspects that could help corroborate performance.
Despite the age and the external condition of some of the test specimens, performance
during testing did not reveal any significant loss of brake frictional effectiveness.
However there was a very large range of performances, and it seemed that the relative
difference in good and poor performance appeared more to do with the inherent brake
design features of the specimen concerned, and how well it was engineered and
manufactured, as opposed to any gradual loss of brake frictional effectiveness due to
environment and other factors.
There were however a number of related issues raised as result of conducting the
research, and in consequence five recommendations have been made. In summary:
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•

Recommendation 1 makes a proposal to amend the Z 359.1 dynamic strength
test.

•

Recommendation 2 makes a number of proposals to incorporate new design
requirements and tests in BS EN 360.

•

Recommendation 3 makes proposals in regard to production and quality
procedures.

•

Recommendation 4 makes proposals in regard to service agents and servicing
manuals.

•

Recommendation 5 makes proposals for further research into aspects of brake
performance and conditioning tests.
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1. INTRODUCTION
1.1

PURPOSE

The purpose of this research project was to investigate the performance of friction
braking mechanisms which are often utilised as the means of energy dissipation in
retractable fall-arresters.
1.2

BACKGROUND

Workers have been protecting themselves from the harmful effects of falling from a
height by using fall-arrest systems (FAS) over the last century – possibly the first ever
fall-arrest product patent is disclosed in Claghorn (1885); American accidents involving
FAS during 1944-1947 are recorded in Blake et al (1952); the UK’s first fall-arrest
standard was published as BS 1397 (1947); and the state of the art in the UK in the
late 1950s is described in Shand (1960).
FAS are designed to arrest a fall of a worker by stopping it soon after it starts, i.e. the
total fall distance is limited at the outset. A FAS based on a retractable fall-arrester
provides a fall-arresting means where a considerable range of movement is required in
the vertical plane, which makes them very useful when climbing up or down structures.
Retractable fall-arresters are generally protection-efficient: in fall-accident situations
free fall, arrest force, and arrest distance are often minimal in comparison to other
types of FAS; consequently the free space required beneath a worker can be relatively
small. Figure 1 shows how quick the arresting sequence can be.

Figure 1 Kinematic sequence of stuntman’s fall-arrest trajectory after slipping off
structure whilst connected to a retractable fall-arrester
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However, justifiable concerns have been raised within UK industry over the years in
regard to the performance of retractable fall-arresters when used in applications which
are not catered for by the test requirements within the BS EN 360 standard. 1 This was
the main reason why the UK’s Health and Safety Executive 2 (HSE) commissioned
Safety Squared 3 and TUV-NEL 4 to perform research into the issues. The HSE research
report – Riches & Hunter (2009) - is in the course of being published.
Overall the HSE research demonstrated that BS EN 360 as a standard is very limited in
its scope and ability to assess the performance and other inherent aspects of
retractable fall-arresters. In addition a number of applications of these products are not
covered by the test requirements within the BS EN 360 standard, so the ability of the
product to arrest a fall in those circumstances may remain unknown.
Subsequent to the above research, other concerns arose during a UK industry product
evaluation exercise, where it was reported that some retractable fall-arresters did not
perform as well as expected when subjected to dynamic testing. These products
apparently required a greater distance to arrest the fall of a test mass than that
anticipated. (This testing is reviewed in Chapter 3).
Given that all of the retractable fall-arresters that were tested utilised friction brake
mechanisms, it led to the hypothesis that perhaps some combination of design,
material and environment was causing the braking mechanisms to lose their frictional
effectiveness, contributing to the greater arrest distances. It was thought that stress
relaxation of braking materials might be a main contributor in this process.
As part of their ongoing fall protection research programme, Safety Squared
investigated this matter from an independent perspective. The research would seek to
determine if the concerns were justified, and would attempt to identify what
mechanisms were at work to explain the apparent loss of frictional effectiveness.

1

British Standard BS EN 360 (2002) is the British translation of EN 360, the harmonised European standard used to
test retractable fall-arresters against in order to meet the legal CE certification requirements contained within the
PPE Regulations (2002).
2
The HSE are a UK Government agency which administers health and safety in the UK and enforces health and
safety legislation.
3
Safety Squared are an independent safety consultancy which specialises in fall protection and safety at height.
4
TUV-NEL, formerly part of the Ministry of Technology, are a test laboratory that have been testing and certifying
fall protection products for over 50 years.
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1.3

RESEARCH METHOD

The research was delivered by using the following methods.
•

Literature review of specific documents and grey literature 5 in Safety Squared’s
fall-protection library, which holds:
o
o
o
o

over 180 standards (including the categories of British, European,
International, Military, obsolete, and withdrawn)
over 100 worldwide legal acts, regulations and directives
over 120 booklets on safety guidance, and bulletins
over 250 scientific research articles, papers and reports.

•

Utilisation of the researcher’s own retractable fall-arrester design, testing,
manufacturing and market knowledge, gained from within the industry.

•

Review of the industry product evaluation exercise.

•

Independent testing, and post-test examination of braking components.

1.4

DEFINITIONS

For the purposes of this report the following terms and definitions are used, together
with the corresponding SI units of measurement:
1.4.1

Fall protection

Protective measures taken to either prevent a fall from a height taking place, or
stopping a fall from a height very quickly after it has commenced. This latter category
amounts to “arresting” a falling person before they impact the ground or other
substantial platform. This measure is traditionally described in industry as “fall-arrest”.
1.4.2

Retractable fall-arrester 6

A fall-arrest device which is similar in operation to a car seat belt retractor, (Figure 2). It
consists of a reel of lifeline in a protective housing that is connected to the workplace
structure. The free end of the lifeline is connected to a worker’s safety harness. The
lifeline is maintained under light tension and extracts and retracts to accommodate
body movements, but will lock in response to rapid extraction, (as would be generated
in a fall situation), preventing further extraction.

5

Material not readily available through normal bookselling or library channels and which is therefore often difficult
to identify and obtain.
6
These devices have various market terms such as: self-retracting lifeline, inertia reel, sala block, retractable
lifeline, fall-arrest block; but for the purposes of this report the term “retractable fall-arrester” is used.
RR 1-09 Investigation into the performance of friction braking
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Figure 2 FAS based on a retractable fall-arrester

1.4.3

Drop-testing

Drop-testing is a term used to describe the simulation of a fall by using a test surrogate
(e.g. steel mass) in place of a human being, Riches (2002). Various drop-test methods
have been developed, a great number of which have been documented in technical
standards and research literature around the world, for example in BS EN 364 (1993).
The methods all share the common feature of subjecting the FAS under test to a
measured amount of kinetic energy. This is achieved by connecting a test surrogate to
the FAS, and then dropping it so that it free falls over a prescribed distance before the
FAS responds and brings it to a complete halt, (Figure 3). Typical measurements
recorded for assessment purposes include maximum arresting force and distance.
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load cell
housing
stage 2
clip
test
mass

C

B
stage 3

stage 1

stage 4
A

D

Notes:
Stage 1: A prescribed amount of lifeline is extracted and clipped-off to prevent retraction at the
housing. A test mass is connected to the end of the lifeline and is held at height “A”.
Stage 2: The test mass is raised to a position so that when released it free falls through a
height “B”.
Stage 3: The test surrogate is released and free falls.
Stage 4: The braking mechanism operates and applies a reaction force, which is measured at
the load cell. The test mass is stopped over an arrest extraction distance “C”. The total
fall distance from release to the post-drop equilibrium position is (A + B – D).

Figure 3 Example of sequence of events in a drop-test using a retractable fall-arrester
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1.4.4

Test surrogates

Human volunteers cannot be used for drop-testing on an ongoing basis due to the risk
of injury and for ethical reasons. Consequently, a variety of different test surrogates
have been developed to be used as substitutes, which include:
•

solid, rigid weights of regular shape

•

sand bags of regular shape

•

rigid quasi-human torso shapes, without head and limbs

•

full
body
anthropomorphic,
approximating to a human being.

1.4.5

anthropometric,

articulated

dummies 7,

Free fall

The distance a person or test surrogate falls through when subjected to the forces of
gravity and air resistance only. In the case of a retractable fall-arrester this is the
distance from the onset of a fall or drop to the point where the lifeline just starts to
extract.
1.4.6

Arrest extraction distance

The amount of lifeline extracted from the housing during the drop-test, from when the
test surrogate is released to when it is completely stopped.
1.4.7

Total fall distance

The vertical distance through which a test surrogate falls measured from the release
position to when the test surrogate is completely stopped.
1.4.8

Arrest force

A force that is applied by the operation of a FAS in order to retard and stop the motion
of the fall.

7

Various terms are often used to describe these test devices: anthropomorphic (resembling the human form);
anthropometric (of a set size, with set proportions and with a set distribution of weight relating to a statistical
population); articulated (movable joints, similarly disposed as with the human body and with anthropometric ranges
of movement).
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1.4.9

Kinetic energy (fall energy)

The capacity of an object to apply a force over a distance (work), due to its velocity. It
is equal to the work required to bring the object to a complete rest. This work has to be
achieved principally by the braking mechanism in retractable fall-arresters. Measured in
Joules (J).
1.4.10 Momentum (falls)
Momentum is possessed by objects that move and is equal to the product of the
object’s mass and velocity. It is the tendency for an object in motion to stay in motion.
In the case of a fall, a force has to be applied in the opposite direction over a time to
arrest it, and the product of these quantities (force x time), called the Impulse, reduces
the momentum due to falling, to zero. It follows that either a high (arrest) force can be
applied over a short time, or a low (arrest) force can be applied over a long time, or a
compromise between the two, to reduce the momentum of a falling object to zero.
The graphs which typically record drop-testing usually relate the arrest force on the
vertical axis to time on the horizontal axis, (Figure 23 being an example). It is for this
reason that they are sometimes called “impulse graphs”, since the area under the
graph is representative of the impulse applied by the FAS to dissipate the faller’s
momentum. Measured in Newton-seconds (Ns).
1.5

MANUFACTURER ANONYMITY

A variety of retractable fall-arresters were tested in the course of this research project.
Products that were tested were not in any way seen to be superior or more reputable
than those that were not tested. The intention of the research was not to extol certain
manufacturers nor to discredit others.
Apart from general product details, which are referred to in order to aid understanding,
individual organisations and specific product models are not referred to in order to
preserve manufacturer anonymity. Where photographs in the report might allow
recognition of products, features have been hidden from view using computer graphics,
with the exception of some internal components which were necessary to photograph
to illustrate points in the text.
This approach allows the research findings to be reported, which is particularly useful
from an education viewpoint, because:
•

it shows that different approaches can be made to solve the same problem, with
varying degrees of success

•

it identifies common deficiencies and particular issues that may need to be
overcome by all interested parties in order for the industry to progress,
commensurate with safety for the user.

Throughout the report manufacturers are simply referred to under a code system, e.g.
Manufacturer A, B, C and so on.
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2. BASICS OF RETRACTABLE FALL-ARRESTERS
2.1

BASIC FEATURES OF A RETRACTABLE FALL-ARRESTER

A retractable fall-arrester typically consists of a drum or reel assembly, a locking or
clutch mechanism mounted on the drum, a brake assembly, and a housing, (Figure 4).
These assemblies are described in detail below. Numbers in parentheses refer to
Figure 5, an exploded parts diagram.
Reel assembly
The drum or reel assembly (15 and 19 bolted together) holds a wound lifeline (24)
which can be made from various materials and constructions, (fibre rope, webbing, or
wire cable). The reel is mounted so that it can revolve around an axle (10) but is
restrained in one direction by a clock spring (33), which is connected to both reel and
axle. The assembly is mounted inside a protective housing (1) and cover (6).
During manufacture, one end of the lifeline is secured firmly to the reel. After being
wound on the reel, the other end is fed outside the bottom of the housing via an exit
bush (2). This bush protects the lifeline from wearing against the housing. The lifeline is
typically terminated with a connector (25) which has a swivel joint (known as a swivel
hook). The swivel hook connects the lifeline to a full body harness, and acts as a stop
to prevent the lifeline from being fully retracted into the housing. The swivel joint
prevents unravelling of the lifeline in use, as a result of workers repetitively turning
about a spot during the working task.
Locking mechanism
On the front of the reel (15), are two locking pawls (11) which are eccentrically
mounted to pivot freely on studs (17). Two small pawl springs (13) connected between
the boss of one pawl and the leg of another restrain the two pawls inwardly against
pawl stops, (Figure 6 shows more detail).
Brake assembly
Typically, the brake assembly (6*) and (9) is attached to the cover (6). In this design,
the brake assembly is of the “deflecting disk” type, but more modern designs utilise
friction disks.
In the deflecting disk type, a threaded and castellated ratchet ring (6*) screws against a
series of steel discs (9) into the cover (6). The castellations in the ratchet centre are
designed to catch the locking pawls (11) in a fall situation.
An upstand on the cover locates the discs. An indicator pin (8) and spring (7) is fitted
between the discs and cover. During assembly the ratchet ring is torque-loaded to a
pre-determined setting.
In the friction disk type, a rotatable ratchet ring is sandwiched between a series of
brake discs which are clamped against a housing by a pressure ring. During assembly
the ratchet centre is torque-loaded to a pre-determined setting.
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Figure 4 Section through a typical retractable fall-arrester
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*

Figure 5 Exploded parts view of a typical retractable fall-arrester
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locking pawl

castellated ring

Figure 6 Locking mechanism and brake assembly in a typical retractable fall-arrester
General assembly
The axle (10) locates the reel assembly and brake assembly into the housing (1) and
cover (6), which are then bolted together. A shackle (23) provides the means of
attachment to an anchor point.
2.2

OPERATION – NORMAL USE

The clock spring is designed in such a manner so that it is biased to wind the lifeline
fully in, irrespective of how much lifeline is unwound at any particular point. This means
that when a worker is connected to the lifeline:
•

the spring’s retraction force 8 has to be overcome when moving away from the
housing

•

the spring’s retraction force automatically winds the lifeline back in when
moving towards the housing

•

there is always a degree of tension in the lifeline and so it is kept at the shortest
possible length between the housing and worker, eliminating any slack.

Consequently during normal use, as a worker moves backwards and forwards, the reel
rotation matches the body movements by allowing unwinding and winding of the
lifeline. The reel rotational speed is relatively slow. The locking pawls, which are
mounted to the front of the reel, are held against their stops by the pawls springs,
Figure 7.
8

The spring has to be strong enough to retract the lifeline but not too strong, or it will be a nuisance to the worker.
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rotation of reel in response to
lifeline extraction or retraction

reel
ratchet
(separate
reel)

ring
from

castellation
locking pawl

pawl stud
pawl spring
lifeline
axle
pawl stop
lifeline extraction or retraction
response to worker movement

in

Note: view from front of retractable fall-arrester looking towards reel

Figure 7 Movement of reel and locking mechanism in normal use –
locking pawls remain against stops
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2.3

OPERATION – FALL-ARREST OCCURRENCE

Should the worker fall, the lifeline is suddenly unwound at a higher speed than normal,
which in turn spins the reel at a higher rotational speed than normal. A critical speed is
reached, (the “lock-on speed”), whereupon at least one of the locking pawls 9 on the
reel moves outwards against its spring and engages the ratchet ring 10 – this is known
as “lock-on”, Figure 8. At this point the reel and ratchet ring become one assembly,
locked together by the pawl.
This causes a rapid rise in lifeline tension as the worker is suddenly decelerated, which
causes the ratchet ring to turn and operate the braking mechanism. This limits the
tension in the lifeline and therefore the force applied to the worker, whilst dissipating
the energy accumulated during the fall.
Irrespective of type, the braking mechanism eventually exhausts the fall energy and
stops turning, at which point the worker is brought to a complete stop. Typically, the
worker may only fall through a distance of 0.5 m from the beginning of the fall to when
the fall is brought to a complete stop, and is likely to experience an arrest (braking)
force of less than 6 kN 11.
The reel and brake assembly remain engaged due to the weight of the worker, who
remains in post-fall suspension awaiting rescue. When the weight of the worker is
taken off the lifeline, the pawl springs pull the pawls back against their stops and the
lifeline can retract.

9

The catching geometry between pawls and ratchet ring and strength of components is typically such that only one
pawl needs to engage the ring. This enables a designer to cut down the amount of time needed for a pawl to move
from its stop to the lock-on position, and hence total fall distance.
10
A common belief is that when the reel reaches the lock-on speed, the locking pawls are thrown outwards into the
ratchet ring under the action of centrifugal force. However this is not the case; the locking pawls are “left behind”
during the rapid acceleration of the reel – they are thrown out inertially, hence one of the market terms for
retractable fall-arresters being “inertia reels”. Centrifugal force is not a real force and does not exist. It was
introduced as a “compensation force”- a method in order to facilitate mathematical calculations in rotational
analysis.
11
6 kN being the current maximum under the standard BS EN 360 (2002).
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pawl engages ring
rapid rotation of reel in response to
worker’s fall

rapid lifeline extraction in response
to worker’s fall

Note: view from front of retractable fall-arrester looking towards reel

Figure 8 Movement of reel and locking mechanism during fall-arrest occurrence –
at least one locking pawl engages ratchet ring
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2.4

BRAKING METHODS

In the case of the deflecting disk design, the energy generated by the fall is lost by the
deformation of metal disks. When the locking pawl engages the threaded ratchet ring, it
causes the ring to turn, which screws down against the edges of the disks. This causes
them to be deformed over the upstand, Figure 9.
threaded ring

threaded casing
upstand

brake disks

disks deflected over
upstand

Figure 9 Section showing screwing-down of ring against disks in fall-arrest occurrence
before the fall (upper view) and afterwards (lower view)
In the case of the friction disk design, the energy generated by the fall is lost to heat.
When the locking pawl engages the ratchet ring, it causes the ring to turn and slip
against the faces of stationary disks of brake material, which are under a clamping
pressure, Figure 10. As the ring turns the friction between the brake disks and ring
resists the motion of the ring, which is lost as heat.
ratchet ring

slipping rotation

clamping ring

brake disks

Figure 10 Section showing ring clamped against brake disks in friction-disk design
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3. REVIEW OF INDUSTRY PRODUCT EVALUATIONS
3.1

INTRODUCTION

In the course of carrying out design and development work within the industry, it is
often the case that designers and engineers will assess other companies’ products in
conjunction with their own, to see how they compare.
In such a case, some drop-tests were performed in a product evaluation exercise on
two different manufacturer’s retractable fall-arresters, in order to ascertain
performance. All of the retractable fall-arresters tested were in a new condition, were
CE-certified and were available on the UK market.
Some of the retractable fall-arresters tested did not perform as well as expected apparently requiring a greater distance to arrest the fall of a test mass than that
anticipated. The products utilised friction brake mechanisms, which led to the
hypothesis that perhaps some combination of design, material and environment was
causing the friction brake mechanisms to lose their frictional effectiveness, contributing
to the greater arrest distances. It was thought that stress relaxation of braking materials
might be a main contributor to the loss of frictional effectiveness.
This chapter reviews the methods and test results from the product evaluations, and
discusses the outcomes accordingly.
3.2

TEST METHOD AND APPROACH

The tests were basic in nature and were carried in accordance with the dynamic
strength method in ANSI Z359.1 (1992). This method does not require the
measurement of arrest force or distance – it is an overload test and apart from a
separate residual tensile strength test afterwards, the only criteria is that the retractable
fall-arrester has to lock and remain locked during the test, and that the test mass must
not strike the ground.
The test method consists of first attaching the retractable fall-arrester to the test
structure in accordance with manufacturers instructions. A 136 kg test mass is then
connected to the free end of the lifeline at the swivel hook.
Sufficient lifeline 12 is then extracted from the housing to allow a 1.2 m free fall and is
clamped at the exit point on the housing to prevent retraction. The test mass is then
connected, via a quick release mechanism, to a winch chain. The test mass is winched
to a position so that upon release it will free fall through a distance of 1.2 m before any
lifeline extraction takes place, Figure 11.

12
Although the amount is not specified, the diagram associated with the test method infers that 1.2 m of lifeline is to
be extracted.
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retractable fall-arrester
lifeline
clamped
prevent retraction

to

136 kg test mass

1.2 m free fall

Figure 11 Dynamic strength test pre-release position after ANSI Z359.1 (1992)
This is quite a severe test as it imparts approximately 1600 Joules (J) of energy during
the free fall, calculated from the free fall energy (potential energy) formula:
ffe = m x g x h
where ffe
m
g
h

=
=
=
=

free fall energy (J)
mass (kg)
the acceleration due to gravity, 9.81 m/s²
free fall

The calculation being:
ffe = 136 x 9.81 x 1.2 ≈ 1600 J
The degree of severity of the test can be better understood by comparing it to that
within BS EN 360 (2002). This is the British translation of EN 360, (the European
standard for retractable fall-arresters) 13. However the method in BS EN 360 is a
dynamic performance test as opposed to dynamic strength test, as both arrest force
and distance are measured. That said, the configuration of the test is similar to that of
the ANSI dynamic strength test, (i.e. the test mass free falls through a set distance by
clipping off the lifeline – see Figure 12), but the mass is 100 kg and the free fall is 0.6 m
in contrast to the ANSI’s 136 kg and 1.2 m respectively.
13

The actual method is referred to in BS EN 364 (1993), the fall-arrest test methods document.
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lifeline
clamped
prevent retraction

to

100 kg test mass

0.6 m free fall

Figure 12 Drop-test after BS EN 364 (1993)
In this test approximately 590 J of energy is imparted during the free fall, the free fall
energy calculation being:
ffe = 100 x 9.81 x 0.6 ≈ 590 J
So it can be seen that the BS EN 360 test imparts only 36% of the free fall energy
imparted in the ANSI dynamic strength test, or conversely the latter test imparts 2.7
times more energy than the European method.
Researcher’s comment
The choice of test method was based on the design philosophy of the designers and
engineers who performed the product evaluation in question. Their own retractable fallarresters were originally designed to be capable of withstanding the free-fall energy
from the world’s worst case test standard scenario - identified as the dynamic strength
test within ANSI Z359.1. Consequently their intention was to assess other
manufacturer’s products under the same test conditions.
As mentioned previously, product testing in the European market is generally
performed using the EN 360 standard. The main tests consist of a dynamic
performance test as described above, together with a static tensile test. There is no
dynamic strength (overload) test as in ANSI Z359.1.
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Consequently it could be argued that testing European products against the ANSI
Z359.1 dynamic strength test would be inappropriate or unfair, since original product
design may not have taken into account the ramifications of imparting 2.7 times more
free fall energy than that in EN 360. Capacity to dissipate energy is key aspect in any
fall-arrest product design, and in some cases this capacity is limited, (see Chapter 4).
However this would not be the case if European products concerned claimed to meet
both ANSI Z359.1 and EN 360. In such a case it would be expected that the product
concerned would pass any of the tests in both standards. Whether any of the products
used in the evaluation exercise claimed to meet both standards was not determined.
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3.3

TEST RESULTS

A list of the results can be found in Table 1. All of the drop-tests were conducted using
the dynamic strength test method from ANSI Z359.1. As explained previously, there is
no requirement to measure arrest force or distance. However, for the purposes of this
review, estimates of total fall distance were made from the video records.
Test 1
Test 1 appeared to achieve a pass result since the test mass was arrested and did not
strike the ground.
Test 2
Test 2 utilised a similar test specimen to Test 1 and produced a similar and positive
test result.
Test 3
Test 3 was a failure because the housing broke in two and fell away from the test rig.
This was unexpected because Test 3 utilised a similar test specimen to Tests 1 and 2.
Upon closer examination of the video footage it appears that the retractable fallarrester did lock and attempt to stop the test mass.
Whilst it was not possible to examine the remains of the product, there are clues as to
why it may have failed. In considering Figure 13, (and from video footage), it can be
seen that there is at least 1.2 m of lifeline outside of the housing at the pre-release
position. Also from the video footage it is estimated that at the exact point of failure, the
test mass had fallen 3.5 m from the release point. Therefore the test mass moved a
further 2.3 m after it reached the end of its free fall and before failure occurred. So at
the point of failure approximately 3.5 m of lifeline was outside the housing.
Given that there was only 3.5 m of cable stored on the reel with this particular product,
it is highly probable that the lifeline became fully unwound from the reel, preventing the
reel and brake from turning any further and finishing the arrest process. Consequently
the test mass was abruptly stopped by the joint between the reel and the lifeline. Based
on similar test circumstances as previously witnessed by the researcher, it is certain
that the resulting arrest force would have been extremely high, which would have been
transmitted through the reel, axle and housing to the anchor point. In this particular
case the anchor point appeared to be the weakest part in the load path, resulting in
failure.
This failure did not occur in Tests 1 and 2 because the products in those tests
managed to arrest the test mass in slightly shorter distances, (3.0 m), so presumably
the lifeline did not fully unwind from the reel.
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Table 1 Test results

Test
No.

Manufacturer

Lifeline length
and type

Test mass and
free fall

Estimate of total fall distance (m)

Comment

1

A

3.5 m, cable

136 kg x 1.2 m

3.0

Test mass arrested in distance available.

2

A

3.5 m, cable

136 kg x 1.2 m

3.0

Test mass arrested in distance available.

3

A

3.5 m, cable

136 kg x 1.2 m

-

After the test mass reached an approximate total
fall distance of 3.5 m the whole housing ruptured
and fell to the ground.

4

A

7.0 m, cable

136 kg x 1.2 m

-

Test mass was partially arrested, but struck
ground before arrest could be completed, (but
see discussion in text).

5

A

9.0 m, cable

136 kg x 1.2 m

3.75

Test mass arrested in distance available.

6

B

6.0 m, cable

136 kg x 1.2 m

-

Test mass almost completely arrested and just
touched ground before completion, (but see
discussion in text).
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retractable fall-arrester
lifeline
clamped
prevent retraction

to

136 kg test mass

1.2 m free fall

≈ 2.3 m

≈ 3.5 m total
fall distance

Figure 13 Test 3: pre-release position (left hand view) and
at point of failure (right hand view)
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What this test does reveal is that the ANSI dynamic strength test method is not a
necessarily valid test method for retractable fall-arresters with relatively short lifeline
lengths. Consequently the results of Test 3 should be ignored. The test method should
be amended to cater for shorter lifeline products, for example by only extracting and
clipping-off 0.6 m of lifeline prior to the test, and then raising the test mass above the
lifeline exit point to generate the 1.2 m free fall, see Figure 14. This still generates the
same amount of free fall energy, whilst making a further 0.6 m of lifeline available for
braking.

136 kg test mass

retractable fall-arrester
lifeline clamped to
prevent retraction

1.2 m free fall

Figure 14 Alternate configuration for achieving free fall in ANSI dynamic strength test

Test 4
Test 4 apparently produced another failure because the test mass, although retarded,
failed to stop before it struck the ground. However it almost certainly would have
produced a pass result, if the housing had been installed at a height equal to that in
Tests 1, 2 and 3. The video footage shows that for some unknown reason, the housing
was installed some 2 – 2.5 m lower than that in the first 3 tests. This meant that there
was insufficient clearance for the test mass to be arrested in, (estimated as 3.25 m
from the video footage). Consequently the results from this test are invalid and should
be ignored.
This test reveals another aspect of the ANSI dynamic strength test which makes it
invalid as a test method. The amount of available height of drop-test rigs can vary
greatly between installations, whether at manufacturers’ or test laboratory premises.
ANSI Z359.1 puts no stipulation on height.
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It says: “drop test structure shall have sufficient height and lateral clearance within the
drop zone underneath the test anchorage……….to perform the drop tests required by
this standard without members of the structure or its base interfering with or obstructing
the drops before termination of the tests”.
The problem here as mentioned above, is that one the test criteria is that the test mass
is not allowed to strike the ground. If a test is performed on one test rig with a height of
say, 6.0 m and passes, (because there is sufficient clearance for the performance of
the product), and then a test is performed with an identical product on another rig with
a height of say 5.0 m and fails, (due to striking the ground because of insufficient
clearance), who is to say whether the product has passed or failed the test?
In other words if a product failed the test on one rig because it struck the ground, then
all a manufacturer would have to do is repeat the test on a higher rig in order to obtain
a pass result.
The test method needs to have the “striking the ground” criterion changed as it is not
valid. Perhaps it would be better if there was a limit on total fall distance instead.
Test 5
Test 5 produced a satisfactory test result, in that the test mass was stopped before it
struck the ground. Noticeably the housing was installed at the greater height
corresponding to the position in Tests 1, 2, and 3.
Test 6
Test 6 apparently produced another failure, (although somewhat marginal), in that the
test mass “touched” the ground; virtually all the energy of the fall was dissipated by the
end of the event.
However it almost certainly would have produced a pass result, if the housing had been
installed at a height equal to that in Tests 1, 2, 3 and 5. Again the video footage shows
that for some unknown reason, the housing was installed some 2 – 2.5 m lower than
that in the said tests. This meant that there was insufficient clearance for the test mass
to be arrested in, (estimated as 3.25 m from the video footage). Consequently the
results from this test are invalid and should be ignored.
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3.4

CONCLUSIONS

After reviewing the six test results, it was found that Tests 1, 2 and 5 produced “pass”
results according to the ANSI Z359.1 criteria. Tests 4 and 6 were invalid and should not
be counted because for some unknown reason, the housings were installed at a
significantly lower height than that in the other tests, which reduced the amount of
height available for the test mass to be arrested in. If these tests had been repeated at
the greater height a “pass” result would almost certainly have been achieved.
Test 3 was also invalid because the set up of the test method requires a significant
proportion of lifeline to be clamped outside the housing (1.2 m) at the pre-release
position, compared to the overall lifeline length of the particular product (3.5 m). This
penalised the product and prevented the braking mechanism from working properly. If
the test had been repeated with a pre-release configuration in accordance with Figure
14, which causes the same amount of energy to be imparted as that in the ANSI test,
then there would have been a high probability of producing a “pass” result.
Consequently the hypothesis that some combination of design, material and
environment could be affecting the frictional effectiveness of the brake mechanisms,
contributing to greater arrest distances than normal, could not be substantiated nor
verified. In conjunction with this, it was not possible to examine the test specimens to
ascertain if any significant event had occurred to any of the internal components.
As a result, it was decided that some further testing should be carried out by the
researcher on an independent basis, to determine if loss of frictional effectiveness
caused by stress relaxation of braking materials or other phenomena might be an
issue. This is reported on in Chapter 5.
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4. REVIEW OF SPECIFIC LITERATURE
4.1

INTRODUCTION

There a considerable number of articles, research reports, standards and
miscellaneous references that pertain to retractable fall-arresters, the majority of which
are reviewed, and together with bibliographical details, are contained in a HSE
research report - Riches & Hunter (2009). This is a report on retractable fall-arresters
which is in the course of being published, and the reader is encouraged to obtain this if
further reading on the subject is desired.
In this chapter a review is made of specific documents known to have a bearing on
retractable fall-arrester brake design.
4.2

EARLY PATENTS

Possibly the earliest retractable fall-arrester patent is of French origin, as disclosed in
Trouin (1938). The invention shows the braking means being supplied via two brake
shoes against a drum, (item 19 in Figure 15), similar to those found in a car braking
system. Judging by the references cited in this patent, Trouin was heavily influenced by
a number of fire-escape descender type products, the patents of which were disclosed
over the period from 1902 – 1920.

Figure 15 Brake shoe arrangement after Trouin (1938)
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So it can be seen that one the earliest retractable fall-arresters utilised a friction-brake
as the means to dissipate fall energy.
A Swedish retractable fall-arrester is disclosed in Sala Maskinfabriks Aktiebolag (1958),
(see Figure 16), which discusses the Trouin product’s drawbacks in the preamble.
Included are (i) the Trouin product’s disposition to arrest a fall too rapidly, subjecting
the “cable and worker to unnecessary strains”, and (ii) the complexity of the actuating
means. The drawbacks are overcome in the Swedish patent by utilising the deflecting
disk braking design, (as previously described in clause 2.4).

Figure 16 Deflecting disk brake design after Sala Maskinfabriks Aktiebolag (1958)
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4.3

STANDARDS AND BRAKE DEVELOPMENT

Before the introduction of harmonised European standards in 1995, one of the
problems posed to manufacturers of retractable fall-arresters was that if they wished to
sell their products in different European countries, they would have to meet the
technical standards in each of those countries.
The three main standards in use in Europe before the introduction of European
standards were the British Standard BS 5062 (1985), the French Standard NF S 71020 (1978) and the German Standard DIN 23326 (1982). Both the British and German
standards were preceded by earlier editions; the 1973 edition in the case of the British
and 1966 edition in the case of the German.
Whilst the three standards had similar requirements, test methods and criteria, the
German standard departed from the philosophy of the British and French standards in
that: (i) it incorporated an element of free fall in the drop-test, and (ii) three consecutive
drop-tests were performed on the test specimen.
In the British and French standards a 100 kg test surrogate 14 was released from
beneath the housing, so that no free fall was imparted in the test. In the German
standard a harnessed torso test surrogate was released from a height to impart a free
fall of 866 mm, see Figure 17. Note that the lifeline was not clipped to prevent
retraction, so that the lifeline could retract during the free fall element of the test,
subject to the test specimen’s retraction ability.
Three consecutive drop-tests were carried out on the same test specimen and, to pass
the tests, the average of the three maximum arrest force results was not to exceed 5
kN, and the average of the three braking distance results was not to exceed 1500 mm.
This was quite an onerous requirement. In fact a number of retractable fall-arresters at
the time could not pass this drop test, because their braking mechanisms were of the
deflecting-disk type. This is because as the fall energy was progressively applied over
the three tests, the threaded ring was screwed further and further into the casing
(Figure 9). The deflection of the brake disks over the upstand became greater, which
had the effect of resisting the threaded ring on an increasing scale, causing an
increase in arrest force. Eventually the ring and disks would bottom out in the casing,
preventing any further movement. In such a case there would be a rapid rise in arrest
force.
Generally, all of these factors contributed to producing results with an average
maximum arrest force in excess of the 5 kN allowed under the German standard. In
effect, the standard had exposed the limitation of the deflecting-disk type brake: that it
had a limited energy-dissipating capacity. It could not dissipate the energy from three
consecutive drop-tests, based on a 100 kg test mass falling freely through 866 mm,
(producing a total of 2549 J according to the free-fall energy formula in clause 3.2).

14

In the British standard this was a anthropomorphic test dummy; in the French standard it was a rigid
steel test mass.
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Figure 17 Drop-test pre-release position according to DIN 23326 (1982)
As a result of this discovery a number of manufacturers started to develop different
braking mechanisms. There was a tendency to use the friction-disk design, because of
its reported braking efficiency in other applications, e.g. brake pads on motor vehicles.
The importance of selecting the most appropriate materials for disk-braking surfaces is
highlighted in NEL (1984). This report describes a series of drop-tests carried out on
retractable fall-arrester prototypes, using the German standard DIN 23326 (1982) as
the test method.
In the report retractable fall-arrester prototypes are described, each having one of three
combinations of braking material: steel bearing on bronze, steel bearing on nylon and
bronze bearing on nylon – various grades of each of these materials were used. In 14
of the 15 drop-tests the arrest force was below the 5 kN limit, but in 7 of the tests the
arrest distance was above the 1.5 m limit, to the extent that the test dummy sometimes
struck the test house floor. The 7 test failures only occurred on the prototypes which
had nylon braking surfaces.
The importance of braking design is highlighted in a report by the Production
Engineering Research Association - PERA (1985). This report describes the analysis
and development of a retractable fall-arrester prototype which could not produce
consistent braking results.
The braking means in the prototype consisted of a single friction disk clamped onto a
machined face of the housing, Figure 18.
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clamping ring
ratchet ring

brake disk

Figure 18 Section through single friction disk arrangement after PERA (1985)
The criticism of the brake design and the reasons for the inconsistency in performance
were:
•

the clamping pressure needed to exert the force on the brake disk could not be
attained within the arrangement chosen

•

there was no compensation device included to maintain the clamping pressure,
i.e. to compensate for a loss of clamping pressure due to factors such as:
o
o
o
o

•

unevenness of machined and brake disk surfaces
manufacturing tolerances
expansion and contraction during temperature changes
wear

the high clamping pressure on the (plastic) ratchet ring caused deformation
which in turn caused a reduction of pressure on the brake disk.

PERA (1985) goes on to state that the normal principle used for this type of
brake/clutch system is for the rotating wheel to be sandwiched between two stationary
brake disks, (see Figure 10). Had this approach been applied to the design in Figure
18, the clamping force required to be applied and maintained by the clamping ring
would have been halved.
Eventually the prototype was developed with two stationary brake disks sandwiched
between a rotating ratchet ring, (as in Figure 10). The stationary faces of the
components bearing against the brake disks had polished rings bonded to them to give
a consistent braking surface. The bolts used to apply the clamping pressure through
the clamping ring used “Belville” washers to apply a spring-generated compensation
force. Belville washers are conical in section and are typically used in opposing pairs,
(Figure 19). When compressed, they deform and produce a thrust along the axis of the
securing screw.
These improvements resulted in the prototype being able to consistently meet the
requirements of DIN 23326 (1982).
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screw head
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Figure 19 Sideways section through typical application of Belville washers

4.4

RAMIFICATIONS OF ADOPTING FRICTION BRAKES

One of the benefits to manufacturers of utilising friction disks in their retractable fallarrester designs, was that fall-arrest performance was generally improved, more
consistent, and one design could meet a variety of standards across the world. In
addition, energy-dissipating capacity was greatly increased, and was not restricted like
the deflecting disk design. In theory, and subject to the integrity and performance of
other components, friction disks could dissipate the energy of several falls.
However, some of the drawbacks of the friction disk design were that:
•

there was the potential for brake clamping pressure to slacken off over time –
compensating devices such as Belville washers were needed to deal with the
factors mentioned in clause 4.3, and locking devices were needed to prevent
vital fasteners from becoming undone due to vibration

•

assembly and setting of braking mechanisms became more complex in
production, requiring a higher degree of competency

•

more comprehensive servicing manuals, tools and training were required for
service agents engaged in scheduled maintenance and calibration 15.

15

There have been several cases where service agents have not set braking mechanisms correctly, usually
because of poor training or lack of information in service manuals.
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5. FURTHER TESTING
5.1

INTRODUCTION

Further testing was carried out by the researcher in order to attempt to substantiate the
possibility that friction brake mechanisms could, over a period of time, loose their
frictional effectiveness, which could lead to greater fall-arrest distances than normal.
5.2

TEST EQUIPMENT

Testing was performed on an external drop-test rig. It was understood that the rig met
the requirements of BS EN 364 (1993) 16.
Other equipment included: (i) rigid steel test masses of 100 and 136 kg; (ii) an electric
winch for the lifting and lowering of the test masses, the chain of which was terminated
with a quick release mechanism for the remote release of the test masses.
5.3

TEST INSTRUMENTATION AND MEASUREMENT

A single load cell was used to record arrest force with respect to time. All of the data
was captured at a sampling rate of 2400 Hz 17 and was stored in a PC in an unfiltered
state. The measurement chain is shown in Fig 20.
Subsequent filtering was performed by using HBM Catman Easy Software to obtain
data within the 0-60 Hz frequency range 18. Filtered data was then presented in a
graphical time history format.
A Sony DCR-SR190E Handycam digital video recorder running at the normal rate of 30
frames per second was used to visually record the outcome of the tests. Photographic
stills were also taken throughout the test programme.
5.4

TEST SPECIMENS

Rather than test brand new retractable fall-arresters, it was decided to acquire a
number of models in various conditions, age and service history. Table 2 records the
relevant details.
All of the test specimens had an internal brake mechanism based on the friction-disk
design, except No. 9 which utilised a deformable metal strip instead.
16

In that the natural frequency of vibration in the vertical axis was not less than 100 Hz and a force of 20 kN at an
anchoring point would not cause a deflection of more than 1.0 mm. This is to ensure that any mechanical flexibility of
the rig is insufficient to affect electronic measurements. (Natural frequency refers to the mechanical response of a
system to vibration; if subjected to sustained vibration at the natural frequency the system will respond at that
frequency with increasing amplitude until mechanical failure occurs).
17
The minimum sampling rate (the number of measurements taken per second) agreed by most authorities when
reconstructing events in the time domain is typically 10 times that of the highest frequency. BS EN 364 (1993)
requires a sampling rate of 1000 times per second (1000 Hz); the sampling for this research was done at 2400 times
per second (2.4 kHz). Sampling at a high enough rate ensures that maximum values are more readily detected.
18
BS EN 364 (1993) measures in the 0-60 Hz range and uses physical filters (hardware) to achieve this, whereas the
Catman Easy Software filters mathematically. No attempt has been made in this research to ascertain if one method
is more accurate than the other.
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PC with
Catman Easy
Data Analysis Software

Figure 20 Test measurement chain
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Table 2 Test specimen details

Specimen
No.

Manufacturer

Lifeline length
and type

Manufacture
date

CE Mark?

Condition, age, service history

1

C

10 m, cable

Oct 1996

Yes

Brand new, unused, no fall, stored inside, never serviced.

2

C

20 m, cable

April 1996

Unsure

Used, no fall, regularly serviced, next service was due 18-3-06 but
not serviced, kept in storage. “Device serviceable for use.”

3

B

6 m, cable

1998

Yes

Used, no fall, regularly serviced, understood next service was due
2006 but not serviced, kept in storage. “Device serviceable for
use.”

4

B

12 m, cable

1997

Yes

Brand new, unused, no fall, stored inside, never serviced.

pre-CE
BS 5062
DIN 23326

Used, no fall, regularly serviced, understood next service was due
2006 but not serviced, kept in storage. Last service stamped on
label was 4-2-00. “Device serviceable for use.” Fall indicator
indicating some degree of brake activation.

5

B

15 m, cable

1992

6

A

9.5 m, cable

April 1997

Yes

Brand new, unused, no fall, stored inside, never serviced.

7

A

7 m, webbing

Aug1996

Yes

Used, no fall, regularly serviced, understood next service was due
2006 but not serviced, kept in storage. “Device serviceable for
use.”

8

D

14 m, cable

Dec 2006

Yes

Used, no fall, regularly serviced, next service due May 2009. Kept
in storage. “Device serviceable for use.”

9

E

7 m, cable

Nov 2007

Yes

Used, no fall, next service due Nov 2009.
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5.5

TEST METHOD

5.5.1

General

Two test methods were chosen – the dynamic performance test of BS EN 360 and the
dynamic strength test of ANSI Z359.1. The latter test was modified slightly, see later.
The BS EN 360 test was chosen to ascertain whether the test specimens, (seven of
which were CE marked), could still meet the standard’s dynamic performance criteria,
despite their age and condition. The criteria are that the arrest force is not to exceed 6
kN, and the total fall distance, (see Figure 21), is not to exceed 2.0 m.
The ANSI test was chosen: (i) to see if some of the performances from the industry
product evaluations exercise (Chapter 3) could be replicated; and (ii) it is an onerous
test which could be used to differentiate between product design approaches. The
criteria are that the retractable fall-arrester has to lock-on and stay locked on until
released, and the test mass must not strike the ground.
All tests were performed outdoors in dry conditions at an ambient temperature of 15 ±
3ºC.
5.5.2

BS EN 360

The test configuration is shown in Figure 21. The housing of the test specimen was
secured to the highest point of the drop-test rig via a load cell. Both housing and load
cell were free to articulate about their respective connection points.
A length of lifeline was extracted from the housing and was allowed to retract back, in
order to check function. The lifeline was also rapidly extracted in order to check that the
test specimen could lock-on.
The lifeline was withdrawn 600 mm from the housing and a clip was attached at the exit
bush to prevent retraction.
Both the swivel hook of the lifeline and the quick release mechanism were attached to
the lifting eyebolt of the 100 kg test mass. The test mass was raised until sufficient
retraction had occurred for the clip on the lifeline to just make contact with the
underside of the housing. The dimension d1 from the underside of the test mass to the
ground was measured and recorded.
The test mass was then raised until it reached a height of (d1 + 600 mm). At this
position the maximum horizontal distance allowable from the centreline of the test
mass to the test rig anchor point was 300 mm.
The test mass was released. The arrest force was measured with respect to time and
was graphically recorded.
The lifeline arrest extraction, dimension d2 (underside of housing to clip), was
measured and recorded.
Dimension d3 from the underside of the test mass to the ground was measured and
recorded. Total fall distance was calculated as (d1 + 600 mm - d3).
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300 mm max.

load cell

housing

lifeline clamped to
prevent retraction

winch

quick
release
mechanism

100 kg mass

d2

total fall
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(d1+600 mm)

d1

d3

Figure 21 BS EN 360 test: pre-release position (left hand view) and
final rest position (right hand view)
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5.5.3

ANSI Z359.1

The test configuration is shown in Figure 22. The housing of the test specimen was
secured to the highest point of the drop-test rig via a load cell. Both housing and load
cell were free to articulate about their respective connection points.
A length of lifeline was extracted from the housing and was allowed to retract back, in
order to check function. The lifeline was also rapidly extracted in order to check that the
test specimen could lock-on.
The lifeline was withdrawn 600 mm from the housing and a clip was attached at the exit
bush to prevent retraction.
Both the swivel hook of the lifeline and the quick release mechanism were attached to
the lifting eyebolt of the 136 kg test mass. The test mass was raised until sufficient
retraction had occurred for the clip on the lifeline to just make contact with the
underside of the housing. The dimension d1 from the underside of the test mass to the
ground was measured and recorded.
The test mass was then raised until it reached a height of (d1 + 1200 mm). At this
position the maximum horizontal distance allowable from the centreline of the test
mass to the test rig anchor point was 300 mm.
The test mass was released. The arrest force was measured with respect to time and
was graphically recorded.
The lifeline arrest extraction, dimension d2 (underside of housing to clip), was
measured and recorded.
Dimension d3 from the underside of the test mass to the ground was measured and
recorded. Total fall distance was calculated as (d1 + 1200 mm - d3).
It should be noted that there were three deviations away from the ANSI test, none of
which would in any way affect the outcome of the test results:
•

the attachment of a load cell in between the test rig and the housing to measure
arrest force in order to quantify braking performance

•

the measuring of lifeline arrest extraction and total fall distance, again to
quantify braking performance

•

the generating of the 136 kg x 1.2 m free fall energy by clipping off a shorter
length of lifeline (0.6 m) and raising the test mass to a greater height, (as
discussed in Chapter 3).
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Figure 22 ANSI Z 359.1 test: pre-release position (left hand view) and
final rest position (right hand view)
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5.6

TEST RESULTS

5.6.1

General

Sixteen tests were conducted with nine different types of retractable fall-arrester, the
results of which are summarised in Table 3. This table records (by heading):
Test number/specimen
Test number, and specimen used in test. Test specimen numbers correspond to those
in Table 2.
Test
Test configuration, either BS EN 360 or ANSI Z359.1, as described in clause 5.5.2 and
5.5.3 respectively.
Maximum arrest force
The maximum arrest force (F) in kN measured at the load cell.
Maximum displacements
The lifeline arrest extraction (d2), and the total fall distance (TFD), both in mm.
Braking index
Materials and products usually possess a number of different properties. As such, it is
often very useful to combine properties in an approximate way to produce a “merit
index”, which facilitates the comparison of multiple materials or products. A common
example of a merit index is “strength to weight ratio” which allows engineers to select
the optimum material based on the combination of strength and intrinsic weight.
A merit index – the “braking index” (BI) - was devised to facilitate the comparison of
braking performances between test specimens, by combining the properties of free fall
energy imparted in test, maximum arrest force and lifeline arrest extraction:
BI =

imparted free fall energy in test (J)
maximum arrest force (N) x lifeline arrest extraction (m)

The greater the BI the better the braking performance of the test specimen. As the
maximum arrest force and lifeline arrest extraction denominators decrease, BI
increases, (as low quantities are desirable from a safety viewpoint). Also as the
imparted free fall energy numerator increases, BI increases, (as this puts a greater
workload on the braking mechanism). There are no units of measurement as the
numerator’s units cancel with the denominator’s units.
Note that BI is not calculated in cases where the arrest force exceeded 6 kN.
Remarks
Any points of note.
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Table 3 Test results
Test No. /
Specimen

Test

Max arrest
force (kN)

Max displacement
(mm)
d2

TFD

BI

Remarks

1/1

EN 360

3.4

550

1150

0.32

satisfactory

2/1

Z359.1

3.2

1850

3050

0.27

satisfactory

3/2

EN 360

4.25

750

1350

0.19

satisfactory

4/2

Z359.1

4.7

2200

3400

0.15

lifeline pulled through exit
bush preventing retraction
after test

5/3

EN 360

9.25

300

900

-

excessive arrest force; BS
EN 360 failure

6/3

Z359.1

15.5

350

1550

-

lifeline split through casing

7/4

EN 360

3.2

1050

1650

0.18

satisfactory

8/4

Z359.1

4.5

3400

4600

0.10

test mass almost stopped
before just touching the
ground

9/5

EN 360

2.95

700

1300

0.29

satisfactory

10/5

Z359.1

5.0

3200

4400

0.10

large arrest distance

11/6

EN 360

8.0

650

1250

-

excessive arrest force; BS
EN 360 failure; lifeline
jammed

12/7

EN 360

4.75

600

1200

0.21

lifeline jammed

13/8

EN 360

3.9

700

1300

0.22

satisfactory

14/8

Z359.1

5.4

2300

3500

0.13

satisfactory

15/9

EN 360

3.8

500

1100

0.31

satisfactory

16/9

Z359.1

10.3

1150

2350

-

brake capacity exhausted
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5.7

FORCE-TIME GRAPHS

In section 5.8 force-time graphs are shown which record the braking characteristics of
each of the specimens during test. The basic features of force-time graphs are
described below.
Figure 23 shows a typical force-time graph for a retractable fall-arrester drop-test. As
can be seen, the arresting or braking force rises and decays with respect to time. Point
A is the release point of the test mass. Time AB is the time taken for the mass to fall
and extract the lifeline from the housing until the lock-on speed is reached (point B).
Time AB can therefore be described as the lock-on time.
At point B the tension in the lifeline rises rapidly as a result of the locking pawls
coupling with the braking mechanism. This is shown by the sharp rise in the graph
gradient during time BC.

B C

D

arrest

force

A

Key:

A – release of test mass
B – lock-on
C – braking starts
D – braking ends

time →

Time AB – time from release to lock-on (lock-on time)
Time BC – time for the lifeline tension to rise to a value to cause brake activation
Time CD – braking operation

Figure 23 Typical force-time trace of retractable fall-arrester drop-test
At point C, the brake begins to operate, indicated by a sudden reduction in force (as
the brake gives, or slips).
Time CD corresponds to the operation of the braking mechanism, the time during
which the braking mechanism dissipates the energy from the drop. Arrest force usually
remains constant within a small tolerance band. The operation is typically manifested
as an irregular wave form - a series of crests and troughs indicative of the brake
resisting and slipping many times as the energy is dissipated.
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Eventually, the braking mechanism completes the process, normally marked by a
decaying sinusoidal motion after point D. In effect, the arrested mass has insufficient
momentum remaining to turn the braking mechanism. The remaining energy in the
system is dissipated by the lifeline, which behaves like a spring before the test mass
comes to a complete rest.
5.8

ANALYSIS AND DISCUSSION

5.8.1

Tests 1 & 2

Test Specimen 1 had been kept in storage for some 12½ years after manufacture, and
had never been serviced. It was believed that the testing would reveal some measure
of degradation. However the results did not corroborate the expectation. The BS EN
360 test (Test 1) was uneventful and the result was satisfactory, easily meeting the BS
EN 360 criteria. In fact the test produced the best BI in the test programme.
As a result it was decided to carry out the ANSI Z359.1 test on the same specimen
(Test 2). This would an onerous test especially after having already dissipated the
energy of the BS EN 360 test, but it would be a good indication of braking ability.
Again Test 2 produced an uneventful and satisfactory result. Maximum arrest force was
slightly lower at 3.2 kN, with lifeline arrest extraction some 3.3 times and total fall
distance some 2.7 times greater than in Test 1. These results are generally expected
since: (i) friction brakes should keep the arrest force fairly constant irrespective of test
mass size, and (ii) the free-fall energy of the ANSI test is 2.7 times that of BS EN 360.
The braking performances are shown in the force-time curves of Figure 24. The
braking operation for the ANSI test is somewhat longer than that for the BS EN 360 test
(due to the greater imparted energy), starting at about time (t) = 0.18 s and lasting to
about t = 0.84 s, (indicated by arrowed lines in Figure x).
Arrest force is fairly constant throughout, (after the initial peaks), varying between 1.8
kN and about 2.6 kN for the BS EN 360 test and 2.0 kN and 3.0 kN for the ANSI test.
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Figure 24 Force-time graph for Tests 1 and 2

Examination of test specimen 1 after testing
After testing was completed, Test Specimen 1 was dismantled and examined. Overall it
was in good condition with no evidence of damage or degradation.
The layout of the braking mechanism corresponded to classic friction brake design.
Two brake disks were sandwiched between a rotatable ratchet wheel, which would be
turned upon engagement with the locking pawls, Figure 25. One brake disk was
bonded to a reaction disk and the other was bonded to a plate which in turn was
attached to the housing. This assembly was clamped with a single nut which
compressed a single large Belville washer.
The front friction disk being bonded to the cover, was prevented from turning. The rear
friction disk, being bonded to the reaction disk which in turn was keyed to the cover,
was also prevented from turning. This meant that both friction disks would remain
stationary when the ratchet wheel was turning during the braking operation. This is
precisely what is needed otherwise if brake disks are allowed to spin, braking efficiency
diminishes.
The good design and engineering behind these features enabled Test Specimen 1 to
perform very capably in Tests 1 and 2.
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ratchet
wheel
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Figure 25 Brake assembly of Test Specimen 1

5.8.2

Tests 3 & 4

Test Specimen 2 had been in use for some 13 years after manufacture, and had been
regularly serviced up to 2006. Subsequently it had been kept in storage. Again it was
believed that the testing would reveal some measure of degradation, but the results did
not corroborate the expectation. The BS EN 360 test (Test 3) was uneventful and the
result was satisfactory, meeting the BS EN 360 criteria. The BI (0.19) was noticeably
poorer than that in Tests 1 and 2, (same manufacturer).
As a result it was decided to carry out the ANSI Z359.1 test on the same specimen
(Test 4). This would an onerous test especially after having already dissipated the
energy of the BS EN 360 test, but it would be a good indication of braking ability.
Again Test 4 produced an uneventful and fairly satisfactory result, with the exception
that the lifeline cut through the exit bush and into the casing, Figure 26. The lifeline
could not retract after test and was noticeably abraded. Maximum arrest force was
accordingly higher at 4.7 kN, with lifeline arrest extraction some 2.9 times and total fall
distance some 2.5 times greater than in Test 3; the greater displacements being due to
the higher energy imparted in the ANSI test.

RR 1-09

Investigation into the performance of friction braking
mechanisms as utilised in retractable fall-arresters ©

Page 53 of 84

lifeline cut through
exit bush and into
casing

Figure 26 Lifeline cut-through exit bush into casing
The braking performances are shown in the force-time curves of Figure 27, again with
the braking operation for the ANSI test somewhat longer than that for the BS EN 360
test (due to the greater imparted energy).

Figure 27 Force-time graph for Tests 3 and 4
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The was a significant rise in arrest force or “spike” at the beginning of the braking
operation in both tests. In the BS EN 360 test arrest forced spiked at 4.25 kN before
returning to less than 1.0 kN. Arrest force generally increased during the brake
operation. In the ANSI test arrest force spiked at 4.7 kN before returning to less than
1.0 kN. Arrest force generally increased during the brake operation to a higher level,
probably as a result of the lifeline pulling through the casing.
Examination of test specimen 2 after testing
After testing was completed, Test Specimen 2 was dismantled and examined. Overall it
was in reasonable condition. The casing was full of what appeared to be concrete dust
and the lifeline had varying degrees of surface corrosion.
The exit bush had clearly worn through due to the repeated action of the lifeline sliding
backwards and forwards over it, Figure 28. This wear should have been identified at
the last service and the bush should have been replaced. The testing has shown that
failure of this component can lead to damage of the lifeline and casing with the
possibility of higher arrest forces occurring in a fall situation.

Figure 28 Exit bush worn through (the slot seen at the front)
The layout of the braking mechanism corresponded to that of Test Specimen 1,
although it was scaled up in size. This may have been contributory to the higher arrest
forces and lower BI’s than those in Tests 1 and 2, but the worn exit bush was probably
of more significance.
The locking pawls were also scaled up in size, to take account of the increased inertia
of the larger drum and lifeline, and the longer radius from the axle to the lifeline take-off
point at full drum capacity.
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5.8.3

Tests 5 & 6

Test Specimen 3 had been in use for some 11 years after manufacture, and had been
regularly serviced up to 2006. Subsequently it had been in storage.
The braking of the test mass in the BS EN 360 test (Test 5) was very abrupt,
generating a maximum arrest force of 9.25 kN which was a “fail” according to the BS
EN 360 criteria.
It was suspected that the braking mechanism had been set with a high clamping
pressure, and as a result had offered too much braking resistance. It was decided to
proceed to carry out the ANSI Z359.1 test on the same specimen (Test 6) in order to
determine if the theory was true.
Again Test 6 produced a very abrupt stop to the test mass, generating a very high
arrest force of 15.5 kN. Lifeline arrest extraction at 350 mm was very similar to that in
Test 5 (300 mm). Clearly something was restricting the performance of the braking
mechanism, which was further in evidence as the lifeline had pulled through the
housing, Figure 29. It appeared that the rope drum, once having locked to the braking
mechanism, could no longer turn, so the remaining momentum from the drop-test
caused the lifeline to pull through the housing up to the take-off point on the drum.

Figure 29 Lifeline pulled from exit bush through housing
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The braking performances are shown in the force-time curves of Figure 30. It is
noticeable in comparison to previous tests that the length of braking operation is
virtually the same for the BS EN 360 and ANSI tests, which again suggests that the
braking mechanism was in some way restricted, otherwise it would have operated for a
greater time in the ANSI test.
Clearly the brake managed to operate reasonably well in the BS EN 360 test, (braking
operation being reasonably flat), albeit at too high an arrest force. But there was little or
no operation in the ANSI test, indicated by the sharp two-stage rise in arrest force and
a relatively small plateau at the top (t = 0.16 to 0.18 s).

Figure 30 Force-time graph for Tests 5 and 6
Examination of test specimen 3 after testing
After testing was completed, Test Specimen 3 was dismantled and examined. Overall it
was in a good, clean condition and apart from the damage caused by the lifeline there
was no evidence of degradation.
The layout of the braking mechanism corresponded to classic friction brake design, and
was well engineered. Two brake disks were sandwiched between a rotatable ratchet
wheel, which would be turned upon engagement with the locking pawls, Figure 31.
Each brake disk bore against one side of the finely-machined flange of the ratchet
wheel, and against a polished bearing ring, bonded to a frame. This assembly was
clamped using a pressure ring, secured with eight screws, each of which compressed a
pair of Belville washers.
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Figure 31 Brake assembly of Test Specimen 3
Before dismantling the brake to ascertain what may have went wrong in the testing, it
was decided to check the torque setting. The torque setting is a measurement of the
torque or effort needed to cause the ratchet wheel to just begin to slip against the brake
disks. This is typically checked during manufacture or servicing operations. It is an
important setting as it controls the resistance of the brake and therefore what
magnitudes of arrest force and distance will be generated in any future fall situation.
If the ratchet wheel slips at too low a torque it means that insufficient clamping
pressure is being applied by the pressure ring and so pressure needs to be increased.
Conversely if it slips with too high a torque it means too much clamping pressure is
being applied and so pressure needs to be decreased.
The torque setting of Test Specimen 3 was checked. At a torque of 100 Nm there was
no slip. This level of torque would be the normal setting for the type of product. The
torque was incrementally increased to 150 Nm, but the brake did not slip. This
procedure was continued until finally the brake slipped at 220 Nm – a setting of 2.2
times as that normally specified.
Initially it was thought that too high a clamping pressure had been set during
manufacture or during servicing operations. But when this was checked it was found to
be satisfactory, (i.e. the eight screws securing the pressure ring had not been overtightened).
Subsequent dismantling of the brake assembly revealed the problem. The adhesive
used to bond the polished bearing ring to the frame had run over the bearing surfaces
of the ratchet wheel and had set, Figure 32. This had had the effect of locking up the
braking system, preventing it from turning freely and causing the increased levels of
arrest force. It is likely that the bonding procedure had not been carried out correctly at
manufacture.
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Figure 32 Adhesive deposits on braking surfaces (speckled areas)

5.8.4

Tests 7 & 8

Test Specimen 4 had been in storage for some 12 years after manufacture, and had
never been serviced. It was expected that the testing would reveal some measure of
degradation. However the results did not corroborate the expectation. The BS EN 360
test (Test 7) was uneventful and the result was satisfactory, meeting the BS EN 360
criteria. BI at 0.18 was comparable to that of Test Specimen 2 but not as good as that
of Test Specimen 1 (BI of 0.32).
As a result it was decided to carry out the ANSI Z359.1 test on the same specimen
(Test 8). This would an onerous test especially after having already dissipated the
energy of the BS EN 360 test, but it would be a good indication of braking ability.
Again Test 8 produced an uneventful and satisfactory result, apart from the fact that the
test mass almost stopped before barely touching the ground. Maximum arrest force
was higher at 4.5 kN than in Test 7 (3.2 kN), with lifeline arrest extraction some 3.2
times and total fall distance some 2.8 times greater than in Test 7. These results are
generally expected since: (i) friction brakes should keep the arrest force fairly constant
irrespective of test mass size, and (ii) the free-fall energy of the ANSI test is 2.7 times
that of BS EN 360.
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The braking performances are shown in the force-time curves of Figure 33. The
braking operation for the ANSI test is somewhat longer than that for the BS EN 360 test
(again due to the greater imparted energy).
Arrest force was fairly constant throughout, (after the initial peaks), maintaining a low
level of approximately 2.0 kN for the BS EN 360 test and after an erratic start the same
for the ANSI test. These lower levels of arrest force are responsible for the relatively
greater lifeline arrest extractions and total fall distances.

Figure 33 Force-time graph for Tests 7 and 8

Examination of test specimen 4 after testing
After testing was completed, Test Specimen 4 was dismantled and examined. Overall it
was in good condition with no evidence of damage or degradation.
The braking mechanism was identical to that of Test Specimen 3, but there was no
evidence of the bonding adhesive having escaped and contaminated the brake bearing
surfaces. The testing effectively had shown that the braking mechanism was capable of
performing well providing that the correct manufacturing procedures are adhered to.
It was noticeable that the brake disks, (as well as those in Test Specimen 3), were not
constrained as in Test Specimens 1 and 2. As a consequence they would be free to
spin in conjunction with the ratchet wheel during braking, thereby reducing braking
efficiency. This may explain the lower BI – brought about by relatively large lifeline
arrest extractions. It may also explain the erratic behaviour at the beginning of the
ANSI test graph (Figure 33).
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5.8.5

Tests 9 & 10

Test Specimen 5 had been in use for some 17 years after manufacture, and had been
regularly serviced up to 2006. Subsequently it had been kept in storage.
The model had been certified to the British Kitemark system using BS 5062 and to the
German DIN system using DIN 23326, as it had been manufactured prior to the CE
certification scheme.
The model’s fall indicator was indicating some degree of brake activation and this,
together with it’s age and condition, led to the anticipation that the testing would reveal
some measure of degradation.
However the results did not corroborate the expectation. The BS EN 360 test (Test 9)
was uneventful and the result was satisfactory, easily meeting the BS EN 360 criteria,
with a good BI of 0.29. This was a particularly good result particularly given the age of
the product.
As a result it was decided to carry out the ANSI Z359.1 test on the same specimen
(Test 10). This would an onerous test especially after having already dissipated the
energy of the BS EN 360 test, but it would be a good indication of braking ability.
Unfortunately in Test 10 the force measuring system did not trigger and arrest force
was not recorded. Lifeline arrest extraction and total fall distance were 1740 mm and
2940 mm respectively, which was a very good result.
It was decided to try to test again (Test 10b), even though Test Specimen 5 had
already dissipated the energy from both the BS EN 360 test and an ANSI test.
Test 10b produced a satisfactory result, testifying to the ability of the disk-brake design,
having withstood the energy from three drop-tests. Maximum arrest force was 5.0 kN,
with lifeline arrest extraction being 3200 mm and total fall distance 4400 mm.
The braking performances are shown in the force-time curves of Figure 34. The
braking operation for the ANSI test is somewhat longer than that for the BS EN 360 test
(again due to the greater imparted energy).
The braking characteristic was a little erratic but may explained by the age of the
device. But what is noticeable is that apart from the initial spike in the ANSI test, arrest
force rarely exceeded 3 kN.
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Figure 34 Force-time graph for Tests 9 and 10b

Examination of test specimen 5 after testing
After testing was completed, Test Specimen 4 was dismantled and examined. Overall it
was in good condition with no evidence of damage or degradation. This was probably
due to the high degree of engineering; components were either manufactured from
stainless steel or anodised aluminium.
The braking mechanism was identical to that of Test Specimens 3 and 4. There was no
evidence of the bonding adhesive having escaped and contaminated the brake bearing
surfaces as was the case in Test Specimen 3. The testing effectively had shown that
the braking mechanism was capable of performing well providing that the correct
manufacturing procedures are adhered to.
It was noticeable that the brake disks, (as well as those in Test Specimens 3 and 4),
were not constrained as in Test Specimens 1 and 2. As a consequence they would be
free to spin in conjunction with the ratchet wheel during braking, thereby reducing
braking efficiency. This may explain the more erratic nature of the braking performance
in the ANSI test and the lower BI - brought about by the relatively large lifeline arrest
extraction.
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5.8.6

Test 11

Test Specimen 6 had been kept in storage for some 12 years after manufacture, and
had never been serviced. It was expected that the testing would reveal some measure
of degradation.
In this case the results did corroborate the expectation. The BS EN 360 test (Test 11)
produced a very abrupt and excessive arrest force (8 kN), which fails the BS EN 360
criteria. After the test the lifeline remained jammed in position and could not be
retracted or freed.
The braking performance is shown in the force-time curve of Figure 35. As can be seen
the braking characteristic is very erratic and at t = 0.2s falls from 8 kN to 0, before
rising again to 5 kN. This is indicative of poor braking efficiency and possibly “ratchet
pawl bounce”, (see below).
As the lifeline was jammed, the decision was taken to dismantle Test Specimen 6 in
order to ascertain the cause and to see if it could be rectified before carrying out the
ANSI Z359.1 test.

Figure 35 Force-time graph for Test 11

Examination of test specimen 6 after testing
After testing was completed, Test Specimen 6 was dismantled and examined.
The first item of note was that the lifeline had embedded itself so severely into the
remaining coils of lifeline on the drum, that further retraction was prevented, Figure 36.
Secondly, one of the locking pawls and the support plate were badly bent, preventing
further pawl movement, Figure 37.
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Figure 36 Lifeline embedded in remaining coils on drum

Figure 37 Locking pawl and support plate bent
One possible hypothesis was that “ratchet pawl bounce” had occurred. This is the
repeated engaging and disengaging of the pawls caused by the alternate stretching
and relaxation of the lifeline, behaving like a spring, Riches and Hunter (2009). The
force-time graph in Figure 35 also lends support to this idea, i.e. the pawls disengaged
and re-engaged at around t = 0.2 s.
Eventually it was discovered that the shaft itself was bent and had seized into the
plastic rope drum, which itself was also had deformed, all contributing to preventing
retraction, but that this had been caused primarily because the lifeline had jammed
itself into the coils of lifeline remaining on the drum. This had prevented the brake from
operating correctly and excessive loads had been applied to the shaft.
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The design, engineering and production control aspects of this particular test specimen
also seemed relatively poor. This was particularly in evidence when the brake
assembly was dismantled.
An annular pressure plate was held by five screws which clamped down onto a ratchet
wheel, which itself applied pressure to a single brake disk bearing on a galvanised
steel housing. There was extensive patches of glazing on the brake disk indicating
uneven clamping pressure, Figure 38. Unusually, there were three Belville washers
under the heads of the five screws securing the pressure plate.
This braking arrangement is unlikely to give consistent braking performance for the
reasons described in clause 4.3.

brake disk bearing
surface
(galvanised steel)

glazing on single
brake disk

Figure 38 Single brake disk of Test Specimen 6

The problems with the test specimen could not be rectified so it was decided not to
proceed with the ANSI test.
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5.8.7

Test 12

Test Specimen 7 had been in use for some 13 years after manufacture, and had been
regularly serviced up to 2006. Subsequently it had been kept in storage.
The BS EN 360 test was uneventful and the result was satisfactory, meeting the BS EN
360 criteria.
Test Specimen 7 was made by the same manufacturer of Test Specimen 6 and was of
similar design. It performed much better although the lifeline jammed again after test. It
could not be freed or retracted.
The braking performance is shown in the force-time curve of Figure 39. As can be seen
the braking characteristic is very unusual in that the brake operation, if it did occur, is
not very flat and rises from around 0.5 to 4.75 kN. This is indicative of poor braking
efficiency.
As the lifeline was jammed, the decision was taken to dismantle Test Specimen 7 in
order to ascertain the cause and to see if it could be rectified before carrying out the
ANSI Z359.1 test.

Figure 39 Force-time graph for Test 12

Examination of test specimen 7 after testing
After testing was completed, Test Specimen 7 was dismantled and examined.
Test Specimen 7 was very similar in design to that of Test Specimen 6, with the
exception of having a webbing lifeline instead of cable. As a consequence lifelineembedding was not the cause of the retraction problem. The lifeline was spooled
correctly on the drum.
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As with Test 11, the locking pawls were bent and the shaft and drum were deformed. It
was clear that the loads imposed, although lower (4.75 kN) than those previously, (8.0
kN), were still beyond some of the key components’ ability to sustain them without
deformation. This led to the drum seizing on the shaft, preventing further retraction.
The brake assembly was identical in design to that of Test Specimen 6, which explains
the poor braking efficiency (Figure 39).
The problems with the test specimen could not be rectified so it was decided not to
proceed with the ANSI test.
5.8.8

Test 13 & 14

Test Specimen 8 had been in use for just over two years after manufacture, and had
been regularly serviced. The next service was due in May 2009. It had been kept in
storage for an unknown period of time.
The BS EN 360 test (Test 13) was uneventful and the result was satisfactory, easily
meeting the BS EN 360 criteria, with a quite good BI of 0.22.
As a result it was decided to carry out the ANSI Z359.1 test on the same specimen
(Test 14). This would an onerous test especially after having already dissipated the
energy of the BS EN 360 test, but it would be a good indication of braking ability.
Test 14 produced an uneventful and satisfactory result. Maximum arrest force was
higher at 5.4 kN, with lifeline arrest extraction some 3.3 times and total fall distance
some 2.7 times greater than in Test 13. These results are generally expected since the
free-fall energy of the ANSI test is 2.7 times that of BS EN 360.
The braking performances are shown in the force-time curves of Figure 40. Noticeably,
both traces were extremely erratic, particularly in the first half of braking operation, from
about t = 0.14 s to about t = 0.3 s, whereupon the characteristic was a lot smoother.
This tends to suggest that the brake offers inconsistent resistance as the impact is
applied and then “beds in” to give smoother running.
Examination of test specimen 8 after testing
After testing was completed, Test Specimen 8 was dismantled and examined. Overall it
was in good condition with no evidence of damage or degradation.
The locking pawls were quite small in comparison with the previous test specimens,
and the brake assembly, when dismantled, corresponded to the classical disk-brake
design.
An annular pressure plate was held by eight large screws which clamped down onto a
brake disk and ratchet wheel, which then applied pressure to a second smaller brake
disk bearing on the housing. Unusually, each securing screw had four Belville washers
under the head, (Figure 41).
The braking surfaces all had well machined finishes, which would help in regard to
braking efficiency. However another unusual aspect of design was that the two brake
disks were not of the same size, (Figure 42), and they were made from plastic,
(perhaps nylon).
RR 1-09

Investigation into the performance of friction braking
mechanisms as utilised in retractable fall-arresters ©

Page 67 of 84

Figure 40 Force-time graphs for Tests 13 and 14

Figure 41 Belville washers under screw head

As with other test specimens it was evident that the brake disks on Test Specimen 8
were not constrained. As a consequence they would be free to spin in conjunction with
the ratchet wheel during braking, thereby reducing braking efficiency. This is probably
the reason behind the erratic braking behaviour as shown in Figure 40.
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brake disks

Figure 42 Plastic brake disks on ratchet wheel

5.8.9

Test 15 & 16

Test Specimen No. 9 had been in use for some sixteen months after manufacture and
was due a service in November 2009. It was decided to evaluate this product to see
how it performed in comparison with the other types, since it was of more modern
design and it utilised a deformable metal strip as the energy-dissipating means instead
of a friction brake.
At lock-on the momentum of the falling weight caused the metal strip to uncoil through
a slot at the top of the housing, Figure 43, and as fall-energy was progressively
dissipated, more and more of the metal strip was uncoiled, which lowered the housing
from the anchor point. As a consequence the BS EN 360 test (Test 15) was uneventful
and the result was very satisfactory, easily meeting the BS EN 360 criteria. The BI was
an excellent 0.31, equivalent to the best of all the test results (Test 1). Maximum arrest
force was 3.8 kN, with no initial spikes as seen in other tests and with a generally flat
brake operation curve indicating a good braking efficiency, Figure 44.
The metal strip deployment from the top of the housing was 275 mm and the lifeline
arrest extraction 210 mm.
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Figure 43 Metal strip uncoiled from top of housing in test

Figure 44 Force-time graphs for Tests 15 and 16
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Examination of test specimen 9 after testing
After testing was completed, Test Specimen 9 was dismantled and examined. Overall it
was in good condition with no evidence of damage or degradation.
The brake consisted of a coil of metal strip located towards the top of the product, one
end of which was secured to the framework and the other which formed the anchor
point for the housing, Figure 45. The locking pawls were of conventional design, but
arranged to lock directly to the frame of the product under fall conditions.

Figure 45 Coil of metal strip (left view) and location in product frame (right view)
When examined, the metal strip had uncoiled in the process of dissipating the fall
energy, Figure 46. It was noticeable that there was a perforated slot at the beginning of
the strip, Fig 47. This was to make deformation of the strip easier at the beginning of
braking, in order to avoid the initial “spike” in arrest force, as seen in some of the other
test specimen force-time graphs. This feature clearly worked, as can be seen from the
force-time curve in Figure 44.
As a significant part of the metal strip had been uncoiled in the test, it was decided to
replace it with a new part in readiness for the ANSI test. This part is in cassette format,
and a noticeable feature is that it takes less than five minutes to fit in place, including
the removal and refitting of the covers. It also does not require any special setting, nor
does it need any special skill.
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Figure 46 Metal strip uncoiled

Figure 47 Perforated slot in metal strip (arrowed)
Test 16
As with the previous test specimens the ANSI Z359.1 dynamic strength test was
carried out on the same specimen (No.9), with the exception in this case that the
energy-dissipating means had been replaced.
Test 16 produced an uneventful and satisfactory result according to ANSI criteria. Also
as can be seen in the force-time curve of Figure 44, there was a small initial spike,
followed by a relatively flat brake operation curve, again demonstrating good braking
efficiency.
However towards the end of the test arrest force peaked sharply to 10.3 kN. Upon
examination of the product, it was discovered that metal strip had fully uncoiled,
indicating that the energy imparted in the test was in excess of that which the coil could
effectively dissipate. Consequently the remaining energy was dissipated through the
relatively stiff frame of the product, causing the peak in arrest force towards the end of
the test.
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6.

DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

6.1

INDUSTRY PRODUCT EVALUATIONS (CHAPTER 3)

Some drop-testing in accordance with the dynamic strength method in ANSI Z359.1
(1992) had been carried out by industry. Because of the unexpected nature of the
results – the retractable fall-arresters concerned requiring a greater distance than
anticipated to stop the falling mass – it was hypothesised that some combination of
design, material and environment was perhaps causing the friction brake mechanisms
within the arresters to lose their frictional effectiveness, which was contributory to the
greater distances.
Upon review of the test results, it was established that three of the six tests achieved a
“pass” result.
In two of the other tests the test mass made contact with the ground, appearing to fail
the test criteria. However there was less available height to arrest the test mass in,
than in the three tests that were passed. The results are therefore invalid, because if
these tests had been carried out in the same height availability conditions as those
which passed, a pass result would almost certainly have been achieved.
In the remaining test, which was carried out on a retractable fall-arrester with a
relatively short lifeline, the amount of lifeline required to be clamped outside the
housing was relatively large compared to that which remained on the drum, at the test
mass release position. This penalised the product and prevented the braking
mechanism from working properly. This again invalidated the test result.
This leads to two conclusions in regard to the ANSI Z359.1 dynamic strength test
method:
•

the test method requires review. It should be amended particularly to cater for
shorter lifeline products, for example by only extracting and clipping-off 0.6 m of
lifeline prior to the tests, and then by raising the test mass to a higher level to
attain the 1.2 m free fall, see Figure 14.

•

the drop-test rig height is not specified in the test method, which is crucial given
that one of the criteria is that the test mass is not allowed to strike the ground
during the test. The problem is that a product could pass the test on a drop-rig
of say 6.0 m height, and yet fail the same test on a drop-rig of say 5.0 m height.
The “not striking the ground” criterion is invalid; perhaps it would be better if
there was a limit on total fall distance instead.

The hypothesis that some combination of design, material and environment was
perhaps causing the friction brake mechanisms within the arresters to lose their
frictional effectiveness could not be substantiated by these tests.
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6.2

REVIEW OF SPECIFIC LITERATURE (CHAPTER 4)

Some specific documents relevant to retractable fall-arrester brake design were
reviewed in Chapter 4.
The history of brake development is outlined, which appears to have been driven as a
result of the need to meet updated standards.
Friction brake disks appeared to become the preferred choice for a number of
manufacturers, due to the perceived braking efficiencies and capacities obtainable.
However a number of problems and issues arose in development:
•

clamping pressure on braking surfaces needed to be maintained, requiring
compensation devices (e.g. Belville washers) and locking devices to
compensate for potential losses due to:
o
o
o
o
o

unevenness of braking surfaces
manufacturing tolerances
expansion and contraction of components
wear
vital fasteners undoing due to vibration

•

single friction disk arrangements are unlikely to achieve consistent braking
efficiencies; twin disk arrangements require a lower clamping pressure and are
to be preferred

•

assembly and setting of brake mechanisms became more complex in
production, requiring a higher degree of competency

•

more comprehensive servicing manuals, tools and training were required for
service agents engaged in scheduled maintenance and calibration.

6.3

FURTHER TESTING (CHAPTER 5)

6.3.1

General

The hypothesis that some combination of design, material and environment could
cause loss of frictional effectiveness was examined further by carrying out additional
testing.
Sixteen tests were carried out on nine different test specimens of varying age, service
history and condition. Each specimen was first tested using the dynamic performance
test of BS EN 360 (2002), followed by a second test using the dynamic strength test of
ANSI Z359.1 (1992).
Performing two tests in a row could appear to be an onerous requirement, but it was
reckoned that a good and well engineered friction brake design should be capable of
withstanding the energy from the two tests. The results would also be a good indication
of braking ability.
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In any event all of the test specimens were able to withstand the two consecutive tests,
except for two. These two were dismantled after the BS EN 360 test for rectification but
could not be recovered.
All of the test specimens were dismantled after testing in order to determine how the
major components had fared, and to look for features and other aspects that could help
corroborate performance.
The test specimens were from 5 different manufacturers. All except one had friction
brake disk mechanisms, and all except one had galvanised steel cabled lifelines.
Lifeline length varied from between 6.0 – 20.0 m. All were CE-marked to the PPE
regulations using the BS EN 360 standard except one, (which had been certified to the
previous B.S. Kitemark scheme using BS 5062 and DIN 23326 - pre-CEN standards).
Three of the test specimens were approximately 12 years old and were in a new,
unused condition. They had been stored inside and had never been serviced.
The remaining specimens had been in use, but had a reasonable service history.
Age varied from 1.5 - 17 years, with the average age being 10.4 years. This is an
indication of the length of time that these type of products are kept in use.
6.3.2

Performance

Fall-arrest capability
Maximum arrest force in all tests varied from 2.95 kN to 15.5 kN. In the BS EN 360
tests it varied from 2.95 kN to 9.25 kN with an average of 4.8 kN and in the ANSI
Z359.1 tests it varied from 3.2 kN to 15.5 kN 19 with an average of 6.9 kN.
The highest values of 9.25 kN and 15.5 kN for the two test sets occurred on a single
test specimen where the brake had almost seized due to adhesive contamination on
brake bearing surfaces, (see 5.8.3). If these values are ignored, maximum arrest force
varied from 2.95 kN to 8.0 kN with an average of 4.3 kN for the BS EN 360 tests and
3.2 kN to 10.3 kN with an average of 5.5 kN for the ANSI Z359.1 tests. This is a large
spread of test results, even with high values removed.
In the nine BS EN 360 tests, the maximum arrest force criterion of 6 kN was met in
seven tests and was exceeded in two; these would have been classed as failures
under CE-certification conditions.
In the seven ANSI Z359.1 tests, five of the seven specimens still managed to keep the
arrest force under 6 kN, (although normally not a pass/fail criterion).
Lifeline arrest extraction in all tests varied from 300 mm to 3400 mm. In the BS EN 360
tests it varied from 300 mm to 1050 mm with an average of 644 mm, and in the ANSI
Z359.1 tests it varied from 350 mm to 3400 mm with an average of 2064 mm. These
results reflect the 2.7 multiple of free fall energy of the ANSI Z359.1 test over the BS
EN 360 test.

19
Although the ANSI Z359.1 dynamic strength test does not require the measurement of arrest force, it was recorded
as part of this assessment process.
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Total fall distance in all tests varied from 900 mm to 4600 mm. In the BS EN 360 tests
it varied from 900 mm to 1650 mm with an average of 1244 mm, and in the ANSI
Z359.1 tests it varied from 1550 mm to 4600 mm with an average of 3264 mm, again
reflecting the 2.7 free fall energy multiple between the two tests.
BI in all tests varied from 0.1 to 0.32. In the BS EN 360 tests it varied from 0.18 to 0.32
with an average of 0.19, and in the ANSI Z359.1 tests it varied from 0.1 to 0.27, with an
average of 0.11, revealing that the brakes tended to be more efficient in the BS EN 360
tests.
Key aspects
Test specimen 1 was probably the best performing unit. Although it had never been in
use it was still 12.5 years old and had never been serviced. It had just been kept in
storage. The force-time curve (Figure 24) demonstrated good braking efficiency in both
tests with a good BI’s of 0.32, (the best in all of the BS EN 360 tests), and 0.27, (the
best in all of the ANSI Z359.1 tests). Noticeably there was little difference between the
two BI’s, indicating braking consistency between tests.
Noticeably, the braking mechanism was of classic design, well engineered and most
importantly, the twin brake disks were constrained from turning during braking
operation. This single feature was probably responsible for the good performance, and
it stood out because apart from Test Specimen 2, (which had a scaled up version of the
same brake), and Test Specimen 9, (which had a deforming metal strip brake), the rest
of the test specimens had brake disks which could turn during the braking operation,
which would obviously detract from braking efficiency.
Test specimens 6 and 7 were probably the worst performing units. This is because
after the BS EN 360 test, both units’ lifelines were jammed and could not be freed.
Consequently neither were capable of being tested in accordance with the ANSI
Z359.1 test. Both force-time curves demonstrated poor braking efficiency (Figures 35
and 39), and Test Specimen 6 generated a maximum arrest force of 8 kN in the test.
The reason for the lifeline jamming was to do with the fact that the locking pawls, shaft
and drum were not stiff enough to resist the braking forces imposed on them, leading to
deformation. In addition, the lifeline in Test Specimen 6 became bound in itself.
The design and engineering aspects of Test Specimens 6 and 7 appeared relatively
poor. The brake consisted of a single brake disk bearing against a galvanised steel
housing, which was unlikely to give consistent braking performance for the reasons
given in clause 4.3.
Test specimen 3 did not fare too well either, generating a maximum arrest force of 9.25
kN in the BS EN 360 test, but was still capable of performing in the ANSI Z359.1 test.
This, as mentioned above, was due to adhesive contamination on braking surfaces,
probably arising during manufacturing operations. The brake mechanism was of classic
twin-disk design and was well-engineered. This is corroborated in the fact that Test
Specimens 4 and 5, which also shared the same brake design, performed well. These
test specimens did not have contaminated braking surfaces.
In four of the sixteen tests the lifeline could not retract after the test mass was
removed.
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In one case the lifeline had worn through and weakened the exit bush at the bottom of
the housing, and this had failed to keep the lifeline in place upon execution of the droptest. The lifeline cut through and embedded itself into the housing (Figure 26), causing
a general increase in arrest force throughout the course of the fall. The other cases are
mentioned above, (Test Specimen 3 - rotating part of the brake mechanism seized up
due to adhesive contamination, and Test Specimens 6 and 7 - drum / shaft seizure and
lifeline binding).
Force-time curves
It was noticeable in several force-time curves that the maximum arrest force occurred
as an initial “spike” at the beginning of braking operation, and then arrest force
subsided to a lower level, generally alternating about a mean value. This is something
which could generally benefit from further research, but is probably due to the locking
pawls having to overcome the initial resistance of the brake, upon engagement. Once
the brake is turning the level of resistance subsides.
The benefit of reducing this spike is that the maximum arrest force could be much
lower than it is at present, for a number of products. Noticeably a spike-reducing
feature was incorporated into Test Specimen 9, see Figure 47, taking the form of a slot.
This was used to make the deformation of Test Specimen 9’s energy-dissipating metal
strip much easier upon engagement of the locking pawls, which worked effectively in
the tests, (Figure 44). This Figure also shows that a deformable metal strip, which
requires no special torque setting or skill to assemble as with the disk-brake design,
can produce a very flat force-time curve, (which is indicative of very good braking
efficiency), providing it has sufficient energy-dissipating capacity.
Contamination
It is interesting to note that when dismantled, Test Specimen 2 was full of what
appeared to be concrete dust. It was able to operate despite this contamination, but
this serves to remind of the necessity for conditioning testing 20.
6.3.3

Summing up

Despite the age and the external condition of some of the test specimens, performance
during testing did not reveal any significant loss of brake frictional effectiveness.
Perhaps this should be no surprise as the test specimens that had been in use had
received some degree of servicing during their life, but conversely, the new and stored
specimens had not. Rather, it seemed that the relative difference in good and poor
performance appeared more to do with the inherent brake design features of the
specimen concerned and how well it was engineered and manufactured, as opposed to
the gradual loss of brake frictional effectiveness due to environment and other factors.
Although regular servicing is often emphasised and is indeed essential to keep
equipment in a satisfactory condition after leaving a manufacturer’s factory, it should
also be recognised that good design and production engineering, as well as adequate
storage facilities, are equally important factors in regard to equipment serviceability,
e.g. see BS 8437 (2005).
20
The concrete dust test was mandatory under the withdrawn BS 5062 standard, but was relegated to an option in BS
EN 360, which superseded it.
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It should be pointed out that degradation of braking performance may occur as a result
of temperature and environmental variation. For example, the effects of high and low
temperatures and wet conditions were not assessed in this research.
It is worth mentioning at this point that whilst BS EN 360 requires retractable fallarresters to be tested in cold, hot and wet conditions, what needs to be understood is
that the tests only assess the operation and engagement of the locking pawls into the
brake, and not the operation of the brake itself. They are locking tests and were based
on the now withdrawn BS 5062. The tests were originally introduced to detect
circumstances in which locking pawls might not operate, (e.g. extreme cold).
In contrast, ANSI Z359.1 carries out a drop-test after subjecting the test specimen to
the required conditioning, so that the operation of the locking and braking mechanisms
are assessed together. This may be the best way of approaching the issue. Of interest
is the effect that environment can have on braking mechanisms as demonstrated in
NEL (1993). This report describes a series of drop-tests carried out on a retractable
fall-arrester using the conditioning drop-test method as specified in ANSI Z359.1
(1992). When tested after cold conditioning, (-40ºC for 2 hours), a maximum arrest
force of 7.4 kN was recorded. This was over twice the 3.5 kN arrest force recorded in
the same test conditions but at 20ºC.
It is clearly crucial for arresting performance and user safety that the assembly and
setting of friction braking mechanisms is correctly carried out during manufacture and
servicing operations. BS EN 365 (2004) clause 4.4 (c) and (d) makes reference to
retractable fall-arresters in regard to servicing:
“Instructions for periodic examination shall include:
a warning to emphasize that periodic examinations are only to be conducted by
a competent person for periodic examination and strictly in accordance with the
manufacturer’s periodic examination procedures
where deemed necessary by the manufacturer, e.g. due to the complexity or
innovation of the equipment, or where safety critical knowledge is needed in the
dismantling, reassembly, or assessment of the equipment, (e.g. a retractable
fall arrester), an instruction specifying that periodic examinations shall only be
conducted by the manufacturer or by a person or organisation authorised by the
manufacturer”.
The PPE at work regulations guidance (2005) paragraph 49 also refers to retractable
fall-arresters in regard to maintenance:
“The responsibility for carrying out maintenance together with the details of the
procedures to be followed and their frequency should be put down in writing.
Where appropriate, records of tests and examinations should also be kept. The
maintenance programme will vary with the type of equipment and how it is
used. For example, mechanical fall-arresters will require a regular planned
preventative maintenance programme which will include examination, testing
and overhaul, and record keeping.”
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6.4

RECOMMENDATIONS

Six recommendations are made based on this research, as listed below. In summary:
•

Recommendation 1 makes a proposal to amend the Z 359.1 dynamic strength
test.

•

Recommendation 2 makes a number of proposals to incorporate new design
requirements and tests in BS EN 360.

•

Recommendation 3 makes proposals in regard to production and quality
procedures.

•

Recommendation 4 makes proposals in regard to service agents and servicing
manuals.

•

Recommendation 5 makes proposals for further research.

These recommendations are expanded upon below:

Recommendation 1
Referring to clause 6.1, it is proposed that the ANSI Z359.1 dynamic strength test
method/criteria should be reviewed and amended, to:
•

achieve the 1.2 m free fall by clipping off 0.6 m of lifeline and raising the test
mass to a further extent than at present, as described in clause 5.5.3 and in
Figure 22. This will be more appropriate for products with relatively shorter
lifelines.

•

introduce a limit on total fall distance of the test mass rather than using the
criterion of “the test mass shall not strike the ground”.

Recommendation 2
Referring to clauses 6.2 and 6.3, it is proposed that further design requirements should
be introduced into BS EN 360 concerning retractable fall-arresters that utilise friction
brake disks as the means of energy-dissipation. Notified bodies would have to check
that these new requirements were being met when assessing products for CE
certification purposes. The requirements proposed are:
•

there should be at least two brake disks in the brake assembly to ensure
consistent and reliable braking efficiency

•

brake disks should be mechanically constrained to prevent rotation during the
braking process, which will ensure the best braking efficiency
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•

after the dynamic test in BS EN 360, the retractable fall-arrester should be
capable of fully retracting the lifeline from the fully extracted position, without
any difficulty. [Note that both ANSI Z359.1 (2007) and the Canadian standard
CSA Z259.2 (1998) both require that the lifeline can be retracted after the
dynamic test, to prove that the product is strong enough to withstand a dynamic
load without internal components deforming or being weakened].

•

the dust conditioning test which at present is an optional test in BS EN 360
should be made mandatory as it reflects conditions in which these products are
used.

•

there should be a design requirement to the effect that products have to be
designed to function efficiently when used as intended throughout the life of the
device. Designers have to understand that merely passing the requirements of
BS EN 360 at the introduction of a product may not be enough. [Note that this is
already a requirement in CSA Z259.2.2 (1998)].

•

in order to serve as a possible test method for the preceding requirement, in
addition to the specimens taken for testing to BS EN 360 at the time when a
manufacturer applies for CE certification, an additional specimen should be
taken and stored for 12 months in standard conditions. This specimen should
then be subjected to the dynamic test in BS EN 360 to determine whether or not
any brake degradation has occurred to the extent that the performance criteria
cannot be met.

Recommendation 3
Referring to clauses 6.2 and 6.3, it should be highlighted to manufacturers but
particularly to organisations performing “Article 11B” checks 21 according to the PPE
Regulations (2002), that:

21

•

a manufacturer’s production and quality procedures should ensure that braking
surfaces are prevented from being contaminated with adhesive, lubricant or any
other agent that could adversely affect the braking performance of the product.
In cases where adhesives are used to bond braking components, that these
should be allowed to dry thoroughly before assembly takes place.

•

a manufacturer’s production and quality procedures for assembling and setting
of the brake mechanism are clear, understandable and are unambiguous.

This refers to the monitoring of a manufacturer’s production quality by an external, independent body.
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Recommendation 4
Referring to clauses 6.2 and 6.3, it is proposed that a new British Standard for servicing
should be introduced, or possibly a revision to BS EN 365 should be made to include
some new guidance on:
•

determining competency of service agents

•

training for service agents

•

fundamentals that should be contained within servicing manuals

In regard service manual content the following information should be included:
•

procedures for brake assembly and setting, and avoidance of braking surface
contamination, as detailed in Recommendation 3

•

the need to examine lifeline exit bushes and the risks that can arise, (higher
arrest forces and lifeline damage), if this examination is not carried out.

Recommendation 5
Referring to clause 6.3, further research should be carried out to determine:
•

why, in general, large “spikes” occur at the beginning of the braking operation
as shown in force-time graphs, and what could be done in design terms to avoid
this.

•

how different environmental conditions, (e.g. cold, heat and wet), affect braking
performance, (as opposed to just lock-on performance as presently tested for in
BS EN 360), and to see if further tests, (for example as those already in ANSI
Z359.1 and CSA Z259.2.2), should be included within BS EN 360.
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intentionally blank
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