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Abstract

A falling-object protective structure (FOPS) is a safety device fitted to self-propelled agricultural
vehicle that provides reasonable protection for the operator in the driving position against accidental
falling objects. To be certified, a FOPS undergoes a standardised full-scale destructive test to prove its
resistance to falling objects. This destructive test procedure is expensive and unsuitable for custom-
made FOPS manufactured individually. In the case of a tractor in service, for which manufacturers do
not offer a FOPS device, there is no certified method to evaluate the performance of a custom-
designed FOPS, other than this destructive procedure. The work described in this paper, funded by the
French Agriculture Ministry, proposes a design and a validation of a cantilever FOPS to equip tractors
that have two-post rear roll-over protective structures (ROPS). The main requirement of the custom-
designed FOPS is to meet the performance and protection level of certified structures. A design
approach with the goal of achieving optimal design was adopted. At each stage, design alternatives are
compared qualitatively and quantitatively, using numerical simulation, to assist decision making. A
validation method based on mathematical modelling and full-scale tests, according to standardised test
conditions, was adopted. This validation process made it possible to approve the design choices and to

determine the scope of validity of the proposed FOPS.
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Nomenclature

Oixj

Ax

Ac

E4

Ec

k or k(¢,n)

K

La

Zero matrix of dimension i,j

Identity matrix of dimension i

Section area of ROPS post

Section area of roof frame beam

Width of the roof plate

Young modulus of the roof plate

Young modulus of the rollbar

Young modulus of the roof frame

Vector of equivalent loads applied to the structure

Concentrated load applied to the plate

Gravity acceleration

Vector of gravity acceleration expressed in the absolute coordinate system

Thickness of the roof plate

Area moment of inertia about the z-axis of the ROPS post’s cross-section

Area moment of inertia about the z-axis of the roof frame’s cross-section

Stiffness of the plate

Stiffness matrix of the structure

Length of the plate

Height of the ROPS post
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Lg

Lc

lia

my

Jo

qm

Ux(P)

Uy(p)

Wm

@n

Horizontal distance from the ROPS top to the impact point

Length of the roof

Length of the ROPS post in contact with the attachment bracket

Length of the roof frame in contact with the attachment bracket

Mass of the falling object

Mass of the attachment bracket

Distributed load depicting the weight of the roof

Generalised coordinates: q=[ux s @P:a s Uy Po5]"

Generalised coordinates at static equilibrium: qo=[txa0 Uyao Pra0 Usso Uyso

¢ZBO] T

Generalised coordinates at the maximum displacement: qu=[uxam Uyanr Poam

Uxpm UyBM ¢zBM]T

Kinetic energy at impact

Elastic strain energy

Displacement along x-axis at point P

Displacement along y-axis at point P

Potential energy associated with applied loads

Vertical displacement at point p of load application

Maximum vertical displacement during impact

Coordinate of point p of load application
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&3

84

&5
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&7

g Angle of inclination of ROPS posts with respect to the vertical

M Total potential energy
v Poisson ratio of the plate
(0 Rotation around z-axis of the beam section at P

1. Introduction

Falling-object protective structures (FOPS) and roll-over protective structures (ROPS) are safety
devices fitted to self-propelled agricultural, forestry, mining and construction vehicles. According to
the ISO 27850:2013 international standard, a FOPS is an “assembly providing reasonable overhead
protection to an operator in driving position from falling objects” and a ROPS is a “framework (safety
cab or frame) protecting operators of agricultural and forestry tractors that avoids or limits risk to the

operator resulting from accidental overturning during normal operation.”

1.1. Falling-object protective structure regulation

The protective structure or cab of a newly designed agricultural tractor requires proof of compliance
before being proposed on the market (Regulation EU No. 167/2013). A protective structure could be
certified as ROPS only or as ROPS and FOPS. To be FOPS-certified, the structure undergoes a
standardised destructive test, according to code 10 of the Organisation for Economic Co-operation and
Development (OECD), (OECD, 2017), to prove its resistance to falling objects. This test consists of
analysing the impact between a falling metallic sphere weighing 45 kg and the structure. At the

moment of impact, the energy of the falling sphere must reach 1365 J.

For tractors in service, regulations related to work equipment are applied. According to European

directive 2009/104/EC, work equipment presenting a risk due to falling objects must be fitted with
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appropriate safety devices corresponding to this risk. According to the same directive, employers shall
take the measures necessary to ensure that the work equipment made available to workers is safe and
suitable for the work to be carried out. Therefore, the farmer is compelled by the safety regulations to
have FOPS on tractors used by farm employees if the tasks performed on the farm involve a risk of

falling objects.

If there is a risk of falling objects, then having FOPS on agricultural tractors is mandatory. When this
is the case, in-service tractors not equipped with FOPS by the manufacturer, or tractors for which a
FOPS device is no longer proposed, have no non-destructive evaluation method proving the resistance
of a custom-made structure to falling objects. For custom-made protective structures manufactured

individually, the standardised destructive test is expensive for farmers.

1.2. Protective structure design and validation methods

The problem related to designing and testing self-propelled vehicle protective structures has been
widely studied by researchers, in particular ROPSs. As for FOPSs, ROPSs need to be validated by a
standardised method. This method consists of a series of destructive tests, expensive and inappropriate
for structures manufactured in limited numbers. A great deal of research has been conducted to replace
the destructive tests with calculation methods or with numerical tests using finite element analysis

software.

Mangado, Arana, Jarén, Arazuri, and Arnal (2007) proposed a calculation method to design ROPSs
that are easy to build and adaptable to all tractor models lacking this kind of protective structure. With
the same objective, Harris (2008) developed a cost-effective ROPS (CROPS) with a prediction method
to evaluate performance characteristics of these ROPS. Ayers, Khorsandi, John, and Whitaker (2016)
proposed a computer-based program to provide a quick ROPS design, based on the standardised test.
Other studies and software were developed by research institutions in France (Irstea, 2004) and Italy
(INAIL, 2014) with the aim of offering methods for designing and implementing ROPSs for tractors in

service built without commercial ROPSs.
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Alfaro, Arana, Arazuri, and Jarén (2010) conducted tests using the finite element method to assess the
safety provided by a ROPS standardised test. They concluded that finite element analysis can be used
to design safer ROPSs. Based on numerical simulation, Kumar, Rudresh, and Maruthi (2014) and
Kumar et al. (2015) presented a case study of designing a safe tractor cab. Fabbri and Ward (2002)
proposed and evaluated a finite element model for ROPS design. Khorsandi, Ayers, and Truster
(2017) proposed a non-linear finite element model to predict the behaviour of a ROPS under a

simulated standardised test.

In fields other than the agriculture, Karlinski, Rusinski, and Smolnicki (2008), Karlinski, Ptak, and
Dziatak (2013) and Derlukiewicz, Karlinski, and ITuk (2010) developed approaches, based on finite
element analysis, for mining vehicle protective structures, which led to the possibility of using
numerical simulation to design protective structures. Aiming to provide information helping in the
design and evaluation of ROPSs without a systematic destructive test, Clark, Thambiratnam, and
Perera (2006), Thambiratnam, Clark and Perera (2009) and Perera, Thambiratnam and Clark (2011)
conducted experimental and numerical dynamic impact analysis on a construction machine ROPS.
They confirmed that dynamic simulation techniques are reliable tools for enhancing the safety of
protective structures. Based on a systematic comparison of protective structure virtual tests and real
tests, Tokarczyk (2013) deduced an acceptable error to consider if the virtual test is used for
certification. Kim & Reid (2001) were interested in improving, simplifying and speeding up ROPS
finite element analysis by implementing a new element in finite element code to better model thin-

walled rectangular tubes.

It is notable that methods for designing and validating FOPS designs have been poorly studied by
researchers. Unlike the ROPS standardised test, which is based on a series of quasi-static loading, the
FOPS test is based on dynamic impact, and therefore the alternative methods based on static finite

element simulations proposed for ROPS cannot be used for FOPS.

1.3. Objective
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The objective of the work described in this paper was to design a FOPS that is easy to reproduce and
to manufacture using generic parts and tools, for in-service tractors built without this kind of
protective structure. The focus here is on agriculture tractors that are equipped, or can be equipped,
with a two-post rear ROPS such as those proposed by Irstea software (Irstea, 2004). The FOPS to be

designed must meet the performance and the protection level of these of certified structures.

2. Materials and methods

To design a FOPS to be fitted on tractors with two-post rear ROPSs, the design requirements are
identified and the design alternatives at each stage are listed and compared to obtain optimised
solutions. The performance of the design selected is evaluated and the structure obtained is validated

by full-scale drop tests.

2.1.Design approach

Irstea software (Irstea, 2004), which is based on a calculation method, proposes a two-post rear ROPS
design for tractors without this protection. This ROPS is a frame constituted of welded steel
rectangular tubes (Fig. 1). If the tractor overturns the frame comes into contact with the ground and
helps support the tractor. This ensures a space for a clearance zone around the tractor’s driver. The

dimensions of this clearance zone are specified in OECD code 4 (OECD, 2017).

2.1.1. Design requirements

The principal functional requirement of the structure to be designed is to protect the user from falling
objects, in other words, it should have a performance allowing it to successfully pass the standardised
test delineated in code 10 (OECD, 2017). This means that the structure must completely cover and

overlap the vertical projection of the clearance zone surrounding the operator, which is specified in
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OECD (2017) code 4, and the clearance zone must not be penetrated by any part of the FOPS, nor by
the falling object during the impact. The existing two-post ROPS must not be modified at all. The
structure designed could be attached to the existing ROPS, but it must not modify its mechanical
properties, i.e. no welding to or drilling through the certified ROPS. The custom-designed structure

must not alter the operating space or the access to the driving position.

2.1.2. Evaluation of design alternatives

The architecture adopted for the proposed FOPS is a cantilever clamped on the two-post ROPS. It has
three main components: a horizontal roof plate covering the vertical projection of the clearance zone, a
frame supporting the roof plate, and an attachment system fixing the frame to the ROPS. For each
component, several design solutions were initially proposed. The selection criteria were determined

and then solutions were evaluated and/or compared according to these criteria:

a) Roof plate selection

The criteria used to choose the roof plate were: material resistance to impact, low weight, ability to
protect from weather conditions, ability to ensure good upward visibility, price and availability for
purchase. Five plate types were selected at this stage: a full steel plate, a polycarbonate plate, a
perforated steel plate, a perforated steel plate assembled with a polycarbonate plate and a ribbed steel

plate.

The roof’s length and width will vary depending on the tractor dimensions. The thickness of the roof
plates was selected at this stage. Dynamic finite element analysis using the ANSYS/LS-DYNA®
solver version 14.0 (ANSYS, Inc.,Canonsburg, PA, USA) was carried out to compare the resistance of
plates with different thicknesses. In the first stage, a finite element model was calibrated based on the
result of a real test, which consisted of a full-scale impact test on a steel plate using standardised test

energy (Fig. 2). In the second stage, drop test simulations were carried out on steel and polycarbonate
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plates of different thicknesses. This comparative study guided the selection of the plates to be used in

the full-scale drop tests during the validation process.

b) Roof frame

Frames formed of welded squared tubes were proposed and evaluated according to the selection
criteria. The main selection criteria were: easy to construct, light weight and ability to sustain the
impact test. The position of the impact point in the standardised test, according to OECD code 10, was
estimated for each solution. The impact point proximity to the tubes forming the frame was considered
as one of the stiffness indicators because, upon impact, it leads to a lower vertical displacement of the
roof plate. Figure 3 shows a simplification of the architectures studied. The frame selected is marked
(1); however, frame (5) is also considered an appropriate solution due to its special architecture; it

includes crossbars so it does not require an additional plate.

c) Attachment system

The main comparison criteria considered for the selection of the attachment system were: strength,
compactness and ease of manufacturing. The strength of the proposed solutions was evaluated by
performing static finite element analysis using the CATIA V5 software package (Dassault Systémes,
Vélizy-Villacoublay, France) (Fig. 4). This study concluded with a selection of an attachment system
based on a closed-angle bracket made of welded steel sheets (Fig. 5) bolted to the ROPS and frame. A
second comparative simulation study was conducted to size the attachment system of the solution
selected (thickness of the steel sheets, main lengths, etc.). Bolt specifications of the attachment system

and their tightening torque were determined at this stage.

The architecture of the FOPS, resulting from the design phase, is shown in Fig. 5.

2.2.FOPS performance evaluation and validation process

Several dimensional parameters of the FOPS are determined during the design process (e.g. most of

attachment system dimensions, dimensions of the frame tube sections); the other dimensional
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parameters, such as the roof frame and the plates’ external dimensions, vary depending on the tractor

and its ROPS dimensions. The validation process consists of:

* Identifying, in the case of elastic deformation, the influence of dimensional parameters related to
the tractor and ROPS dimensions on FOPS resistance;

* Identifying the values of these parameters corresponding to the worst cases, i.e. cases where
displacements and/or stress in an elastically deformed structure are maximum;

* Carrying out full-scale drop tests on structures built according to dimensions corresponding to the

worst cases and studying their behaviour and resistance to impact.

The impact energy of the standardised test results in, as reported below, plastic deformation. In the
structures studied herein, it was assumed that, for a group of similar structures having only a few
dimensional differences, the structure with the highest displacement value at the impact point during
the elastic deformation would continue to have the highest displacement value during the elastic-
plastic deformation. Therefore, displacements that were measured on the structures tested during the

impact determined the maximum displacement values in the structures with the same architecture.

2.2.1. Mathematical model

The mathematical model is established to identify the dimensional parameters influencing the values

of the structure displacements during the impact under the assumption of elastic strain:

a) Roof plate mathematical model

According to plate theory, vertical displacement, w, of a point p (& #) of a simply supported plate of
dimensions /Xxbxh, when applying a perpendicular static load, F, at p is given by the following

equation (Szilard, 2003):

F
k(¢m)

w({,n) = 6]

where

10
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48(1-1?) oo o sin?(mm{/1) sin?(nmn/b)
w2 ipERs Lm=12n=1 [(m2/12)+(n?/b2)]2 2)

k(,n) =

Under the assumptions that, during an impact with a rigid sphere, strains in the plate remain in the
elastic domain and there are no dissipative phenomena, the maximum displacement, wy, at the impact

point verifies the following relation (displacement due to plate mass is ignored here):

wy =194 (M) 4 5T )

As a result, roof plate deflection wy increases if length [ and/or width b of the plate increases and it

decreases when thickness, &, of the plate increases.
b) FOPS/ROPS skeleton mathematical model

In this mathematical model, ROPS and FOPS were taken into account. The attachment system was
considered as a rigid part. The FOPS/ROPS structure was modelled as a 2D structure consisting of two
beams connected by a rigid bracket (Fig. 6). The mass of the roof plate and frame was modelled by the
linear load applied to the horizontal beam. The linear mass density of the ROPS was not taken into

account in the model adopted. Point B was the vertical projection of the impact point.

The mathematical expression of total potential energy of the ROPS/FOPS skeleton, I, can be written

as follows:

= %qTKq —q'f 4)

q is the generalised coordinates and gives displacements, along x and y, and rotations, around z, of
beam sections A and B in the global coordinate frame: q = [Uxa Uya ®za Uxp Uyp Pzp]T.

The mathematical expressions of K and f are given in Eq. (24) and Eq. (25).

In the case of an impact on the skeleton with a falling rigid object, at point B, the maximum
displacements of the structure could be calculated under the assumptions of elastic strain from the
following expression, where T is the kinetic energy at the impact and qois the displacement of

structure in equilibrium state (Eq. (26)):

11
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T = %(QM —q0)"K(qy — q0) + (qy — q0)” [ Ailgl 5)

Impact energy, T, modifies all components of the generalised coordinates. To compare the roles of the
tractor and roll-bar geometric parameters on these variations, two cases were studied: case 1) was
based on the hypothesis that all impact energy is used to produce a vertical displacement at an impact
point, so only the fifth component of qm-qo is non-null; case 2) was based on the hypothesis that all
impact energy is used to produce a rotation of the roof around z on A, so only the third component of

qm-qo is non-null.

This study shows that vertical displacement at the impact point increases, essentially when the
distance of the impact point, (Ls-I), increases (Fig. 6). Rotation around z at attachment point A
increases when the distance of the impact point, (Ls-/), and the ROPS length, (Ls-/1), increase; the
area moment of inertia, I;4, and the area A4 of the ROPS tube’s cross-section decrease (Fig. 6). Stress
at section E increases when length (Lg-Ip) increases. At section A, stress increases when length Lg

increases.

2.2.2. Full-scale tests

The purpose of the full-scale tests was to validate the design parameters chosen and to obtain the
scope of validity of the designed structure. The scope of validity allows us to predict, depending on a
tractor dimensions and its ROPS dimensions, whether or not the designed structure will pass the
standardised drop test successfully. Energy at the impact for all the drop tests carried out is equal to
the energy in OECD code 10 (1365 J). The proposed design was validated in two steps: validation of
the FOPS roof, i.e. components covering the clearance zone (roof plate or crossbars), then validation
of the ROPS/FOPS skeleton, i.e. the components ensuring load transfer from the impact location to the

tractor chassis.

a) Tests on the FOPS roof

12
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Twelve drop tests on structures composed of a fixed frame holding different types of plates or
crossbars were carried out. A draw-wire displacement sensor was used, when possible, to measure
displacement below the intended impact point. The disadvantageous conditions, which lead to the
highest vertical displacement at the impact point, were adopted. These conditions are related to roof
dimensions and impact point position. The largest roof on a tractor is estimated and selected, 1.8 m
long, 1 m wide, and the position of the impact point giving the greatest displacement of the plate or
crossbars is determined, the centre of the unsupported rectangle. The roofs tested were composed of a
frame supporting the following types of plates or crossbars:

e Structural steel S235JR sheet, 1.5 mm thick,

* Perforated mild steel sheets, type R20T28 DIN24041, 46.28% open area, 3 mm thick,

* Perforated mild steel sheets, type R20T28 DIN24041, open area 46.28%, 2 mm thick,

* Polycarbonate plate Makrolon [l GP, 8 mm thick,

* Polycarbonate plate Makrolon 10 GP, 5 mm thick,

* Ribbed steel sheet, roofing sheet, 0.75mm thick,

* 5-mm polycarbonate plate Makrolon [J GP superimposed on a perforated mild steel plate 2 mm
thick, type R20T28 DIN24041, 46.28% open area and

* Structural steel S235 crossbars profiled in L 40 x 40 x 3 mm spaced 190 mm, 95 mm, 142 mm, 166
mm and 179 mm apart.

b) Tests on the structure’s skeleton

The strength of the attachment system was checked through four full-scale impact tests. The
disadvantageous conditions which maximise mechanical stress in the attachment system during an
impact were studied. Two strategies were considered: 1) maximising energy transmitted to the
attachment system during impact by minimising the energy employed in deforming the roof and the

ROPS or 2) maximising the loads applied at the attachment system during impact.

Based on the mathematical model, the following were deduced and adopted in the different impact
tests: 1) to minimise strain energy of the roof plate, the plate thickness, /, was maximised and the
impact point was selected very close to the roof frame, i.e. /7 is almost zero; 2) to minimise the strain

13
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energy of the roof frame, the length (Lg-/) was minimised by placing the impact point very close to
the attachment system; 3) to minimise the strain energy of the ROPS, the height (La-/y,) was
minimised; 4) to maximise the torque applied to the attachment system, the distance between the
impact point and the attachment system, (Ls-/p), was maximised and the mass of the roof was

increased by maximising the roof dimensions.

The previous points were considered through four impact tests. The structures tested had reduced-
height rollbar ROPS, a 2-mm-thick structural steel roof plate, maximised roof dimensions (1.8x1 m).
Two sections of ROPS tubes were used in the structures tested: (25 x 25 x 3 mm) and (100 x 50 x 3
mm), which gave two different depths for the prisms of the attachment systems. For each section two
impacts, on two different points of the roof, were carried out: the point nearest the attachment system

and the farthest point.

The behaviour of the ROPS/FOPS skeleton during impact was studied through three full-scale tests. In
these tests, the impact point was positioned in the middle of the plate’s unsupported rectangle (Fig. 7).
The first impact test was carried out on a structure with the same dimensions as one of those used
previously (i.e., the reduced-height ROPS, the ROPS section measuring 100 x 50 x 3 mm, the roof
measuring 1.8 x 1 m). The objective of this test was to validate the roof frame design parameters and
to estimate the roof vertical displacement during the impact without taking into account ROPS
displacement. For the two other tests, the disadvantageous conditions, which lead to the highest
vertical displacement of the ROPS/FOPS skeleton during impact, were considered. These conditions
maximise [uysm- Uypo| and |§,am- §.a0|- To estimate the extreme values of dimensional parameters La,
L, Aa and 1,4, a sample of 12 in-service tractors was studied and ROPS/FOPS were dimensioned for
these tractors. From this study, the following values were found and used for the structures tested: the
highest ROPS posts were about 2 m, the largest ROPS was less than 0.82 m, the longest roof was less
than 1.2 m, the smallest ROPS tube section was 80 x 50 x 3 mm and the average tube section was 100
x 40 x 4 mm (the second moment of area about the z-axis is considered to obtain the average cross-
section). Two ROPS/FOPS structures were built respecting these extreme values. ROPS tube section

of one of these structures was 80 x 50 x 3 mm and of the other was 100 x 40 x 4 mm. Structural steel

14
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S235 was used for rollbars and frame tubes, and for the roof plate, the frame tube dimensions were 40
x 40 x 2 mm, the roof plate thickness was 1.5 mm. For each test, four draw-wire sensors were used.
Two sensors were attached to the farthest corners of the roof to measure the maximum vertical
displacement of the structure during impact and the other two sensors were attached to the highest

corners of the ROPS to measure the rollbar horizontal displacement.

3. Results and discussion

3.1.Full-scale test results

The results obtained and the decisions made based on full-scale tests are presented below.

3.1.1. Roof test results

Drop tests on different types of plates and crossbars (Fig. 8) showed that the most suitable roofs to
pass the standardised drop test, without breaking down or significant damage and with moderate
vertical displacement at the impact point, were those equipped by a 1.5-mm structural steel sheet, a 3-
mm perforated steel sheet type R20T28 DIN24041 with a 46.28% open area, a 5S-mm polycarbonate
plate superimposed on a perforated steel sheet 2 mm thick and crossbars spaced 166 mm apart. During
these tests, the displacement measurement by the draw-wire displacement sensor was not always
successful. Based on a few successful measurements and by comparison, the maximum displacement

at the impact point for these four roofs was estimated to be < 120 mm.

3.1.2. Structure skeleton test results
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The tests carried out on the attachment system showed that the attachment system designed was very
resistant to impact and its plastic deformation is negligible compared to other deformations of the roof
and ROPS. The triangular dimensions of the attachment system, materials, and the mounting used in
its construction, should be adopted to be used for all new FOPSs. The only dimension which will
change from one FOPS to another is the depth of the triangular prisms to fit different ROPS tube

dimensions.

The tests on the structure’s skeleton showed the following:

* During impact, the horizontal displacement of the ROPS for the three structures tested remained in
the elastic domain. Its maximum value, observed on the structure with the smallest ROPS tube section

(80 x 50 x 3 mm), was roughly +37 mm (Fig. 9).

* During impact, roof frames underwent elastic-plastic deformation. After impact, the roof frames
had a permanent downward inclination (Fig. 10). For the three structures tested, this inclination angle
was less than 10.2°. Despite this result, the dimension of the frame tube section (40 x 40 x 2 mm) was
adopted for all new designed FOPS.

* Although the displacement sensors were not always effective for measuring the vertical
displacement during impact (wire breakage, rewinding acceleration slower than the structure

movement during shock, etc.), a maximum inclination angle during impact was estimated to be < 18°.

3.1.3. Limits of the validity of the proposed FOPS

The proposed FOPS was designed to fit on tractors which have, or may have, two-post ROPS of a
specific family. These ROPS, which are proposed by Irstea software, are made of welded rectangular

steel tubes. ROPS posts could be tilted towards the tractor rear at an angle of 15° maximum.

To fit the designed FOPS on an in-service tractor, the following dimensions must be determined

according to the tractor and its ROPS dimensions:

* The length of the roof must cover the horizontal projection of the clearance zone,
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* The width of the roof must be equal to the ROPS width,

* The depth of the prism of the attachment system must be equal to the width of the ROPS tube,

*» The angle of the ROPS posts to the vertical determines the angles of the prism to obtain a

horizontal roof.

The limits of the validity of this FOPS design are derived from the choices made during the validation
procedure and from the test results. For a tractor to be eligible to be fitted with the proposed FOPS, the

following conditions must be verified:

* The tractor ROPS must have an area moment of inertia of its cross-section greater than the 80 x 50

X 3 mm tube;

* The ROPS height must be less than 2 m;

¢ The ROPS total width must be less than 0.82 m;

* The length of the rectangle covering the vertical projection of the standardised clearance zone,

measured from the top of the ROPS, must be less than 1.2 m.

From this study it can be deduced that, if the above conditions are valid, a custom-designed FOPS
respecting the design parameters adopted and validated in this study (i.e. roof materials, roof plate
thicknesses, roof frame tube section, attachment system material, dimensions and mounting, etc.) will

undergo deformation during an impact test according to code 10, which verifies that:

* The vertical displacement of the roof plate at the impact point remains below 120 mm and

* The inclination of the roof with respect to the horizontal remains below 18°.

A FOPS following this design will pass the standardised drop test and will not penetrate the clearance
zone during impact, if the vertical projection of the line connecting the top of the ROPS to the front
part, capable of supporting the tractor when overturned (point M in Fig. 11), has an angle, y, greater

than 18°. This line, according to rollbar design, is always outside and above the clearance zone.
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3.2.FOPS implementation guiding tool

The custom-designed FOPS was implemented on a David Brown 850 tractor (Fig. 12). The
manufacturing steps and instructions related to manufacturing are described in a guide to be used by
farmers wishing to install the FOPS on their tractors. A computer tool was implemented to guide users
in dimensioning FOPS appropriate for their tractors. With this computer tool, the farmer needs to input

data related to the tractor and the existing ROPS to obtain drawings of the FOPS parts to produce.

4. Conclusions

Depending on the use of agriculture tractors, the safety regulations require the presence of FOPSs. For
tractors in service, there is no currently available method to evaluate the performance of a designed
structure other than the standardised destructive test. In this study FOPSs are proposed for tractors that
do not have this type of protection. The proposed structures are able to pass the standardised test
successfully. A design process and a verification process were conducted to ensure that the proposed
structure’s performance is equivalent to the performance of certified structures. The design process
was based on the systematic choice of optimised design solutions. The validation process was based
on full-scale impact tests carried out on few structures fulfilling the most challenging conditions. The
test results provide the scope of validity for the proposed structure. Knowing the dimensions of a
tractor, and the type and dimensions of its ROPS, a computer tool can be used to determine whether a
secure FOPS can be recommended for this tractor. In this case, drafts can be produced to guide the
user through the manufacturing of the FOPS.

This study focused on tractors in service that have, or could have, two-post rear ROPSs designed using
the Irstea software (Irstea, 2004). In an upcoming study future perspectives will be explored
examining FOPS for all tractors in service that do not have this protective structure but especially
those having two-post rear ROPS with a different architecture. A computer tool to guide the sizing and
manufacturing of FOPS, for all tractors in use, will be finalised and proposed to farmers and owners of

agriculture tractors.
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Appendix

FOPS/ROPS skeleton mathematical model

In this mathematical model, ROPS and FOPS skeletons are taken into account. The attachment system
is considered as a rigid body. The FOPS/ROPS structure is modelled as a 2D structure consisting of
two beams connected by a rigid bracket (Fig. 13). The FOPS plate is modelled by a linear force
applied to a horizontal frame. Point B is the vertical projection of the impact point. Only the part of the
frame attached to the rollbar, backward the impact point, is considered. The part removed is replaced

with a vertical force f and a torque t around the z-axis.

Let pa be the area density of the roof plate and A the linear mass density of the roof frame tube, then

the absolute scalar values of linear effort, p, of force f and of torque ¢, (Fig. 13), are:
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p=g(A+bps/2) (6)
f=g(Lc-Lg)bpa/2 (7)
t=g(Lc-Ls)’bpa/4 3)

The linear mass density of the ROPS is not taken into account in the model adopted; its influence on

the vertical displacement of point B is considered small compared to the influence of the other loads.

The total potential energy of the ROPS/FOPS skeleton, I1, is calculated as the sum of elastic strain
energy, stored in the deformed beams, U, and the potential energy associated with the forces applied,
V. The elastic strain energy of the beams OA and EB, which represent the ROPS and the FOPS,

respectively, is:

U= uf R'K,Ru, + [EE]T Ke[y]

w ©)

where:

* w4, up and ug give the displacements and the rotations for the beam sections A, B and E in

the global coordinate frame:

w,=lu, w, @] (10)
w, =y, u, g.f (11)
uBz[uxB Up ¢zB]T (12)

* K, is the stiffness matrix of the beam OA given in its local coordinate frame:

Ay 0 0
[O 121,44 —6l44 ]
Ki=—24—| " (a-tpa)? (Ca=la) (13)
(LA—lfa)l _6IZA
0 atsa) 41,4
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* The rotation matrix R allows transforming the stiffness matrix of OA into the global

coordinate frame:

R =

0

* Kc is the stiffness matrix of the beam EB given in the global coordinate frame:

K, K
K, = {K E KEB
BE B

_AC
_ __Ec
E™ (Lg-1pp)
_AC
Ec
K. =
B (Lg-tsp)
0
K Fc

E3=m[

—sinf@ cos@ 0]

—cosfd —sinf 0

1

|

with K, =KJ,.

0 0
121,¢ 61,c
(Ls-tsp)°  (Le=lsp)
6l,c
(LB—lfb) 4IZC i
0 0
121,¢ —6l,c
(Le—lsp)*  (LB=lrp)
—6l,c
(LB—lfb) 4IZC i
“A. 0 0
—12I,¢ 6l,c
(LB—lfb)z (LB_lfb)
—GIZC
21
(Lp=lsp) z¢

l,

(14)

(15)

The potential energy associated with the forces applied to the structure is calculated as the sum of the

potential energy associated with the efforts applied at the horizontal beam and the gravitational energy

of the attachment system:

T
u
V:{ E} p-uyf, —m ugg

Up

(16)
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f,=[0 —f —t]",g=[0 —g 0] and ugc gives the displacements of the vertical projection of

the centre of mass, G, of the attachment system.

The points A, E and G belong to the same rigid body. Let d¢ be the vector GA of the non-deformed

structure, then:

uxG MxA
= +1-R (17)
M M h-r, ),

For small deflections the previous relation could be written as:

U, uxA 1
U U, ¢Z‘{ 1 O} (18)

The vector ug could then be written as a function of ua:

1 0 dg
=10 1 -d; u,=D,u, (19)
0 0 1

By applying the same reasoning on E, the following relation is obtained:

d

0 y
1 -d, u,=D,u, (20)
0 1

The total potential energy, I1, of the structure is obtained by adding Eq. (9) and Eq. (16). Replacing ug

and ug by the relations of Eq. (19) and Eq. (20) gives:

T[T
D 0 D 0 Uy
1‘[:_ TRTK,R E 3x3]K [ E 3><3] _
Uy A UA+ [B] 03><3 13 Cc 03)(3 13 [uB]
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Let the generalised coordinates, ¢, be the vector

u
q :{ A} (22)
uB

The total potential energy, I, of the structure can be written as:
n=lq"Kq— q'f @

where

R'K,R 0 03x3]",, [Pz O
K= A 3><3] [ 3x3] K E 3x3] 24
Osxs Osxsl 1033 05 15 &4
T T
and f= [ DE 03X3] p + [meGg:| (25)
033 13 fp
The displacement of the structure in equilibrium state, given by (o, is obtained when:
90— 0 and therefore
oq
K qo=f (26)

In the case of an impact on the skeleton with a falling object, at point B, the maximum displacements
of the structure could be calculated under the following assumptions: the strain of the structure
remains in the elastic domain during the impact; the falling object is a very rigid non-deformable
body; the kinetic energy, 7, of the falling object, at the moment of impact, is entirely converted into
strain energy upon impact (i.e. there are no dissipative phenomena). The mechanical energy of the
structure+falling object system is then conserved during impact. Mechanical energy at the instant of
impact and at the instant of reaching the maximum displacement, qu, is expressed. It gives the

following equation:
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g

This could be written as:

T = %(QM — qo)"K(aw — qo) + (qu — q0)” [

0351
Mg
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)

(27)

(28)
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Figure Captions

Fig. 1- Tractor with a ROPS designed following the Irstea method (Irstea, 2004)

Fig. 2 - Structure and model used in the full-scale and simulation drop tests at the roof plate selection stage

Fig. 3 - Proposed frames with vertical projection of clearance zone (dashed line) and position of the impact point (circle)
Fig. 4 - Model used in simulation study for choosing attachment system architecture

Fig. 5 - FOPS architecture

Fig. 6 — (a) 2D modelling of FOPS/ROPS skeleton (segment OD is the ROPS post, DC is the FOPS frame, ADE is the
attachment bracket and B is the impact point), (b) vertical displacement at B (in m) as a function of the impact point position
(in m), (c) rotation at A (in degrees) as a function of the impact point position (in m), (d) rotation at A (in degrees) as a
function of ROPS height (in m), (e) rotation at A (in degrees) as a function of ROPS tube section area (in m?), (f) rotation at

A (in degrees) as a function of area moment of inertia of the ROPS tube’s cross-section (in m*)
Fig. 7 - Structures, impact point and sensor wire attachment position for ROPS/FOPS skeleton tests

Fig. 8 - Drop tests on FOPS roof, roofs equipped with (a) 1.5-mm steel sheet, (b) ribbed steel plate, (c) 3-mm perforated steel
sheet, (d) 5-mm polycarbonate plate, (e) S-mm polycarbonate plate superimposed on 2-mm perforated steel sheet, (f) 2-mm

perforated steel, (g) 8-mm polycarbonate plate, (h) crossbars spaced 190 mm apart and (i) crossbars spaced 179 mm apart
Fig. 9 - Horizontal displacement of ROPS during impact (ROPS tube section 80x50x3mm)
Fig. 10 - FOPS deformation after the impact

Fig. 11 - Schematisation of a tractor with its clearance zone (dotted line); M is the front point capable of supporting the

tractor when overturned
Fig. 12 - Tractor equipped with the custom-designed FOPS

Fig. 13 - Static loads applied to the structure studied and the clearance zone (grey area)
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