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Abstract

One of the requirements which must be met by the temporary edge protection systems (TEPS) is to stop a worker who walks, stumbles, falls and
knocks against the system. The effect of the worker’s crash with the protection system is a dynamic type stress applied as an impact. The capacity of
the system to withstand the impact depends on its ductility and its ability to absorb energy. The area enclosed by the load-displacement graph of a
TEPS when the load is statically applied is an indicator of its ductility and its ability to absorb energy. In Europe, the EN 13374 standard specifies the
requirements to be fulfilled by the TEPS. For systems placed in floor slabs with a slope smaller than 10° (class A systems), the standard indicates that
the testing should be performed using static loads. In this work, TEPS manufactured from steel, wood, injected plastic, and composites have been
tested with the static loads test system specified in the EN 13374 standard for assessing class A systems. Subsequently, the areas enclosed in the
load-displacement diagram have been tested and have been compared with the estimated values of impact energy.
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Resumen

Description of the problem

The construction industry has one of the highest accident rates worldwide (Lopez-Arquillos & Rubio-Romero, 2015).
Accidents in construction works due to fall from heights are globally a high percentage of the total number of those
which take place in the building sector (BLS, 2010; Ministerio de Trabajo y Asuntos Sociales, 2008; National Safety
Council, 2002; OSHA, 1990; SESS, 1999). Protection systems that prevent the fall of workers should be preferably used
against other types of systems that only limit the height to prevent or limit injuries (INRS, 2007; OSHA, 1990).
Protection against fall from heights using a temporary edge protection system (TEPS) is effective because it eliminates
the risk in origin altogether, preventing the fall. Unfortunately, to date, the vast majority of the TEPS used in building
construction works have not been subjected to prior assessment and their structural behavior is not known.
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State of the art

The norms studied that regulate TEPS (AENOR, 2013; ASTM, 1987; Australian Standard, 1992; eLCOSH, 2008; OSHA,
1998) require them to meet geometric and mechanical type requirements. Geometric type requirements establish the
TEPS dimensions, so that neither the worker surpasses the system and falls, nor objects pass from the slab to the
vacuum. Mechanical requirements compel a certain resistance to the system and limit the movements against given
loads. The EN 13374 (AENOR, 2013) standard specifies the performance requirements and testing methods for TEPS
used during the construction or maintenance of buildings and other structures.

The standard classifies TEPS into three classes (A, B and C), in accordance with the inclination of the working surface
and the fall height of the person to protect (Figure 1). The standard indicates the requirements, geometrical and
mechanical, which TEPS must be met depending on the class they belong to. The most widely used Class A systems
can only be used when the inclination angle of the working surface is smaller than 10°. These systems are designed to
stop a worker who stumbles, falls and knocks against the system. The effect of this crash is a dynamic force, however
the EN 13374 standard specifies an evaluation system based on static loads, which is equivalent to the impact of a
worker. Some works assess the energy of that impact as 160 J (Jacmin & Mayer, 1984; Lan & Daigle, 2005) or 180 J
(AFNOR, 2010), obtained as the kinetic energy of a worker of 80 to 90 kg of weight that moves at a speed of 2 m/s.

Methodology

In this work we have tested TEPS manufactured from different materials in accordance with the requirements
established by the EN 13374 standard for evaluating class A systems. Later, the energies in the static tests for the
evaluation of class A systems performed were obtained by measuring the area enclosed in the load-displacement
diagram during the test. Subsequently, the values obtained where then compared with the 180 J value. The analysis of
the results allows us to determine the validity of the assessment procedure prescribed by the standard to predict the
behavior of TEPS against impacts.

Figure 1. Classification of TEPS according to UNE-EN 13374 standard. Source: self-elaboration.
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Assessment of Class A TEPS

In accordance with the EN 13374 standard, the calculation for static loads must be made by analyzing three situations:
service limit state (SLS), ultimate limit state (ULS), and accidental load (AL).

Experimentally, testing SLS and ULS is carried out by applying specific horizontal loads according to the load cycle
described below. An initial 0.10 kN load is applied to the system. This load is maintained for one minute, and then the
system is unloaded leaving it with a residual displacement which constitutes the reference displacement. Then, the
corresponding test load is applied maintaining it for one minute, and after that, the system is unloaded.
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To meet standard of the SLS, the displacement of the system should not be greater than 55 mm when a load FT1 of
0.30 kN is applied anywhere except on the toe board, where the load applied, FT2, is 0.20 kN. Testing the SLS is
equivalent to assessing the displacement requirements. In order to comply with the ultimate limit state (ULS) stated,
the system must be capable of withstanding the strength test without fracturing, Fmax, which is obtained as Fmax = yF
- YM - QK, where yF y yM are partial safety coefficients for ULS (load increase factor and strength reduction factor
respectively), and QK is the characteristic load according to the element considered. The strength reduction
coefficient of the materials adopts a value of 1.1 for ductile materials, such as plastic or steel, and 1.3 for wood. The
load increase factor is 1.5 for all cases. Once this force is achieved, the system is loaded up to a value 20% higher than
the maximum test load (ultimate strength) and the system must not experience any notable failures globally or
individually in each of the elements composing it.

The study of accidental loads indicated that the top guardrail, the middle one and the plinth must resist a gravitational
specific load of FD = 1.25 kN. This load should be applied at the most unfavorable position of the TEPS, within an
inclined angle of £ 10° in relation to the vertical. However, complying with this test requirement does not allow
concluding that the TEPS satisfies the requirements for which it is designed. The load taking place on a TEPS when a
worker hits it, is a dynamic force which materializes in the form of impact. We do not know whether the evaluation of
the static type load stated in the EN 13374 standard implies overcoming an impact produced by the fall of a worker,
which is approximately equivalent to 180 J of energy. The area enclosed in the load-displacement diagram made
during the ULS testing is a measure of the energy absorbed in the test; and the comparison of that value with 180 J
indicates the validity of the static test design to predict impact behavior.

Steel made TEPS

Three TEPS have been analyzed spanning in between the posts 2,400 mm and with a height of 1,000 mm, measured
from the reference level up to the top edge of the top guardrail. The main and mid rails as well as the posts were
made using tubular S235 steel sections. For the post tabs, steel S275 was used. The telescopic toe board was
manufactured with cold rolled steel sheet.

Table 1 lists the geometric characteristics of the three systems.

Table 1. Geometric characteristics of the systems with steel guardrails. Source: self-elaboration.

System 1 (S1) System 2 (S2) System 3 (S3)
GUARDRAILS 025-1.5mm 040-1.5mm 040-2mm
POSTS 040-1.5mm 035-1.5mm 040-2mm
TOE BOARD telescopic, manufactured with cold rolled steel sheet

Figure 2. Geometric characteristics of system 1. Source: self-elaboration.
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The three systems were anchored to a reinforced concrete beam that had PVC sleeves embedded ready to hold the
posts of circular section 40 mm in diameter. Figure 2 shows, as an example, the layout and the geometrical
characteristics of system 1 (Gonzalez, Cobo, Castafio & Prieto, 2015).
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Dimensions of the S1 system are the ones usually employed for edge protection of slabs in construction. The second
system is used in special cases. The dimensions of the third system have been determined after making an analytical
calculation based on the EN 13374 standard. (Gonzalez, 2010; Gonzélez, Cobo, Fuente, Bresé & Lozano, 2010).

Wood made TEPS

For assessing the behavior of wood as guardrails and toeboards of TEPS, wooden pine planks Pinus Sylvestris L (PNSY),
Iberian variety Svob, from the Central mountain range, Sierra de Guadarrama, have been used, supplied by the
sawmill Aserradero El Espinar, located in Segovia. This wood corresponds to high-quality pine stock. The most
common system of wooden TEPS has been considered, consisting of top and mid rails and a baseboard of wooden
planks.

Figure 3 shows a drawing of one of the tested TEPS. It consists of the railings and toeboard made of wood, and beam-
embedded metal posts separated 2.40 m. The posts are made of circular section steel S235. The wooden boards have
a height of 150 mm and a thickness of 22 mm (S4, S5, and S6 systems), 27 mm (S7, S8 and S9), and 30 mm (510, S11
and S12) forming the railings and the baseboard (Gonzalez, 2010). The visual classification of the wooden parts of 54,
S7, and S10 systems was ME1, which corresponds to a C27 resistance class (AENOR, 2011; AENOR, 2010). S5, S8 and
S11 systems have obtained a ME2 visual classification (resistance class C18). S6, S9 and S12 systems could not be
assigned any resistant class due to their visual classification as rejected (table 2).

Figure 3. Draft of a class A TEPS with horizontal wooden elements. Source: self-elaboration.
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Table 2. Geometric and mechanical characteristic of the systems with wooden railings. Source: self-elaboration.

sS4 S5 S6 S7 S8 S9 s10 S11 S12
THICKNESS (mm) 22 22 22 27 27 27 30 30 30
Sg::gRAIL AND  TOE VISUAL CLASSIFICATION ME1 | ME2 R ME1 | ME2 R ME1 | ME2 R
RESISTANCE CLASSIFICATION Cc27 C18 - Cc27 C18 - Cc27 C18 -
POSTS SECTION (mm) 040-15

TEPS made of high density polyethylene (HDPE)

A TEPS formed by a fence made of injected HDPE with a density of 951 kg/m3 and a stabilization treatment against
ultraviolet (UV) radiation of 4 % has been used. Another system made of a HDPE composite and glass fiber (GF) have
also been studied. The influence of aging has been studied on TEPS made with HDPE and subjected to natural ageing.
(Gonzalez, Cobo, Lozano & Bresd, 2013).
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Figure 4. Class A TEPS manufactured with HDPE and HDPE+GF. Source: self-elaboration.
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The continuous fence is formed by three horizontal elements, 150 mm in height, two vertical elements at the edges,
and diagonal elements 200 mm wide with intermediate spaces located at the top and bottom rectangular spaces. The
fence is tied by anchors inserted in the vertical posts. The posts are separated 1,400 mm, and have been
manufactured in steel S235 with a square tubular section of 35-1.5 mm, having a height of 1,080 mm over the slab
level. The posts were anchored to a reinforced concrete beam by using a clamping jack. The internal side of the jack
jaws, which is in contact with the structure support, has a toothed profile for improving the bonding of the jack with
structure support (Figure 4). To evaluate the aging influence on the mechanical static loads behavior of the TEPS
manufactured from HDPE, TEPS tests were carried out in a new state (513) and exposed to natural aging for 1 year
(S14), for 2.5 years (S15) in Cuenca. Tests of HDPE+GF systems were performed on elements without aging (S16).

Experimental analysis methodology

For the testing performed, a test frame was used with a load actuator. The movements were obtained with a
displacement transducer. A control and data acquisition system registered the load data and displacement for each
system test through specific software. Tests were performed with displacement control. The load was applied in a
point located at the center of the top rail where the maximum displacement moment occurs and greater
displacements were observed.

Table 3 shows the results of the 16 systems tested regarding SLS and ULS. The three columns corresponding to SLS
indicate the results of the displacement test. In the first column the value of the maximum load applied can be seen,
in the second one, the displacement obtained under the maximum load and in the third column, the value of the
obtained energy in that test, measured as the area enclosed by the load-displacement curve. In the columns
corresponding to the increased load factor and the ultimate strength values obtained in the ULS evaluation are shown,
including identical information to the one indicated in the SLS columns. The last column shows the percentage value
of the energy obtained from the ultimate strength test regarding 180 J value. The shaded cells with numerical values
in bold correspond to values that do not comply with the requirements of the EN 13374 standard.

All systems correctly met the accidental load testing requirements. The behavior of all the systems studied when
reaching the ultimate strength can be seen in figures 5-9, with the load applied at the central point of the top rail. A
vertical line coincident with the 55 mm displacement is marked in all the graphs showing the maximum limit allowed
in SLS tests by the EN 13374 standard when applying a 300N load.
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Table 3. Results of the static load tests performed. Source: self-elaboration.

SLS INCREASE LOAD FACTOR ULTIMATE STRENGTH
SSystem Load Displacement Energy Load Displacement Energy Load Displacement Energy
(N) (mm) (O] (N) (mm) (O] (N) (mm) Es(J) (Es/1801)%
s1 300 66.7 10.2 500 138.2 34.9 600 185.9 55.8 31
S2 300 28.9 4.5 500 46.7 11.8 600 56.3 171 10
S3 300 21.7 33 500 37.2 9.4 600 44.7 13.8 8
S4 300 80.8 129 600 161.9 49.2 720 197.4 71.4 40
S5 300 60.6 10.6 600 121.7 373 720 146.8 53.5 30
S6 300 88.6 14.7 600 178.3 54.7 720 216.2 79.2 44
S7 300 49.6 7.8 600 99.5 30.6 720 119.8 43.7 24
S8 300 67.1 111 600 136.9 43.3 720 166.5 60.7 34
S9 300 81.4 12.6 600 180.2 56.1 720 218.6 78.6 44
S10 300 37.8 6.1 600 77.2 24.6 720 93.8 353 20
S11 300 38.5 6.2 600 78.1 25.8 720 94.7 35.9 20
S12 300 40.4 6.5 600 82.6 26.1 720 100.3 37.4 21
S13 300 98.2 15.1 500 148.3 37.1 600 173.5 53.1 30
S14 300 94.3 14.5 500 154.3 39.0 600 184.7 55.6 31
S15 300 99.2 15.2 500 155.9 39.2 600 186.4 56.3 31
S16 300 43.7 6.8 500 81.8 20.4 600 101.2 30.6 18

Figure 5. Test results of steel protecting systems. Source: self-elaboration.

STEEL
Q(N) 800
600
400 C—
200 /7/{  —
0
0 50 100 150 200
6 (mm)
=¢=S51 =l=S2 ===S3
Figure 6. Test results of systems with wooden plank rails of thickness 22 mm. Source: self-elaboration.
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Figure 7. Test results of system with wooden plank rails of thickness 27 mm. Source: self-elaboration.
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Figure 8. Test results of system with wooden plank rails of thickness 30 mm. Source: self-elaboration.
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Figure 9. Strength test results of HDPE and HDPE+GF systems. Source: self-elaboration.
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Testing SLS

In all systems studied, meeting the requirement of the service limit state has been the most demanding, and it was
observed that the more flexible systems experienced greater displacements than those permitted by the standard.

In the steel systems, railings consisting of 25-1.5 tubes (the most commonly used solution) experienced a
displacement of 66.7 mm during the displacement test. S2 and S3 systems were able to satisfactory overcome the
assessment (table 3 and figure 5). Regarding wooden systems, the ones of 30 mm thickness are the only ones that
exceed the standard requirements in any quality, and 27 mm thickness ones in ME1 quality (table 3 and figures 6, 7
and 8). In relation to the plastic systems, fences built with HDPE experienced large displacements, well above the 55
mm permitted. Aging has not affected the behavior in any of the tested systems. The addition of 4 % glass fiber
conform a more rigid material (S16) which is able to pass the bending test (table 3 and figure 9).

Testing ULS

All systems were able to satisfactorily meet the ULS test requirements. However, the behavior of the systems has
been very different. Within the steel systems, system S1 shows a linear behavior until a 400 N load is applied. From
that specific load value, non-linear deformations occur with a gradual loss of rigidity. The other systems have a
practically linear behavior until they reach the ultimate limit state. All wooden systems show a linear behavior until
they reach the ultimate limit state, regardless of the quality of the wood used and the thickness.

The four systems manufactured in HDPE show a very linear behavior until a load of 300 N is applied. From that value
onwards, systems with no addition of glass fiber show a slight stiffening when subjected to load increases. Conversely,
systems with glass fiber addition lose rigidity as the load increases. This highlights the great difference in stiffness of
HDPE+GF TEPS when compared to the HDPE as can be seen in the descending curve of the graph (Figure 9). All the
four tested systems are able to reach the established test load.

Energy absorbed during the test

For each test, the energy absorbed by the system has been suggested, measured as the area enclosed by the load-
displacement curve. The last column states the percentage value of the energy absorbed in the ultimate strength test
regarding 180 J value. It can be observed that in all cases the absorbed energy in every test performed remains well
below 180 J, which suggests that the tests specified in the EN 13374 standard do not necessarily mean that systems
which meet the standard are capable of retaining the impact of a worker. By applying the maximum load
corresponding to the ultimate strength, the absorbed energy does not reach 50 % of the energy corresponding to the
worker impact, in none of the systems studied. In addition, systems that are not able to meet the standard due to
their lower rigidity have led to displacements greater than 55 mm in the displacement test, are they the ones which
have resulted in higher energy absorbed values. This suggests the need to perform further additional checks in the
testing protocol of the EN 13374 standard when assessing the strength of systems. To this end, we propose that in the
strength test, the load should be increasingly applied until an absorbed energy of at least 180 J is reached in the test.

Class A TEPS are tested with static loads, however, it is intended to meet requirements of dynamic type ones. The
testing requirements established by the EN 13374 standard for SLS is more demanding than the ULS one. All systems
have met the ULS testing, however 9 systems have not passed the test standard for SLS. The 16 tested TEPS have been
able to achieve the maximum load specified by the EN 13374 standard in the strength test for the class A TEPS
evaluation performed. None of the 16 tested TEPS have absorbed an energy of 180 J during the tests. Systems that do
not meet the SLS test standard give rise to higher absorbed energies in static tests, due to the greater displacements
they experienced. It is necessary to incorporate additional checks in the strength test in order to ensure that the
systems are capable of absorbing an energy of 180 J.
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