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Abstract: Energy-absorbing lanyards (EAL) are part of fall arrest systems (FAS), their main mission is
to dissipate the energy generated during the fall, ensuring that the arresting force does not cause
injury to the user. For the design of FAS as set out in the American standard Z359.6 and the Canadian
7259.16 it is essential to know the deployment force or average arrest force (Fa). Fa is necessary to
estimate the elongation that the absorber will suffer during the fall and therefore essential data to
calculate the clearance distance. There is a lack of useful experimental data for the design of this
personal protective equipment (PPE). This work provides empirical data required for the design of
FAS with EAL in accordance with EN 355. This paper covers different types of EAL that are marketed
internationally; different empirical data, average and maximum forces, required for improving safety
design are researched. Six manufacturers, 10 models, and 2 samples of each model were selected, with
total of 20 tests being performed. Dynamic performance tests were carried out, the free fall of a person
was simulated using a 100 kg steel ballast from the maximum height allowed by the equipment,
obtaining the maximum arrest force (Fm), average deployment force (Fa), and, by calculating the
balance of forces, the maximum and average acceleration suffered by the ballast during its arrest.
In light of the results, relevant conclusions for user safety are obtained. It is feasible to raise the safety
requirements established by the different standards. The Fm can be established below 6 kN in the
EAL, and the Fa can be estimated at 87.5% of the Fm. The categorization of the force-time curve in
fall arrest with EAL has been obtained. Two EAL purchased on the market exceed the Fm permitted,
therefore it is recommended to increase the quality controls of EAL.

Keywords: energy absorber lanyard; fall arrest systems; dynamic performance test; arrest force

1. Introduction

Accidents due to falls from a height are the cause of the highest number of fatalities in the
construction industry over the last decade, and it is observed that these accidents are growing at
higher rates than the number of workers in the sector [1-3]. This negative trend persists, as can be
seen in the study of accidents occurring in the United States from 1997 to 2012, where accidents due to
falls from a height increased from 36% in the Huang study in 2003 to approximately 45% in 2017 [4].
Personal protect equipment (PPE), in particular fall arrest systems (FAS), is important to the safety of
construction workers [5], and we have the moral responsibility to continue studying, improving, and
contributing to continuous improvement in the field of preventing falls from a height.

Int. J. Environ. Res. Public Health 2020, 17, 7647; doi:10.3390/ijerph17207647 www.mdpi.com/journal/ijerph


http://www.mdpi.com/journal/ijerph
http://www.mdpi.com
https://orcid.org/0000-0002-8310-8599
https://orcid.org/0000-0002-6773-9112
http://www.mdpi.com/1660-4601/17/20/7647?type=check_update&version=1
http://dx.doi.org/10.3390/ijerph17207647
http://www.mdpi.com/journal/ijerph

Int. |. Environ. Res. Public Health 2020, 17, 7647 2 of 22

In Australia [6], the fall-from-height fatality rate was 13% in 2018. In the building construction
and construction services, falls from a height is the first cause of mortality, representing 12% and 20%
of mortality, respectively. In Singapore [7], the highest number of deaths occurred in the construction
industry; falls from heights have been the greatest cause of fatal injuries at 32%. Of serious accidents,
10% are due to falls from a height, only surpassed by falls at the same level and traffic accidents.
In Spain [8], statistics from the Ministry of Employment and Social Security for the year 2018 reveal
that falls from a height represent 12% of all fatal accidents. A recent study [9] shows that in 7.3% of the
fatal falls in the construction industry the FAS was in use by the workers, and obviously it failed.

The FAS is designed according to standard EN 363 [10] to stop a fall safely [11-13]. Figure 1 shows
a simple FAS, comprising (a) anchor point, (b) energyabsorber lanyard (EAL), and (c) full body harness.

Legend:

a. Anchor point
b. Energy Absorber Lanyard
c. Full body harness

Figure 1. Typical fall arrest systems (FAS).

EAL are made up of three parts: (a) the energy absorber (EA), (b) the lanyard (L) [14], a linear
element that gives length to the equipment, and (c) connectors, which allow it to be attached to the
harness and to the anchor point. The EA and L are inseparable without rendering the equipment
unusable and can be supplied either with or without connectors. Most EAs are made of textile tape, of
various widths (20-50 mm), usually of high-tenacity polyester or polyamide stitched with polyester
yarn in a protective heat-shrinkable polyethylene or woven case, although slight variations can be
found in terms of the material of the outer sheath (fabric or steel mesh) and the type of stitching, which
can be found across the entire width of the tape or just sewn on one side. The diameters of the linear
element, usually formed by synthetic fibers, in the form of a rope with a sheath and core or plaited
rope structure, fall in the range 9-16 mm. The sheath is usually made of polyester and the core from
polyamide, if rope; or polyester and/or polyamide if they are tape. The rope terminations are sewn
to form a loop and are protected against abrasion with plastic parts. The linear element can also be
made of tubular polyamide tape and houses elastic tape inside, or more unusually it can be formed
with 8 mm steel cable (common in tree-trimming work and others where cutting tools or saws are
used). The join between the absorber element and linear element is made with two interlocking bands,
the seams are usually protected with a polyethylene cover. The connectors used are made of steel or
aluminum alloys, with a self-locking closing mechanism, with a minimum of two different voluntary
actions to achieve their opening. The breaking forces of the connectors in a static slow traction test
usually exceed 25 kN on the major axis.

The EAL plays the main role in dissipating the kinetic energy generated during a fall from a
certain height [15]. It is of vital importance to ensure that arresting forces do not generate harmful
values, and it is a moral duty for engineers to ensure that these forces are kept at the lowest possible
values. International regulations establish two types of EA; for fall factor 1 (FF 1) and for FF 2. Type 1
ISO 10333-2 [16] and 6 ft free fall distance of the ANSI/ASSP Z359.13 [17] are designed for FF 1. EA
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Type 2 ISO 10333-2 [16] and EA 12 ft free fall distance of the ANSI/ASSP Z359.13 [17], in line with EA
AS/NZS 1981.1 [18] and EA certified according to Standard EN 355 [19], are designed for fall factor 2
(FF2). The latter are those commonly used in Europe, Asia, and Russia and used exclusively for any
fall factor, FF1 and FF2.

The requirements of the different standards can be observed in Table 1. In Europe, Standard EN
355 [19] establishes 6 kN as the maximum arrest force (Fm) that the worker must receive in fall arrest
(corresponds approximately to a deceleration of 6 g (gravitational acceleration 9.81 N/m?) for workers
weighing 100 kg). We see that other regulations limit Fm to 8 kN and average deployment force (Fa) to
80% Fm during fall arrest. These maximum values have been discussed in the studies undertaken
by Clawford [20] and Sulowski [21,22], where the importance of achieving values close to 4 kN is
highlighted in order not to suffer injuries in falls on any axis of the body, mainly in lateral falls. Only
Standard CSA 7259.11.17 [23] limits the maximum acceleration (Am) and the average acceleration (Aa)
the user can receive.

The minimum necessary energy absorption capacity (E) estimated according to (1) and expressed
in k] is included in Table 1 along with the regulatory requirements related to the test mass (m) in
Kg, the free fall distance (h) in meters, and the maximum free fall distance allowed (X) in meters.
Table 1 shows that the American standard ANSI/ASSE Z359: 13 [17] is the most stringent in terms
of energy absorption, followed by the European standard. CSA Z259.11.17 [23] limits the free fall
distance in the test to a value between 0.7 and 0.95 to the maximum free fall distance declared by the
manufacturer (Xa).

Table 1. Requirements of the different standards.

Standard m h X E Fm Fa Am Aa
(kg) (m) (m) k) &N) (kN) g g
ISO 10333-2:2000 TYPE1 100 1.8 1.2 1.77 4
ANSI/ASSE 1
7350 13-2013 128 1.83 1.2 2.30 8 4
ANSI/ASSE 1
7359 132013 128 3.66 1.5 4.59 8 6
ISO 10333-2:2000 TYPE2 100 4 1.75 3.92 6
AS/NZS 1891.1:2007 100 4 1.75 3.92 6
CSA 7259.11.17 22 MF2  ME?  0.7-0.95 (Xa?) 8 10g3 7g
EN 355:2002 100 4 1.75 3.92 6

! Conversion factor 1.1 is being used for comparing rigid test weight to the human body (140 kg). ? Test mass,
free fall, and maximum extension (Xa) are the ones that the manufacturer declares in its manual. 3> Allowed in the
deceleration range of 8-10 g for a cumulative period of no longer than 0.1 s.

The minimum energy absorption needed to not achieve the Fm can be estimated according to
Equation (1).
E =mgh 1)

where E is potential energy (J), m is user mass (kg), g is acceleration of gravity (9.81 m/s?), and h is free
fall distance (m).

No studies have been found on EAL performance to act as a base, and no relevant information
from manufacturers has been found. Miura and Sulowski, in 1991 [24], presented a graph (Figure 2)
on the idealized performance of an EA. Wu [25] studied E4 Z259.16, low-capacity energy absorber.
Goh [15] more recently carried out an empirical study on EAs marketed under Standard AS/NZS
1891.1 [18], concluding that Fm basically corresponds to the activation force when EAs are studied
as components. For the design of FAS it is essential to know the Fa. Fa is necessary to estimate the
elongation that the absorber will suffer during the fall and therefore essential data to calculate the
clearance distance. This work provides empirical data required for the design of FAS with EAL in
accordance with EN 355 [19].
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Figure 2. Dynamic performance of an energy absorber (EA) [23].

This paper was developed with the aim of providing experimental data that is useful for the
design of EAL and for setting regulatory requirements of EN 355 [19]. It is necessary given the little
relevant information provided by manufacturers [15,26], as well as the lack of empirical tests on this
equipment that provide Fm and Fa values. The Fa is a necessary parameter to estimate the user’s fall
distance and thus achieve a correct design of the EAL [15]. In addition, it is very useful to contrast
the values required by the different design standards to provide data to the technical standardization
committees so that, taking into account the conclusions, they can include improvements in equipment
on the market and establish more demanding and therefore safer requirements for the user. It is
essential to reduce the force of impact that the user receives in fall arrest to the lowest value facilitated
by technological advances.

2. Materials and Methods

The test samples have been selected covering the different types of EAL energy absorbers integrated
in lanyards available on the market and certified according to EN 355 [19]. Two of the authors have
more than 20 years of experience in FAS, employed in the construction field and in the state fire
department. They have extensive knowledge of the market and the available manufacturers that
commercialize EAL according to EN 355 [19]. They have been in charge of making the selection of
equipment covering various models, types, and manufacturers most commonly used. Table 2 includes
specimen data. The selection includes products from six different manufacturers that distribute their
products internationally.

Table 2. Technical specifications of samples according to the manufacturer’s instruction manual.

Length Declared by the

Code EAL Type Manufacturer Connectors Manufacturer 1 (m) L=1+0.2(m)
1-1 Rope + EA A No 1.8 2
1-2 Rope + EA B Yes 2 2
1-3 Rope + EA C No 0.8 1
1-4 Rope + EA D Yes 0.9 1.1
2-1 Adjustable rope + EA D Yes 2/1.5 2
2-2 Adjustable rope + EA D Yes 2/1.5 2
3-1 Webbing + EA B Yes 15 15
4-1 Elastic webbing F No 15 1.7
5-1 Elastic webbing + EA D Yes 2 2
6-1 Wire + EA D No 1.8 2
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A total of 20 EAL were tested; two samples from each of the ten pieces of equipment were studied.
The specimens were coded with two numbers separated by a hyphen: the first number represents
the equipment type: (1) rope and energy absorber; (2) adjustable rope and energy absorber; (3) strap
and energy absorber; (4) elastic strap; (5) elastic strap and energy absorber; (6) wire rope and energy
absorber; and the second number represents the specific specimen within the type. The chosen coding
allows us to unequivocally identify the specimen; this code is also used to identify the tests. The test
was performed twice for each model, each time with new equipment. Thus, sample 2—2 corresponds
to an adjustable rope-type EAL, the second specimen of this type. Likewise, 2—2-II corresponds to the
second test carried out on the code 2-2 sample.

Personal protective equipment is governed by strict production regulations, as set out in Regulation
(EU) 2016/425 [27] which requires quality control that guarantees homogeneity in the manufacture of
this equipment, therefore, a small sample was accepted for the number of trials.

In cases 1-1, 1-3, 4-1, and 6—1, in which the manufacturer does not supply the connectors, the
instruction manual was followed to choose suitable connectors, ones with EN 362 certification have
been used [28] with 38 kN of rupture on the major axis in static strength testing, 10 cm in length and
made of steel. Therefore, 20 cm has been added to the length declared by the manufacturer.

This paper analyzes the process of arresting a worker’s fall and specifically the force-time curves
obtained in the dynamic tests carried out. The simulated FAS (Figure 1) corresponds to the simplest
and most commonly used [29,30]. The study of this FAS is of great interest given the lack of information
on Fa and Fm in EAL and the scarce relevant information provided by manufacturers [26].

The experiments were carried out in the Large Structures Laboratory of the Department of Civil
Engineering of the University of Alicante. The gantry, designed by the authors, was used for dynamic
trials (Figure 3) and has already been successfully tested in previous research [14,31]. The gantry
is equipped with a spherical ball and hinge that allows free oscillation during fall arrest, as set out
in EN-364 [32] and EN—-355 [19] protocols, and complies with the requirements of the regulations
for performing accreditation tests. The RSCC-type load cell is made by HBM [33] and it resists a
maximum force of 50 kN. The control and data analysis software used was PCD2K from Servosis
Testing Machines [34]. This software has a control frequency of up to 40 kHz.

Figure 3. Steel structure for testing.

Prior to carrying out the tests, all the equipment was subjected to temperature and humidity
conditioning for 24 h. Likewise, before carrying out the dynamic tests, compliance with the regulatory
requirement of static preloading was verified in accordance with point 5.3.2 of EN 364 [32], for this it is
necessary to measure the length of each lanyard before and after a load of 2 kN, that corresponds to
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suspending a mass of 204 kg. The length of the equipment was obtained by direct measurement with a
flexometer on the samples suspended from the gantry, ensuring that the equipment was extended, but
without a load, Figure 4. The initial length of the absorber integrated in the anchor equipment was
recorded, measuring from the two opposite points that receive the load with connectors (L").

L': initial length L;: length with load L,: postlength

) —
-

Figure 4. Measured lengths.

For static preload, with a mass of 204 kg, as specified by standards EN 355 [19] and EN 364 [32],
the lanyard was placed on the test gantry and the mass was suspended for 3 min at the lower end,
recording the loaded length (Ll). The load was removed and the length (Lp) was measured again, once
the load with the equipment suspended had been removed.

One of the following two criteria can be followed to determine the Fa: the criterion used by Goh
(2014), using data only from the deployment of the absorber, (Figure 5a), not considering the activation
force nor the values of the forces that bring collapse or bottom-out; or the criterion set out in clause
4.1.10 of ANSI/ASSP Z359.13 [17] that, unlike Goh, decides to take all the values between the first and
the last points that take a value of 2.2 kN (Figure 5b).

In both of the above criteria [15,17], we find that curves for EA (without lanyard) and the length
(2 m) necessary for the dynamic test of the EA are achieved by adding a chain (quasi-rigid element
without deformation or energy absorption). In this study, we analyzed EAL, and their curves are
significantly smoother than those represented by Miura [24], Figure 2, or Goh [15], Figure 5a. In the
case that concerns EAL, the peaks do not appear at the beginning and end of the curve (the clouds in
Figure 5a). In the calculation of Fa in the EAL in the case of fall factor (FF) 2 with 100 Kg of mass, the
criterion used is indistinct. We highlight the importance of 100 Kg of mass, since with this mass the
equipment must not reach the end of the absorber path. As a consequence, we have taken all the force
values between 2.2 kN as calculated in ANSI/ASSP Z359.13 [17], and only the results of the equipment
that meets the regulatory requirements have been taken into account.

Figure 6 shows a sketch of the test procedure according to EN 355 [19]. For the re-creation of the
dynamic tests, the worst possible scenario allowed by the equipment has always been considered, that
is, a fall of FF 2. First, the absorber integrated in the anchor equipment of the load cell of the test gantry
was suspended, from the lower end we suspended a mass of 100 kg. It was raised as high as the test
specimen allows to a maximum horizontal distance of 300 mm and dropped. The adjustable EAL
(code 2—-1 and 2-2) have been tested to the maximum extension length allowed by the equipment.
The software used [34] allows the recording of 10,000 results per test for 10 s. The force-time curve was
obtained for each test, and the curve was subsequently analyzed, highlighting Fm, t1, and t2, being t1
the instant in which it begins to acquire tension and t2 the instant in which Fm is reached. The Fa was
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calculated for each test, it is the average of the forces from reaching 2.2 kN the first time and until that
value is reached again.

Force (M)

Data for determining Fa

Time (s)
(a)
Force “l'l}
I Data for determining Fa
i . P SRR .
Time (s)

(b)

Figure 5. Criteria for calculating Fa: (a) Goh [15]; (b) ANSI/ASSP Z359.13 [17] (clause 4.1.10).

o J

5
4 % 1 Energy Absorber Lanyard

2 Connectors

2
LM‘ 3 Rigid mass of 100 kg

4 Load Cell

- - T S 5 Anchor point
6 Steel structure

Figure 6. Dynamic behavior testing procedure.
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For each recorded moment (10,000 for each test), the force balance (Equation (2)) was applied,
obtaining the instantaneous accelerations (Ai) and therefore the time-acceleration curve, the maximum
acceleration (Am) and the average acceleration (Aa) for each test performed.

A; = (F/m)-g (2)

where Al is acceleration at a given instant (m/s?), Fiis force at a given instant (N), m is user mass (kg),
and g is acceleration of gravity (9.81 m/s?)

Independent variables that affect the process of stopping a fall with FAS are the length of the EAL
and the mass free-falling height. The mass in this case is a constant, 100 kg. The dependent variables
that we can obtain will be the maximum arrest force (Fm) and deployment average force (Fa). Table 3
lists the independent variables for each experiment.

Table 3. Independent variables for each experiment.

Code Experiment EAL Length (m) Free Fall (m) Mass (kg)
Test 1 1770 3540 100
11 Test 2 1770 3540 100
Test 1 2030 4060 100
12 Test 2 2030 4060 100
Test 1 989 1978 100
1.3 Test 2 989 1978 100
Test 1 880 1760 100
14 Test 2 880 1760 100
Test 1 1960 3920 100
21 Test 2 1960 3920 100
Test 1 2010 4020 100
2.2 Test 2 2010 4020 100
Test 1 1520 3040 100
31 Test 2 1520 3040 100
Test 1 1660 3320 100
41 Test 2 1660 3320 100
Test 1 1430 2860 100
51 Test 2 1430 2860 100
Test 1 2070 4140 100
6.1 Test 2 2070 4140 100

The theoretical relationship between variables (Equation (3)) is based on energy balance, the work
done by the EAL will be equal to the potential energy of the mass.

FaX =mg (h + X) 3)

where X is EAL extension (m), g is acceleration of gravity (m/s?), m is the mass (kg), and h is free fall
distance (m).

Dependent variables Fm and Fa may be influenced by erratic tearing of the energy absorber
stitch, even by some deformation in metal elements of FAS (connectors and buckles) that has been
disregarded in the present work. This method has previously been successfully employed by the
authors [14,31] and also employed by other authors in their work considering, for example, shock
absorbers, harnesses, and even a multicomponent system [12,21,35-37].

3. Results

The results obtained, expressed in this section, are studied in comparison with the current
regulatory requirements in Europe [19]. A typification of the force-time curve is presented in the
phenomenon of fall arrest with an EAL of FF 2 and 100 kg of mass. The results obtained and
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their influence on the impact that the user would receive are analyzed. Firstly, and only for testing
purposes, we subjected the equipment to 24 h of acclimatization and subsequently to the elongation
test established by EN 355 [19].

3.1. EAL Static Preloading

Satisfactory results were obtained, see Table 4, when carrying out the test described in Section 5.1
of EN 355 [19], the permanent elongation, due to the activation of the EAL after a preload of 2 kN, did
not exceed 50 mm in any case. The data in Table 4 are the average results of the two samples of each
model. Where L is EAL initial length with connectors and Lp is EAL length after test with connectors.

Table 4. EAL preload.

Code Lp - L' (mm) < 50 mm Code Lp - L' (mm) < 50 mm
1-1 20 2-2 10
1-2 25 3-1 30
1-3 10 4-1 10
1-4 30 5-1 10
2-1 10 6—1 22

The extension range obtained is between 5 to 30 mm, obtaining an average of 16.81 mm. It is
also observed in the table that the dispersion cannot be attributed to a certain type of EAL. The same
type (rope + EA) has a permanent extension range under 2 kN of load between 5 and 30 mm.
The nonactivation of the EAL under 2 kN load serves to determine that during the use of the EAL
under minimum load, such as the weight of a person or an involuntary pull of the system, the absorber
will not start to deploy or activate, thus keeping all its energy absorption capacity intact in the event of
a fall.

3.2. EAL Length

For equipment not sold with a connector (codes 1-1, 1-3, 4—1, and 6—1), a standard EN 362 [28]
steel connector has been provided. In the case of EAL with adjustable ropes (codes 2—1 and 2-2), the
measurement has been taken at its maximum length.

The lengths of the absorbers integrated in the lanyard (Table 5) vary in each selected sample, we
have samples in a range between 91 and 207 cm in initial length with connector, the different lengths
allow a free fall distance between 182 and 414 cm (double length).

Table 5. EAL length.

Li, Measured in L initia, Declared by Difference o

0
o
o
(¢}

Laboratory (mm) Manufacturer (mm) (mm)
1-1 1770 2000 230 -11.5
1-2 2030 2000 =30 1.5
1-3 989 1000 10 -1.0
1-4 880 900 20 =22
2-1 1960 2000 40 -2.0
2-2 2010 2000 -10 0.5
3-1 1520 1500 -20 1.3
4-1 1660 1700 40 -2.4
5-1 1430 2000 570 -28.5
6-1 2070 2000 -70 3.5

Initial length measurements reveal that (with standard 10 cm connectors) in cases 1-2, 2-2,
and 6-1, the total length with connectors exceeds 2 m allowed by most standards (except CSA
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7259.11.17 [23] that does not include this requirement). Subsequently, in Section 4.2, the influence of
this data with respect to the fall arrest Fm will be studied.

Samples 1-1 and 5-1 highlight the large difference in length of the equipment indicated by the
manufacturer in its manual with that actually measured in the laboratory. In both cases, the actual
lengths of the equipment measured in the laboratory are substantially less than the lengths declared by
the manufacturers (11.5% and 28.5%, respectively). Three samples (1-2, 2—2, and 6—1) exceed the 2 m
required by most standards, and samples 1—4, 2—1, and 4—1 would be in accordance with the standard
and with a variation of less than 2.5% with respect to that declared by the manufacturer.

3.3. Energy Absortion, Fmy Fa

The maximum drop height allowed by each sample (h) and the minimum absorption capacity
are presented in Table 6 for each of the PPE studied. The maximum height of fall has been calculated
by the authors as double the measured length (Li * 2), on the EAL with connectors in extension, but
without load. The minimum energy absorption capacity that each equipment must have has been
estimated according to (1) and is in the range of 1.78 k] and 4.06 kJ.

Table 6. Energy absorption and Fm.

Code H (cm) I'—x2 Mini(r;laum fAbs(l(:rption A::bsorptil(()r; Fm (N)

pacity (k) nergy (k] Test 1 Test 2
1-1 3540 3.47 No 8969 7155
1-2 4060 3.98 Si 3969 4237
1-3 1978 1.94 Si 3935 4169
1-4 1760 1.72 Si 4915 5177
2-1 3920 3.84 Si 3885 4326
2-2 4020 3.94 Si 4184 4163
3-1 3040 2.98 Si 3999 4127
4-1 3320 3.25 Si 4729 4622
5-1 2860 2.80 No 6214 5983
6-1 4140 4.06 Si 4759 4766

Four of the samples (1-2, 2—1, 2-2, and 6-1) exceed the energy established by EN 355 [19] for
absorbers as components. This is so because they exceed the maximum length allowed for this type
of equipment.

Three of the ten samples (1-2, 2-2, and 6—1) require the absorber to dissipate more energy than
the minimum required by the 3.92 k] standard, this is because the actual length of the equipment
is greater than the two meters maximum contemplated by the standard. The h in expression (1) is
greater, and the energy to be absorbed will also be greater. However, in these cases (1-2, 2-2, and
6—1), the manufacturer has managed to absorb the extra energy generated (Table 6) and keep the Fm
within acceptable values. The absorbers did not rupture completely, as shown in Figure 7. They would
have been able to absorb more energy by either increasing the drop height or the operator’s mass.
The requirement not to exceed 2 m in length is unfounded from the FM point of view in the arrest
process; although it is important when establishing the clearance distance (distance necessary to avoid
hitting the ground). In this regard, CSA Z259.11.17 [23] has removed the maximum length requirement
but maintains limitations on Fm and Fa.
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Figure 7. Samples after dynamic performance test.

Figure 8 shows the curves obtained in the dynamic performance tests. Each graph contains the
curves of the two tests carried out on the same model. Both curves have been temporarily matched,
and the regulatory limit for better data compression has been represented. It can be clearly seen that the
code 1-1 sample exceeds the Fm of 6 kN value in both tests carried out (1.1.I and 1.1.II). The dispersion
in the results of both samples is especially significant with respect to the rest of the results obtained,
where the curves are practically identical in both tests. Sample 1-1 reached bottom-out without
absorbing the energy generated during the fall. The stitching is appropriate; as shown in the graph, the
equipment begins to sew at approximately 3000 N, but it lacks distance, and once the seam is finished
the absorbent tape snaps. It can be seen in the graph that once the unstitched tape tears, the “safety
tape” starts to act and a force peak of values incompatible with its use is generated. Sample 5-1 acts
at greater forces than those expected, the bad sewing calibration causes it to begin to tear (start of
energy absorption) near 6000 N. The results obtained from these two samples have not been taken into
account when calculating the mean statistical data of Fm and Fa. They are not considered since they
should not be on the market because they do not meet the requirements of the EN 355 standard [18]
and therefore do not comply with the EU Regulation [27]. Considering them would distort the data of
the study carried out.

Figure 9 shows the maximum and average forces obtained for each test. It can be seen that (except
for 1-1 and 5-1, marked with red squares) it is practically possible to fall below 5 kN of maximum
force, and also the absorber was not completely deployed.
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Figure 9. Average and maximum arrest forces.

Table 7 shows the statistical data for Fm, Fa, the time to reach Fm, and the rate of application of the
load (including only those that comply with EN 355 [19], that is, the values of Fm obtained in the tests
on code 1-1 and 5—1 have not been considered). As can be seen, it is feasible to limit the Fm below
5 kN and the Fa to 4.3 kN. The load application speed exceeds 38 kN per second. The loading speeds
have already been approximated by Carrién [29] and Irles [37] by numerical methods, at the expense
of experimental data for the calibration of some parameters such as damping. The experimental results
obtained here will allow this calibration.

Table 7. Force statistics.

Statistics Fm (N) Fa (N) T(s) V (N/s)

Max 5177 4264 0.333 38,283

Min 3885 3453 0.113 12,364

Mean 4391 3818 0.239 20,228

Median 4229 3700 0.247 18,099
Standard deviation 410 265
Mean deviation 354 232

We have four results that do not comply with EN 355 requirements, those that we obtained from
tests with code 1.1 and code 5.1. On the other hand, we have 16 results that conform with EN 355.

We first compare the 4 values with the 16, to see if we can say that they have the same distribution.
To do this, since the size of the two samples is very small, 4 and 16, respectively, we propose to make a
nonparametric contrast of equal distributions. We have applied the Kruskal-Wallis test [38] and the
concordance test [39], obtaining the following results (Table 8).

Table 8. Kruskal-Wallis and concordance test for Fa.

Statistic p-Value

Concordance Coefficient 0.969 <0.001
Kruskal-Wallis 8.580 <0.001
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Both tests conclude that there is significant evidence that the two sets do not come from the same
distribution; we can reject the equal in the Fa distribution for the two sets

Below we analyze the set of 16 data to see if the regulatory requirements are adapted to the
process of stopping the fall with an EAL or if they are too conservative and may require a higher level
of security.

The descriptive statistics for Fa (16 samples) are minimum, 3.453; first quartile, 3634; median, 3.700;
mean, 3.818; third quartile, 4.041, and maximum, 4.264 N. In order to analyze this sample, it is interesting
to know if the distribution of the values of the mean forces obtained follow a normal distribution.
Figure 10 compares the probability distributions of our sample with the normal distribution. Now, let
us see if we can assume that the sample comes from a normal population.

4.2
|

4.0

F_a[5:20]

3.6

norm quantiles

Figure 10. Normal Q-Q plot for Fa.

Shapiro-Wilk normality test gives us a test to contrast whether or not a sample comes from a
normal distribution. The test result applied to the 16 values provides the following for Fa: W= 0.88065,
p-value = 0.03972. We must reject normality (Figure 10) in the data as we get a very small p-value, less
than 5%. If we do not accept the normality hypothesis, we must apply a nonparametric test to validate
the hypothesis that the Fa is, for example, 4.8, 4.35, or 3.9 kN. Table 9 shows the results obtained by
applying the Wilcoxon [40] test to our data.

Table 9. Results of Wilcoxon test for Fa.

Hypothesized Alternative Statistic Value Value Null Hypothesized Value Null
Mean t Hypothesis P at 5% sig Hypothesized at 1% sig
4.8 <4.8 0 <0.0001 Reject Reject
4.35 <4.35 0 <0.0001 Reject Reject
3.9 <39 49 0.1742 Accept Accept

Wilcoxon test provides evidence that the estimate Fa = 80% Fm is not sustainable; and it can be
said to be below 4.35 kN. The main difference between code 1.1 and other devices is that code 1.1 had
too short an energy absorber length. When the tearing finished (Figure 8a), the forces reached unsafe
values, over 6 kN.

Figure 8i shows an EAL whose sewing turns out to be badly calibrated, the force necessary for it
to start tearing is very close to 6 kN. Whether an EAL is able to keep the Fm below 6 kN and therefore
to be safe depends on the characteristics of the energy absorber (type of stitching and absorber length).

A Fm greater than 6 kN on the worker could result in serious injury, even death [19,22].
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3.4. Tipification of the Force~Time Curve in the EAL

The performance of the EAL obtained in the different tests has been outlined in Figure 10. The main
difference observed with the EA studied by Miura, Sulowski, and Goh is that the peak corresponding
to the activation force at the beginning of the deployment in the EAL (Figure 5a) does not appear.
By introducing a deformable element such as the lanyard (EAL) in the EA, it is possible to reduce the
force peak, flattening the force-time curve (Figure 11), making it smoother and therefore less harmful
to the user.

Force (kN)

7

6

0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4
Time (s)

Figure 11. EAL time—force curve.

The curves obtained in the tests carried out have been left in gray, and the typical force-time curve
in arresting a factor 2 fall of 100 kg with an EAL has been highlighted. A typical curve is obtained
as the average of experimental force-time charts. It can be seen that the arrest phenomenon lasts for
approximately 0.35 s and presents a plateau of Fa value below 5 kN, from there, successive rebounds
of much smaller magnitude occur until the total arrest of the ballast.

3.5. Accelerations

Applying equation (2), the accelerations have been obtained for each instant (Ai) in which force
data has been recorded (10,000 per test). As we are in a case of free fall, a practically vertical acceleration
is assumed. We obtained the time-acceleration curves for each piece of equipment tested. The statistical
data for the maximum acceleration (Am) and the average acceleration (Aa) are shown in Table 10,
without including the 1.1 and 5.1 pieces of equipment that, as previously mentioned, should not be on
the market for not complying with the requirements and are therefore potentially dangerous.

Table 10. Acceleration statistics.

Statistics Am (m/s?) Aa (m/s?)
Max 41.97 32.84
Min 29.05 24.73
Mean 34.85 28.88
Median 33.02 27.61
Standard deviation 4.42 2.87
Mean deviation 3.97 2.63

The maximum accelerations obtained are in the opposite direction to gravity. These decelerations
are limited only in the Canadian CSA Z259.11.17 standard [23]. All samples tested meet the requirements
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stipulated; Am < 10 g and Aa <7 g. It was expected that the requirement would be fulfilled since the
equipment tested is certified under the European standard, which is much more restrictive than the
Canadian equivalent in terms of the Fm allowed.

Table 11 shows the results for each test, the most prejudicial being 4.3 g (except 1.1 and 5.1) and
the least prejudicial being 3 g, which are acceptable values in both cases.

Table 11. Maximum and Average Acceleration.

Test Am Aa Test Am Aa

1.1.1 8.2¢g 3.9¢g 2.2.1 33g 27g
1.1.10 6.3¢g 3.3¢g 2.2.11 33g 28¢g
1.2.1 3.1g 27g 3.1.1 31lg 27g
1.2.11 3.3¢g 2.7¢g 3.1.11 32¢g 27g
1.3.1 3.0g 2.6g 4.1.1 38¢g 31g
1.3.10 3.3g 2.8g 4.1.10 37g 31lg
14.1 4.0g 3.3¢g 5.1.1 53¢g 38¢g
1410 43g 3.4¢g 5.1.1I 51g 32¢g
2.1.1 3.0g 2.5¢g 6.1.1 39¢g 33g
2.1.11 3.4¢g 2.7g 6.1.11 40¢g 33¢g

Regarding the application times of these accelerations, in no case is the deceleration more than
0.1 s above 8 g. Only the sample code 1.1 reaches the value of 8 g, which, as already mentioned,
should be withdrawn from the market together with 5.1. In the rest of the tests, the ballast has suffered
decelerations between 3 and 4 g for a period between 0.3 and 0.4 s. Figure 12 shows the acceleration
undergone by the ballast as a function of time for each test.

g —1.1.1
9 1.1.1

1.21
1.2.11
—1.3.1
—1.3.11
—1.41
1411
211
2111
—2.21
—2.2.11
3.1.1
3.1.11
411
4111
5.1.1
5.1.11
6.1.1
6.1.11

N\
X \ ////"’,(;7\\" \

AT N X

//\7/7)%;\&,\

<
\/

Time (s)
Figure 12. Mass acceleration (g).

We have two sets of results, the first comprises four results from devices not complying with
EN 355 requirements, those that we obtained from tests with code 1.1 and code 5.1, and the second
comprises 16 results from devices that conform with EN 355. We compare (Table 12) the 4 values with
the 16, to see if we can say that they have the same distribution.
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Table 12. Kruskal-Wallis and concordance test for Aa.

Statistic p-Value
Concordance Coefficient 0.844 0.0077
Kruskal-Wallis 6.509 0.0077

Both tests conclude that we can reject the equal in the Aa distribution for the two sets

We go on to analyze the set of 16 values, and we will check how rigorous is the regulatory
requirement that allows Aa 7g. The descriptive statistics for Aa (16 samples) are as follows: minimum,
24.73; first quartile, 26.54; median, 27.20; mean, 28.43; third quartile, 30.84, and maximum, 32.84 m/s2.

Let us see if we can assume that the sample comes from a normal population. Shapiro-Wilk
normality test = 0.87082, p-value = 0.02799. We must reject normality (Figure 13) in the data as we get
a very small p-value, less than 5%.

60

32

30

Acel_a[5:20)

28
1

26
&

norm quantiles

Figure 13. Normal Q-Q plot for Aa.

If we do not accept the normality hypothesis, we must apply a nonparametric test to validate the
hypothesis that the Fa is, for example, 68.6, 40, 30 or 29 m/s?. Table 13 shows the results obtained by
applying the Wilcoxon [40] test to our data:

Table 13. Results of Wilcoxon test for Aa.

Hypothesized = Alternative Statistic Value Value Null Value Null
Mean t Hypothesis P Hypothesized at 5% sig  Hypothesized at 1% sig
68.6 <68.6 0 <0.0001 Reject Reject
40 <40 0 <0.0001 Reject Reject
30 <30 23 0.0091 Reject Reject
29 <29 55 0.2641 Accept Accept

We can reject Aa equal 7 g (68.6 m/s?) during the process of stopping the fall with EAL, and we
can also reject 3.06 m/s?.



Int. |. Environ. Res. Public Health 2020, 17, 7647 18 of 22

4. Discussion

Fa obtained on EAL with EN certificate ranged from 3.5 to 4.3 kN, higher than described by Wu
(2011) and by the North American Standards but similar to Australian EA (Goh 2014). Australia and
Europe use high-capacity absorbers, those valid for fall factor 2.

7359.6 and Z259.16 states that Fa can be estimated at 80% of Fm (6 kN). This would be 4.8 kN, but
the data obtained makes us reject that estimate. For European EALs, the Fa would remain at 3.8 kN on
average, similar to the 3.9 kN calculated by Goh for Australian EA.

CSA 7259.11.17 requires maximum acceleration to be below 10 g and average acceleration cannot
exceed 7g, the findings of this study show that these limits are very conservative. The maximum
acceleration obtained is 3.35 g with the average of 2.77 g, far from regulatory requirements.

The analysis of the requirements of the different standards shows us that the pieces of equipment
manufactured under EN 355 [19] are safer than those manufactured under ANSI/ASSP Z359.13 [17]
and CSA Z259.11 [23]. In Europe, Australia, New Zealand, and the International Organization for
Standardization [16], the Fm is established at 6 kN. In contrast, in America and Canada, the maximum
permitted force is 8 kN. Sulowski [22] demonstrated that these 8 kN could be especially damaging if
the fall was not on the axis of the spine (this cannot be guaranteed in an accident), also if the retention
was lateral, Sulowski determined that above 4 kN a significant injury was likely to appear.

The research carried out shows that the standards are conservative and may be more demanding
and avant-garde in terms of the maximum arrest force allowed. The data obtained allow reducing the
maximum permitted force to 5 kN.

EAL certificated EN 355 [19] deploy at an average force of 3.5 to 4.3 kN. Engineers must take the
lower value of 3.5 kN to calculate deployment length X (equation 4), so clearance distance is longer
and more conservative.

X = mgh/(Fa—mg) 4)

As was expected, there is not a big difference between the American standards and that of Wu [25],
because Wu is focused on EA with low capacity. There are not big differences between EN 355 [19]
EAL and those EA certificated in Australia and New Zealand (Table 14). But there is significant
difference between this two groups. It would be interesting to research deployment average force for
EAL certificates under Canadian Z259.16 [41] and American Standard Z359.6 [42].

Table 14. Deployment average force.

Author Standard Min (kN) Max (kN) Capacity Absorber
Appendix A 7359.6 2.67 3.56 FF1 low
Annex A 7259.16 2.8 3.6 FF1 low
Wu (2011) E4 EA 7259.16 2.8 3.7 FF1 low
Goh (2014) EA AS/NZS1891.1 3.2 4.7 FF2 high
Carrion (2020) EAL EN 355 3.5 43 FF2 high

It should be noted that two of the ten selected models should not be on the market under European
certification because the Fm obtained in the tests has exceeded 6 kN. This means that 20% of the
analyzed equipment does not meet regulatory requirements. This can cause serious injury to workers
and therefore cannot be considered safe PPE. It denotes the need to impose more quality controls.
It would be advisable to increase the number of samples selected to check if the value of 20% of
noncompliant equipment is maintained.

It should be noted that this studio is limited to EAL certified to EN 355. Findings cannot be useful
for other EA or EAL. It can be assumed that the vast majority of manufacturers produce homogenously.
(Figure 8). It can also be assumed that the free fall distance does not significantly affect the Fa.

It would also be interesting to extend this study to EAL certified under different regulations to
European ones. This work presents the typification of the force-time curve for EAL with a fall of 100 kg
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in a fall factor 2. Expanding the study to different masses to contemplate the greater range of workers
would provide a greater degree of knowledge and elimination of possible injuries in people of low or
high weight.

The time-based Fa has been calculated, but the displacement-based calculation would be interesting.
This would be achieved by filming the fall arrest process with high-speed cameras. You could determine
the elastic deformation of the equipment and how this influences the safety distance, since all the
standards that establish requirements do so on the plastic deformation, neglecting the elastic.

5. Conclusions

All the tested equipment has successfully passed the absorber activation test, none of them showed
permanent deformations greater than 50 mm.

The length of the EAL has presented variations by excess (up to 7 mm) or by default (up to 57 mm)
of the length declared by the manufacturer. This fact is not relevant in terms of user integrity. Exceeding
the 2 m set by the regulations does not affect the maximum braking forces. It seems interesting to
eliminate the requirement of EN 355 [19] as CSA Z259.11.17 [23] does, where it is the manufacturer
that decides for what mass and what length its EAL keeps the forces and accelerations below the
established values.

Increasing its length and need to absorb more energy (by increasing the height of free fall) has
not been a problem either, since most pieces of equipment tested ended up with part of the absorber
being undeployed.

The limit of 6 kN for Fm in falls of 4 m with 100 kg of mass is perfectly achievable with current
technology. The results obtained indicate that this limit for the EAL can be reduced by 16.6%,
establishing that the Fm is equal to or less than 5 kN. This value is especially significant when analyzing
the requirement of the American and Canadian standards. In the latter case, the Fm would go from
8 kN to being limited to 5 kN, representing a 37.5% reduction in the impact force that a user would be
allowed to receive in fall arrest with an EAL.

Fa turns out to be a requirement that is not required in EN 355 [19]. It is significant data for
the design of the EAL. The Fa turns out to be 87.5% of the Fm for the pieces of equipment studied
in this paper, all of them according to EN 355 [19]. The estimate based on 80% of Fm (according to
CSA 7259.16 [41] clause 7.3.3.2 or ANSI/ASSP 7Z359.6 [42] clause 6.3.3.2) should not be used for EAL
certified according to EN 355 [19].

The actual application speeds of the load in the free fall have been obtained, reaching over
38 kN per second. This information is relevant to the design of each component involved in an FAS.
These must be designed to withstand these loading speeds. The data obtained are necessary when
conceptualizing standard testing.

The typification of the force—time curve for an EAL in a fall of FF 2 and 100 kg of mass is presented.
This curve represents how these units perform. The quasi-constant plateau that involves the ripping of
the absorber can be clearly seen. A relevant conclusion is that in all the studied cases, the two tests
on the same model yielded virtually identical results. Therefore, homogeneity in the production of
manufacturers of this personal protective equipment is highlighted

After studying the data obtained, the following adjustment is proposed in the requirements
established by EN 355 [19] for EAL. The Fm can be reduced to 5 kN, representing a reduction in impact
of 16.6%. The Fa can be estimated as 87.5% of the Fm. (Fm 5 kN and Fa 4.3 kN). It is proposed to
eliminate the maximum equipment length requirement and to establish the requirements limiting the
force the user receives in fall arrest. The review committee of EN 355 [19] would have no problem in
being able to limit the maximum deceleration that the ballast must undergo during the fall arrest to
4.1 g. Limiting the maximum deceleration to 4.5 g turns out to be a reasonable value after studying the
results obtained.

This study provides sufficient experimental data for the calibration of numerical models based
on finite elements. The numerical calculation for the design of components with numerical methods
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represents an advance compared with the experimental tests, given the lower cost and higher speed of
obtaining results once a proven and reliable numerical model has been obtained.

Lastly, the results obtained indicate the need for an increase in the production control of this
equipment, basically because 20% of the equipment tested does not satisfy the certification requirements
of EN 355 [19].
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