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CHAPTER

1

Introduction

1.1 General background and motivation

Fisheries and aquaculture remain important sources of food and income for hun-
dreds of millions of people around the world (FAO, 2016). However, despite all
the progress in reducing overfishing in the last years, several species are still being
caught at unsustainable levels: 31.4 % of fish stocks in 2013 were estimated as fished
at a biologically unsustainable level and therefore overfished (FAO, 2016).

Thus, to ensure high long-term fishing yields for all stocks and reduce unwanted
catches, it is necessary to manage fishing fleets and conserve fish stocks. For this
purpose, the Common Fisheries Policy (CFP) introduced a fisheries manage-
ment policy (The European Parliament and the European Council, 11th December
2013). Fisheries management includes technical measures to regulate gear usage
and where and when fishermen can fish. According to the CFP (The European
Parliament and the European Council, 11th December 2013), technical measures
can largely be grouped into measures which aim at: limiting catches of small fish
(intra-species selectivity), limiting catches of unwanted fish species (inter-species
selectivity), limiting catches of protected species (inter-species selectivity), and lim-
iting or preventing damage to parts of the ecosystems. The selectivity of fishing
gear is its ability to catch only the targeted fishes. To reduce the catch of juvenile
fish or unwanted species, the CFP regulates the design and other technical charac-
teristics of the gear (Weissenberger, 2 June 2014). Particularly, the CFP regulates
the mesh size to allow smaller fish to escape. However, the mesh size is not the only
parameter which determines the catch of one gear. Indeed, the mesh opening varies
during a fishing operation, it depends on forces applied on the net (catch, currents,
speed of the vessel, towing regularity) and on the twine material: the mesh opening
depends on the mesh resistance to opening.

The mesh resistance to opening is defined as the relation between the opening
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of the mesh and the forces applied on it. Currently, there is no simple methodology
for the evaluation of this parameter that could be the basis of regulations for fishing.
Indeed, the mesh resistance to opening, that depends on several parameters, is quite
difficult to evaluate.

Existing methods for the evaluation of the mesh resistance to opening of nets
are based on the solution of the inverse identification problem. The inverse
identification method consists in finding the inputs of the numerical model, based on
the experimental force-displacement responses and the boundary conditions (Uhl,
2007). In case of this study, the searched inputs have to be related to the mesh
resistance to opening.

The mechanical structure of twines constituting netting is complex. A netting
sample can be described as an assembly of meshes, and the meshes can be considered
as assemblies of mesh sides and possibly knots (Fig. 8.1). Several model approaches
are possible, depending on the studied basic element: the netting sample, the mesh
or the mesh side.

one braided twine

two knots
one mesh linked by
one mesh side

netting

Figure 1.1 — Netting is an assembly of meshes, made up of mesh sides and knots.

Priour (2013), O’Neill (2002) and De la Prada and Gonzales (2013) proposed
to model the force-displacement response of one mesh side. By considering that a
mesh side behaves like a beam (O’Neill (2002), Sala et al. (2007), De la Prada and
Gonzales (2014), Priour (2013)), the bending stiffness of the mesh sides appeared
to well represent the mesh resistance to opening. Indeed, it was shown that an
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increase in twine bending stiffness increased the mechanical resistance of meshes to
opening (Sala et al., 2007). Moreover, the influence of the netting bending stiffness
on trawl selectivity was demonstrated (Boerema, 1956).

Then, the strong influence of the codend on the trawl selectivity was demon-
strated (Robertson and Stewart, 1988), even though selectivity in other parts of
trawls is increasingly taken into account (Broadhurst et al., 2015). Previous studies
showed how the bending stiffness of mesh sides affects the mechanical behaviour,
thus the selectivity of codends (Herrmann et al., 2006; Sala et al., 2007). Likewise,
Moderhak (2007) theoretically demonstrated how changes in the mesh size and the
bending stiffness of mesh sides can impact the shape of a codend and its selectiv-
ity. From a theoretical investigation, O'Neill (2003) demonstrated how an increase
in twine bending stiffness reduces the diameter of the codend and thus the lateral
mesh opening. Bending stiffness may be of significant effects on fish farms: during
aquaculture pens towing, the netting sheets parallel and near parallel to the flow
experience significant vibration, which in parts is determined by the netting bend-
ing stiffness (Johnson and Balash, 2015). Furthermore, bending stiffness is a critical

factor to ensure accurate model-test drag measurements on trawl nets (Balash et al.,
2016).

Considering these points, and the fact that codends are made from stiffer ma-
terials (Herrmann et al., 2006, 2013), it is worthwhile to be able to measure the
bending stiffness of mesh sides in fishing nets and in particular in trawl codend nets.

Models and methods were already proposed for the evaluation of the bending
stiffness in fishing nets. The best established methods were based on the beam
theory (Sala et al., 2007; De la Prada and Gonzales, 2013; Priour and Cognard,
2011). Nevertheless, the existing methods did not allow the identification of the
mesh resistance to opening with a simple method or did not take sufficient account
of the complexity of the mechanical behaviour. The method presented in Sala et al.
(2007) required a complex and expensive device. De la Prada and Gonzales (2013)
proposed a method based on suspending tests, but strong assumptions were made.
Moreover, the identification strategies of Sala and De la Prada were questionable be-
cause of correlations between geometrical parameters. Balash (2012) used the beam
model of O’Neill (2002) with its limits. Finally, the method proposed by Priour and
Cognard (2011) required closed mesh netting and did not take into account the size
of the knots.

1.2 Objectives

The objective of this thesis is to develop and assess a methodology for the eval-
uation of the mesh resistance to opening in fishing nets, and more broadly,
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in netting structures. This thesis aims at proposing a simple experimental test that
does not require expensive devices to be easily spread in laboratories and in the
fishing industry, a simple test combined with a numerical model able to represent
the non-linear mechanical behaviour of a tested netting panel. As in the existing
methodologies, the inverse identification should be used: the bending stiffness of
the model should be adjusted so that the results of the numerical simulations fit the
results of the experiments.

1.3 Outline of the thesis

This manuscript is divided into five chapters. In the the first chapter, we present
the existing methods for the assessment of twine bending stiffness. First, three
numerical models for the deformation of a mesh side are presented: the analyti-
cal model of O’Neill (2002), the fitting model of De la Prada and Gonzales (2013)
and the finite triangular element model of Priour (2013). Then, four experimental
methods to evaluate the bending stiffness are presented: the method based on the
ROD-m prototype of Sala et al. (2007), the suspension of a cylindrical sample of
Balash (2012), the simple suspension of a netting sample of De la Prada and Gon-
zales (2014), and the cantilever netting of Priour and Cognard (2011). Finally, the
presented models and experimental methods are discussed.

The second chapter deals with the experimental method, used and devel-
oped by this thesis, and the netting samples. Three types of experiments were
performed to evaluate the bending stiffness of twines: a uniaxial tensile test on a
classical testing machine, a suspending test of the same type as De la Prada and
Gonzales (2014), and a biaxial test close to the one of Sala et al. (2007). A large
range of fishing nets commonly used in trawl codends were tested: four materials
(three types of polyethylene, polyamide), single and double mesh sides, three sizes
of panel (3x3-, 4x10- and 5x25-mesh panels), and a range of mesh side lengths (30,
40, 50 and 60 mm). Finally, the axial stiffness of a polyethylene twine was assessed.

With the third chapter, the experimental results are given. The objectives
of this chapter are to present the mechanical behaviour of netting samples and to
compare the results obtained with the three types of experiments. Moreover, the
deformation in netting samples and the variation in the results are shown.

The fourth chapter describes the numerical methods developed during this
thesis. First, four models based on the beam theory are presented: a quasi-analytical
model for mesh sides, the Timoshenko beam model in the Abaqus Standard Soft-
ware tool, a finite element model based on corotational 2D beams and a bar element
model. Then the inverse identification methods are explained. Regarding the ex-
isting methods for the assessment of the bending stiffness of mesh sides in netting
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panels, the possible advantages of finite element methods are shown in the following
chapter, particularly using the proposed bar element model.

In the fifth chapter, the numerical results are presented and discussed. First,
the bending stiffnesses identified by assuming a diamond shape for the meshes are
presented. The influence of parameters on the numerical bending stiffness is studied:
the viscosity of the material, the force applied on meshes, the opening of meshes, the
size of samples, and the boundary conditions. Regarding the results, it was decided
to model the size of the knots using hexagonal meshes. The results with hexagonal
meshes are presented and discussed.

Finally, the manuscript finishes with a conclusion aiming at presenting an as-
sessment of the results presented in the manuscript, a discussion about the validity
of the proposed method and suggestions for further work.

A part of this thesis was submitted and accepted for publication by the "Ocean
Engineering" journal (Morvan et al., 2016).

1.4 Major contributions of this thesis

» Uniaxial tensile tests, suspending tests and biaxial tensile tests were performed
on a large range of netting samples: two materials (polyethylene or polyamide),
two kinds of mesh sides (single or double twine), three sizes of panels (3x3-,
4x10- and 5x25-mesh panels).

e The mechanical behaviour of netting samples was revealed by experimental
results and taken into account for the evaluation of the bending stiffness in
netting panels.

o A finite element model using bar elements and based on the beam theory was
developed. A tool was developed to simulate, using this finite element model,
the tests on netting samples and to identify, using inverse identification and
the experimental results, the bending stiffness in netting panels. The model
captured the heterogeneous deformation field of the netting samples during
the suspending tests.

o A methodology for the evaluation of the mesh resistance to opening was pro-
posed and assessed. It was based on a free of rights finite element model
and a simple non-expensive experimental setup. Measurement methods were
proposed to avoid inconsistencies in the identification results coming from
correlations between some parameters.
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2

Existing methods for the
assessment of twine bending
stiffness

2.1 Models for the netting mesh

Priour (2013), O’Neill (2002) and De la Prada and Gonzales (2013) proposed to
model the mechanical behaviour of mesh sides.

2.1.1 Model of Priour

Priour (2013) modelled a mesh by 4 elastic articulated bar elements, linked with
springs in the T-direction (Fig. 2.1). In one mesh, the four bar elements modelled
the tensile elasticity of the four mesh sides and the springs modelled the bending of
the mesh sides.

Priour assumed that the couple between two consecutive mesh sides in the T-
direction varies linearly with the angle o in the netting:

C=H(a— ) (2.1)

with a the angle between two consecutive mesh sides in the T-direction in the
deformed mesh, oy the angle between two consecutive mesh sides in the mesh at
rest, and H a constant representing the mesh resistance to opening (N.m/Rad).

2.1.2 Analytical solution of O’Neill

O’Neill (2002) assumed that the mechanical behaviour of a mesh side during the
mesh opening was identical to the one of a beam subjected to bending.
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knot

mesh side

/
o

Figure 2.1 — Model of Priour. A mesh modelled by 4 elastic articulated bars linked
with springs. H is a constant factor, characteristic of the spring and leading to
a couple proportional to the difference (o — o), with a the angle between two
consecutive mesh sides in the T-direction.

Assumptions

First, O’Neill assumed that the bending moment M, at each point along a mesh
side, is proportional to the curvature x of the twine at this point. The proportional
coefficient is the bending stiffness E1:

M =EI &k (2.2)

Then, the slope angle of the mesh side near the knot was assumed fixed during
the deformation (Fig. 2.2).

—===Initial mesh side
——— Deformed mesh side

—|— Knot

Lo

Figure 2.2 — Analytical solution of O’Neill. The slope angle 6, of one mesh side near
the knot was assumed fixed during the deformation.
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Finally, the twine was assumed inextensible. Whatever the axial force in mesh
sides, the mesh side length stays the same.

Equation
In the case of a beam subjected to bending, O’Neill had:
EI00 —-C

s = T—I—ufy—vfx (2.3)
gz = cos(0) (2.4)
(;Z = sin(O) (2.5)

with:

« EI the bending stiffness [N.m?]

o [ the length of the twine [m]

« s the scaled arc length along the twine (s € [0, 1])

« O(s) the slope angle of the twine at the scaled arc length s [—]

u(s),v(s) the normalized spatial coordinates ([x,y] = [lu, (v])

fz, fy the forces components at each end of the twine [NV]

+ C the couple at each end of the twine [N.m)]

Concerning the boundary conditions, one end of the twine was fixed and the slope
angle 0 near the ends of the twine was fixed and was equal to 6, (0(0) = 0(1) = 6y).
Analytical solution: method of matched asymptotic expansions

To approximate the analytical solution of Equation 2.3, O’Neill used an asymptotic
method, the "MAE" method (method of Matched Asymptotic Expansions). This
method is particularly used to solve singular problems for which the solutions change
rapidly in a narrow region.

First, O’Neill modified the equation of the problem to solve.

He substituted some variables in Equation 2.3:

. &= EBI/(°f)

d f: \/f:v2+fy2



Chapter 2. Existing methods for the assessment of twine bending stiffness

Figure 2.3 — Forces and couple applied on a twine. Reprinted from O’Neill (2002).

« c=C/(lf)
» B=tan"'(f,/f.)
e I'=0-p

o X =wcos(f)+ vsin(pf)
e Y = —usin(f) + vcos(f)
We will see later that e is quite important in the solution proposed by O’Neill.

¢ is large when the bending stiffness ET is large relatively to (*f (square of twine
length multiplied by the force value).

Equations (2.3, 2.4, 2.5) became:

,0r

€y = c+Y (2.6)
0X
Hs = cos(I") (2.7)
ay
v sin(I) (2.8)

10
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Equation (2.6) gave, after derivations:

or 0 or 0 0T )4
201 9 [20t) _ 9 2071 dF
Eas C+Y§88 (6 6’5) 85(C+Y):>6852 0s
Thus:
0°T _
eQw = sin(I) (2.9)

Some analytical solutions to this system were derived by O’Neill in terms of
elliptical integrals of the first and second kind. According to the author, these solu-
tions were not convenient and the resulting relationship between the deformation,
the bending stiffness and the boundary conditions were not very informative.

Thus, O’Neill used the MAE method to approximate the solution when the value
of € is small. Different asymptotic solutions were constructed, outside ("outer" so-
lution) and inside ("inner" solution) the region of rapid change of I', and "matched"
to establish a solution valid on the whole domain (mesh side).

Outer solution

The outer solution is used in the region of slow change, that means far from the
ends of the twine.
In this case, O’Neill assumed that € = 0, and it was solved by neglecting the bending
stiffness.

Equation 2.9 became 0 = sin(I"), and:

Tin(s) = 0 (2.10)
Din(s) = s (2.11)
Win(s) = 0 (2.12)

Iin, ®;n, and ¥;, were respectively the outer solutions of v, X and Y.

I';, = 0 was obtained, which was equivalent to ©® — § =0, or © = 3. In other
words, the twine was straight in this region. But the boundary conditions at the
ends were not taken into account (6 = ©(0) = O(1) # Oy).

11
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Inner solution

The inner solution was used in the region of rapid change, that means close to
the ends of the twine.

First, the boundary condition on the left was considered, that means when s
was close to 0. For that, a new gauge (boundary-layer coordinate) was introduced:
A = s/e. A was also called fast variable (by opposition to s, the slow variable). By
fixing A, the region near s = 0 was stretched as ¢ became small.

O’Neill also made the following changes:

e & =X/e

e U, =Y/e

o 1 = I with n;(\) negligible near s = 1, so n;(c0) = 0.

And the boundary conditions limits were: ®;(0) = 0, ¥;(0) = 0, n,(0) = I'(0)
and 7;,(c0) = 0.
By using substitutions, integrations and derivations, O’Neill obtained:

O(N) = A— QCOS(%) + 2003(F<20>) (2.13)
T, (\) = -QQHC§>+2“”H¥f5 (2.14)

The same method was used for the inner region on the right (s close to 1), by
defining a new gauge: 0 = (1 — s)/e. The values of u(1) and v(1) were not known,
so a constant parameter was used, and O’Neill found:

n-(0) = 4arctan(tan FEE) exp(—o)) (2.15)
&,(0) = —a+2cos(%) (2.16)
V(o) = zsm(%’“) (2.17)

Matching inner and outer solutions

The two previous solutions were validated in two different domains. To get a
solution for the whole twine, O’Neill superimposed the inner and the outer solutions:

 I'(s) = m(s) +nr(s) + Tin(s)

12
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o X(5) = eDy(s) + €Pr(s) + Pin(s)
o Y(s)=eV(s)+ eW,(s) + V;n(s)

Finally, by making the following inverse changes of parameters z(s) = X (s)cos(f)—
Y (s)sin(B), y(s) = X(s)sin(B) + Y (s)cos(8) and © = I' + 3, O'Neill found the
asymptotic solution of Equations (2.3), (2.4) and (2.5).

O’Neill obtained:

2(s) = s cos(f) +2e{cos 9(0);6 — cos (”’(S) +6> + cos (Ms) +5> - COSB} (2.19)

y(s) = s sin(B) + 2e {sin @(0); b _gin <’”(S) + 6) + sin (”"(S) + B) - sin,B} (2.20)

2 2
With: o(0
m(s) = 4 arctan(tan (zl_ﬁ exp(%s)) (2.21)
n-(s) = 4arctan(tan @(11_ b exp(s ; 1)) (2.22)

The author showed that the solution was very accurate when e < 0.2.

2.1.3 Timoshenko beams of De la Prada

In order to propose a method which should not depend on a commercial software
tool, De la Prada developed three force models based on interpolation of force-
displacement responses obtained with a commercial finite element model (De la
Prada and Gonzales (2013)).

Method

The twine was modelled as a two-dimensional beam clamped between two knots.

The force-displacement response of the beam was obtained using the finite ele-
ment method. The beam was discretized with 20 quadratic three-dimensional beam
elements based on the Timoshenko beam theory (Fig. 2.4).

To obtain the force-displacement response, De la Prada performed a series of
simulations. For each simulation, one end of the twine was subjected to a displace-
ment, and the force response was calculated.

De la Prada introduced the dimensionless force component f and the dimension-
less radial coordinate 7: 12

f= FE[ (2.23)

13
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o

Po

Figure 2.4 — Finite element model of a twine, deformed and not deformed. Reprinted
from De la Prada and Gonzales (2013).

_R
L

r (2.24)

with F' the force applied at P1 (Fig. 2.4), L the length of the unstretched twine,
ET the bending stiffness, and R the distance between the two ends of the deformed
twine (Fig. 2.4). The dimensionless force components f, and fp were defined as f
with the force components F,. and Fg respectively.

She also used dimensionless cartesian coordinates z and y:

z = (2.25)

Y= (2.26)

with X and Y the cartesian coordinates of P1 (Fig. 2.4) and L the length of
the unstretched twine.

S ]

Model 1: polynomial surface fitting

In case of polynomial surface fitting, De la Prada proposed to obtain two polynomial
surfaces of the force-displacement response previously calculated using a finite ele-
ment model. The first surface represented the radial component f, of the calculated
force as a function of the position of the displaced end of the twine (r, cos(®)); and
the second surface represented the tangential component fe as a function of the
position of the displaced end of the twine (7, cos(®)) (figure 2.5).

14
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F e Yeos(0) T e aw T eos(o)
Figure 2.5 — Dimensionless force-displacement responses of a twine with axial rigidity
EA = 500N, as a function of the position of its end point (r,cos(®)). r is the
dimensionless radial coordinate. (a) dimensionless radial component f, and (b)
dimensionless tangential component fs. Reprinted from De la Prada and Gonzales
(2013).

De la Prada used a least squares regression to calculate the surface.
This method is, according to De la Prada, accurate and easy to implement.

Model 2: spline surface fitting

The beam model described in Fig. 2.4 being a conservative system, De la Prada
proposed to fit the potential energy of the system, and to evaluate the forces using
the obtained gradient force field.

To get a more accurate force field, De la Prada used a spline interpolation pro-
viding much better fitting than polynomials.

The dimensionless potential elastic energy v was defined as a function of the
potential elastic energy V', the length of the twine at rest L and the bending stiffness
Elr:

L
=V— 2.27
v=V_r (2.27)
The method used to obtain the force-displacement response also allowed De la
Prada to obtain the dimensionless potential elastic energy v, represented by Fig.
2.6 for a twine with an axial stiffness EA = 500N. According to De la Prada, in the
case of a bigger value of the axial stiffness, the shape of the surface did not change,

but its gradient value increased.

15
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Figure 2.6 — Dimensionless potential elastic energy v of a twine with an axial stiffness
EA = 500N, as a function of the position of its end. r is the dimensionless radial
coordinate. Reprinted from De la Prada and Gonzales (2013).

The surface representing the dimensionless elastic energy v of a twine as a func-
tion of the position of its end (r, cos(®)) was approximated by a double 2D-spline
interpolation.

Model 3: spring-based model for vertical forces

De la Prada proposed a twine force model based on linear spring and allowing the
simulation of twines subjected to large axial strain.

The finite element model allowed De la Prada to calculate the force-displacement
response of a twine when its end (P1 on Figure 2.4) was subjected to a vertical
force.

The proposed force model approximated the radial force f, as a linear spring
with variable-length r.,:

L2
fr(r,cos(®)) = EAE(T — Teq(cos(P))) (2.28)

The length function 7.,(cos(®)) was calculated so that the obtained radial force
was equal to the radial force calcultated with the finite element model.

16
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De la Prada concluded that when ® < 60°, the fitting was exact and nearly
independant of the axial stiffness.

2.1.4 Discussion

Three models for the netting mesh were presented: the model of Priour (2013),
the analytical model of O’Neill (2002) and the fitting model of De la Prada and Gon-
zales (2013).

The three presented models were simple and offered shorter computational time
than in case of finite element model. Thus, there were well-fitted for the simulation
of netting (illustrated in the following section with the model of Priour). Moreover,
the interpolation method proposed by De la Prada could be used to develop a model
of mechanical behaviour for netting implemented in membrane elements. Thus it
would not be necessary to model each mesh of a netting for a finite element model
of a fishing net.

Nevertheless, the interpolation method of De la Prada could introduce errors
in the simulations. Then, the approximated solution of O’Neill was accurate only
when € < 0.2, that means only when E [ was relatively small. Due to the hypothesis
of non elongation, the tension in the twine had to be moderated relatively to its
elasticity. O’Neill also proposed analytical solutions of the model based on elliptical
integrals that did not required an approximation method, but the solutions were not
convenient according to the author, and needed more computational time. Finally,
Priour (2013) modelled the bending stiffness of mesh sides by linear springs linking
consecutive mesh sides in the studied direction. Experiments would be necessary to
propose a nonlinear and more precise behaviour law for the springs.

2.2 Priour’s model for netting

Priour (2013) proposed a finite element method to model the mechanical behaviour
of netting.

2.2.1 Triangular elements of Priour

Priour (2013) modelled nets with 3-node membrane triangular elements (Fig. 2.7) by
assuming that: a mesh side has an elastic mechanical behaviour, and the mesh sides
are parallel and therefore have the same deformation within a triangular element.

17
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Figure 2.7 — The diamond mesh (left) was decomposed into triangular elements
(right). Reprinted from Priour (2013).

2.2.2 Mesh resistance to opening

Priour modelled a mesh with elastic elements and springs as described in Section
2.1.1. The angle between mesh sides in a triangular element was defined as the angle
between the twine vectors U and V (Fig. 2.8). The stiffness of springs represented
the bending stiffness of mesh sides, thus the mesh resistance to opening.

2.2.3 Flexion outside the netting plane

The bending between two neighbour triangular elements led to a couple between
twines crossing the side shared by the two triangular elements (Fig. 2.9).
According to Priour (2013), no numerical model took into account the flexion of
the twines outside the netting plane.
The angle between the mesh side vectors U, and U, of two triangular elements

18
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Figure 2.8 — A triangular element. The angle between the twine vectors U and V/
leads to a couple. Adapted from Priour (2013).
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Figure 2.9 — Two triangular elements (134 and 243). The angle between the mesh
side vectors U, and U, leads to a bending couple between the two triangular elements
around the side 34. Reprinted from Priour (2013).

134 and 243 respectively, and the angle between the mesh side vectors V, and V}, of
the two triangular elements 134 and 243 respectively, were assumed to be constant
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along the side common to the two elements (Fig. 2.9).
Priour (2013) calculated C, and C,, the bending couples on the U mesh side
and on the V' mesh side respectively, using the equation:

El
C === 2.29
: (2:29)
with C' the bending couple on the mesh side (N.m), EI the bending stiffness

(N.m?) and R the radius of curvature of the twine (m).

3 4

S nb Ub

Figure 2.10 — Profile view of the two triangular elements. The radius of curvature
R is estimated from the average length of twine vector U in each triangle: n,U, and
nyUp. Reprinted from Priour (2013).

To calculate the couple C,, Priour estimated the radius of curvature of the U
twines from the average lengths of the U twines n,U, and nyU, in the triangular
elements A and B respectively (Fig. 2.10). The radius of curvature was calculated
from the circumscribed circle in the triangle of sides n,U,, nyU, and n,U, + n,U,.

Finally, the model proposed by Priour (2013) could be used for diamond or
hexagonal meshes.

2.2.4 Discussion

This finite element model was well-fitted for the simulation of netting. It could
model trawl made of thousands of meshes with a computational and a numerical
efficiency.

Priour modelled the bending stiffness in mesh sides, inside the netting plane,

with linear springs between consecutive mesh sides. As discussed in Section 2.1,
experiments would be necessary to propose a nonlinear and more precise behaviour
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law for the springs.

Outside the netting plane, Priour assumed that the mesh sides behaved like
beams. Thus, the couple between two consecutive triangular elements was assumed
proportional to the curvature between these elements. We can note that the pro-
posed method is quite easy to implement.

The model could be used to show the effect of the mesh resistance to opening
on the shape, and so on the selectivity of a trawl codend for example. Works are
necessary on the springs which model the bending stiffness of the mesh sides and on
the estimation of the couple between two triangular elements to accurately simulate
the effect of the bending stiffness.

2.3 Methods to evaluate the bending stiffness

All methods used inverse identification and required a model of mesh mechanical
behaviour.

2.3.1 Sala et al.

To evaluate the mesh resistance to opening, Sala et al. (2007) proposed a method
based on the model of O'Neill (2002), previously described. To directly and simply
use the analytical model of O’Neill, Sala used a prototype experimental device al-
lowing to obtain a uniform deformation in the tested netting sample.

Experimental method

The prototype (Fig. 2.11), named Resistance to Opening and Deflection Meter
(ROD-m), incorporated four tension load cells and four stepping motors and was
designed so that all the mesh sides of the netting panel would undergo the same
deformation. Three-by-three mesh netting panels could be mounted on the experi-
mental device, using steel hooks on linear guideways. The two outer hooks on each
guideway were free to move along its length in response to the deformation of the
netting.

The resulting positions and measurements of the four load cells were recorded.

Each netting sample was subjected to a series of pretension cycles to remove the
irreversible part of the elongation and to safeguard against knot slippage.

Sala et al. (2007) performed a complete set of measurements on a netting sample
in these steps:
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Figure 2.11 — General view of the ROD-m equipment and a North Sea PE double-
twine netting panel specimen during the test. This device allows to obtain a uniform
deformation in the tested netting sample. Reprinted from Sala et al. (2007).

1. A netting panel was mounted on the ROD-m in a predetermined initial posi-
tion.

2. The netting panel was stretched until the load forces reach 29.4 N in the T-
direction (and subsequently 58.9, 88.3, 117.7 and 147.2 N) for single-twine
mesh, and 58.9 N (and subsequently 117.7, 176.6, 235.4 and 294.3 N) for
double twine mesh.

3. The sample was submitted to a relaxation step of 5 minutes (the displacement
was blocked during 5 minutes).

4. Steps 2 and 3 were repeated until the maximum value (147.2 or 294.3 N) of
the load in the N-direction was reached.

5. The load cells in the N-direction were moved back to the initial position and
the position of the load cells in the T-direction was increased.

6. Steps 2 to 5 were repeated four times, at which point the positions of the load
cells in the T-direction were such that the mesh opening was approximately
square.

Numerical method

The asymptotic solution proposed by O’Neill (2002) to model the mechanical be-
haviour of meshes under tension was used by Sala et al. (2007) in the regression
analysis.
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2.3. Methods to evaluate the bending stiffness

Thus Sala et al. (2007) assumed that the bending moment of the twine was
proportional to the curvature, that there was no twine extension and that the slope
angle where the mesh sides emerge from the knots was fixed.

Figure 2.12 — Netting material and definition of the geometrical parameters of the
mesh model. On this scheme, 6, the slope angle at either end of the mesh sides is
shown to be zero. Reprinted from Sala et al. (2007).

Sala defined an idealized panel of netting (Fig. 2.12). The knots were represented
by rectangles from the corners of which the mesh sides emerge. The mechanical
(twine bending stiffness) and geometrical (mesh side length, knot dimensions, angle
at which a mesh side emerges from a knot) parameters of the netting panel were
estimated by minimizing the difference between the experimental measures and the
numerical results.

Results

On table 2.1, results of the inverse identifications of Sala et al. (2007) for North
Sea netting materials are presented. In some cases, a knot dimension was estimated
negative. The slope angle 6, at the knot was assumed to be zero, otherwise the
fitted solutions were not consistent.

Discussion

The proposed method was useful. The identified parameters were, according to the
authors, consistent between different panels of the same netting material (Table
2.1). Thus, the method seemed robust. Then, the estimates of the bending stiffness
provided quantitative means to compare the mesh resistance to opening of different
netting panels. Moreover, the identified bending stiffness could be used in codend
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Netting Panel a [mm] b [mm] m [mm] EI [N.mm?|
PE single 4997 Rtex 1 -1.2 0.9 47.5 288
2 0.8 1.8 45.4 234
3 0.5 1.7 45.7 244
4 -0.1 1.6 46.6 286
PE double 16520 Rtex 1 9.5 4.9 50.7 544
2 8.3 4.2 52.3 661
3 9.6 4.7 51.8 602
4 9.9 5.0 50.8 502
PE double 18772 Rtex 1 10.3 5.9 48.2 909
2 11.2 6.9 48.5 716
3 7.6 5.4 52.5 889
4 10.3 6.1 49.4 942
PE double 16214 Rtex 1 13.9 4.9 61.3 691
2 134 4.7 59.9 625
3 13.0 4.2 61.3 703
4 144 4.7 60.5 719
PE double 19934 Rtex 1 9.0 5.6 60.7 960
2 8.2 5.0 62.3 1232
3 9.8 6.0 60.5 942
4 9.4 5.7 61.2 1013

Table 2.1 — Summary of the results of Sala et al. (2007) for North Sea netting
materials. (a, b) represents the knot size, m the mesh side length, EI the bending
stiffness. The slope angle 6y near the knot is assumed to be zero. For each netting
material, Sala presents the between-panel variation. Reprinted from Sala et al.

(2007).

models to take into account the mechanical behaviour of meshes.

However, the biaxial experimental set-up presented in Sala et al. (2007) required
a complex and expensive device (not commercially available yet). Because of the
correlations between the parameters (a, b, m, EI and 6;), particularly between 6,
and EI, Sala assumed 6y = 0. The other parameters remained unconstrained. As a
result, the estimated parameters were sometimes out of physical limits.

2.3.2 Balash
Balash (2012) also used the model proposed in O’Neill (2002).

Experimental method

Balash (2012) proposed to attach a net to hoops in transverse mesh orientation (Fig.
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2.3. Methods to evaluate the bending stiffness

Figure 2.13 — A net is attached in transverse mesh orientation: (a) with no load
applied (the weight of the net and the bottom hoop only); (b, ¢) the net acquires a
hourglass shape as the load gradually increases. Reprinted from Balash (2012).

Retail name Construction properties
24ply Polyethylene twisted 24 ply, single twine, knotted
Hampidjan Dynex 1.0 mm braided, single twine, knotless

Euroline Premium Plus 1.0 mm braided, single twine, knotted

Table 2.2 — List of netting samples tested in Balash (2012).

2.13). The mesh opening in the middle section of the netting sample was measured
in the two directions.

Netting samples

Balash tested three prawn nets that were commonly used by the trawl operators in
Australia (Table 2.2).

Numerical method

Balash rearranged the solution proposed by O’Neill (2002):

r—a— Lms COS(ﬁ) } (230)

El =
d {4 {cos(#) - cos(ﬁ)}
With:

o EI the bending stiffness [N.m?]
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f[N] 0o [-] B[] EI[N.mm’

9.8 -2.19 0.4 99
147 8.12 0.4 61
19.6  1.66 0.4 o8
245  1.99 0.4 59
294 1.52 0.4 o6
49.0 1.42 0.4 o6
68.7  1.37 0.4 54
88.3  1.33 0.4 49
107.9  1.32 0.4 52

Table 2.3 — Bending stiffness EI of 24ply polyethylene netting for several loading
values (f). Results obtained by Balash (2012).

« 0 the slope angle of the twine near the knot (Fig. 2.2) [—]

 [3 the angle between the direction of the force and the N-direction [—|, defined
by 8 = tan"'(f,/f.), with f, and f, the forces components at each end of the
mesh side.

o L5 the mesh side length at rest [m]. By using the model for twines of O’Neill,
the mesh side length was assumed constant.

1z the length of the mesh side in the N-direction [m|. The parameter is repre-
sented in Figure 2.12.

a the length of the knot in the N-direction [m]. The parameter is represented
in Figure 2.12.

Using equation 2.30 and the experimental openings of the meshes in the middle
of attached nets, Balash (2012) could evaluate the bending stiffness E1 of the twines.
Indeed, the measurement of the opening allowed the calculation of the parameter x
in the equation.

Results

The bending stiffnesses identified for one of the samples (24ply PE) are presented in
Table 2.3. Fig. 2.14 shows the comparison of bending stiffnesses identified by Sala
et al. (2007) and Balash (2012).

Discussion

With the experimental setup proposed by Balash, the meshes in the middle of the
sample (cylinder) were submitted to forces close to the ones applied on meshes in
trawl codend. However, the author chose to use the model proposed by O’Neill

26



2.3. Methods to evaluate the bending stiffness

100

80

ey
*

60 ! <l
13 . o8
40

.
o

20 + Sala et. al (2007) « 24ply PE » Hampidjan « Euroline

bending stiffness [N.mm?]

0 2 4 6 8
twine linear density [kRtex]

Figure 2.14 — Bending stiffness as a function of twine linear density: data from Sala
et al. (2007) (blue dots) and Balash (2012) (red dots). The netting samples tested
by Balash are described in Table 2.2. The netting samples tested by Sala et al.
(2007) are made of polyamide. Reprinted from Balash (2012).

(2002) that makes, as discussed previously, strong assumptions. According to Bal-
ash, the linear relationship between bending stiffness and linear twine density pre-
sented by Sala et al. (2007) was not applicable for cases of low twine linear density.
But the tests of Balash and Sala were of two different types, and the tested netting
samples were made of different materials and structures.

Finally, further experimentation is required to robustly evaluate the bending stiff-
ness with this method.

2.3.3 De la Prada

De la Prada and Gonzales (2014) offered a simple uniaxial experimental set-up,
which stretches a netting sample in the T-direction of the meshes while leaving free
its deformation in the N-direction. De la Prada used the model proposed by O’Neill
(Section 2.1.2) and her model of twine deformation previously described (Section
2.1.3). De la Prada assumed a uniform deformation in suspended netting samples.

Experimental method

A rectangular netting sample was attached between an upper fixed bar and a bottom
free bar (Fig. 2.15). The free bar was parallel to the fixed bar and could move in the
T-direction. The knots attached to the bars could freely move in the N-direction of
the netting when the sample was stretched. The sample was stretched by applying
a force Fjane to the free bar. The length Ly, of the panel in the T-direction was
calculated as Lygnes = Do — (Dr+ Dpr)/2 — Dy — Dy. The distances Dy, Dy and D,
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N

Figure 2.15 — Design of the experimental set-up and general view of a netting sample
during a test. Reprinted from De la Prada and Gonzales (2014).

were measured at the beginning of the experiment and distances Di and Dy were
measured for each value of Fjpe.

De la Prada and Gonzales (2014) tested 7 different, new and unused netting
samples, commonly used in commercial North Sea trawls.
The steps of one test were:

1. A netting panel was mounted on the experimental device and the distances
D,y and D, were measured. Fj,,. was equal to the weight of the bottom free
bar and hooks (0.7 N).

2. Fpaner was increased and ranged from 0.7 N to 10.5 N.

3. Dy and Dy, were measured at every minute. When the values were stabilized,
they were recorded.

4. Steps 2 and 3 were repeated until Ly, reached 80 % of my.L,,s, where myp
was the number of meshes of the sample in the T-direction and L, the length
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at rest of one mesh side. According to De la Prada and Gonzales (2013), above
this value, the mesh sides were submitted more to traction than to bending.

According to De la Prada and Gonzales (2014), in fishing gear, high tensile
forces could generate plastic deformations in twines and knots. To simulate such
a situation, the author applied the maximum value Fjq,e, reached in step 4, for 1
hour to the netting. Then, the applied force was decreased. Thus, De la Prada and
Gonzales (2014) obtained data from a loading and an unloading cycle.

Numerical method

Figure 2.16 — Idealized netting where mesh sides are modelled as beams emerging
from the corners of rectangular knots. a and b are the dimensions of idealized
knots, estimated by fitting theoretical models for mesh resistance to opening to
experimental data, a..; and b..; are the measured dimensions of knots. Reprinted
from De la Prada and Gonzales (2014).

Concerning the geometry of netting samples, De la Prada and Gonzales (2014)
made the same assumptions as Sala et al. (2007): the deformation field applied to
the panel, represented in Figure 2.16, was assumed to be homogeneous, so all the
meshes experienced the same deformation; knots were rectangles of size (a,b); twines
emerged from the knots at the corners of the rectangles.

The variables used for the inverse identifications were: the distance ygpos be-
tween the two knots at the ends of a mesh side in the T-direction; the force applied
on twines in the T-direction. Four parameters were evaluated: the bending stiffness
EI, the mesh side length at rest L,,s, the height of knots b and the slope angle of
mesh sides near the knots #y. The uni- axial experimental set-up of De la Prada
did not provide measurements of transverse data that could be used to estimate the
knot width a. Note that De la Prada suggested that the knot width a could also be
estimated as a = (Lmesh — 2Lpwine) /2, With Ly,esp, the nominal mesh size and Lyyine
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Constraint applied on parameter
Estimation strategy | L, b fo
1 _ _ _
2 min/max min/max min/max
3 fixed fixed min/max
4 - - fixed

Table 2.4 — Description of the parameter estimation strategies used by De la Prada
and Gonzales (2014) in the regression analysis.

the twine length.

De la Prada and Gonzales (2014) used and compared 4 models: the exact and the
asymptotic solutions proposed by O’Neill (2002) (Section 2.1.2), and the polynomial
and the spline models developed by De la Prada and Gonzales (2013) (Section 2.1.3).

To avoid estimations out of physical limits and reduce the computational cost,
De la Prada and Gonzales (2014) applied constraints to the parameters. The author
found a relationship between the dimensions a..; and bey.

By fixing or constraining the values of parameters between minimum and max-
imum physical limits, De la Prada used 4 parameters estimation strategies summa-
rized in Table 2.4.

Results

Table 2.5 summarizes the results of the analysis of De la Prada and Gonzales (2014)
with four different parameter estimation strategies, for netting samples made of
polyethylene with nominal stretched mesh size of 80 mm and mesh side diameter
of 4 mm. R? is the coefficient of variation that represents the accuracy of the fit.
Results show the importance in the choice of the parameter estimation strategy.

Concerning the asymptotic solution of O’Neill, the author was cautious since
the value of the parameter € usually ranged from 0.3 and 0.6 in most part of the
performed experiments. Indeed, the asymptotic solution of O’Neill is very close to
the exact solution when e < 0.2 (O’Neill, 2002).

Discussion

The uniaxial experimental set-up proposed by De la Prada and Gonzales (2014)
does not require an expensive and complex experimental device as the ROD-m used
by Sala et al. (2007) (Section 2.3.1).

However, De la Prada assumed that all meshes experience the same deformation.
The meshes in the top of the suspended panel are submitted to more weight than
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Strategy Model EI [N.mm™?] [%] Lms [mm] b [mm] 6y [°] R?
1 Exact 92 £ 66 32 3 19 0.9995
Polynomial 107 £ 31 43 -10 25 0.9994
Spline 50 £ 86 25 9.7 9 0.9996
2 Exact 119 + 2 32 3.8 19 0.9949
Polynomial 66 £+ 8 33.4 0.0 17 0.9987
Spline 67 £ 98 27.9 6.3 15 0.9996
3 Exact 126 £ 3 32 4 19 0.9920
Polynomial 99 £+ 12 32 4 15 0.9780
Spline 126 £ 11 32 4 19  0.9904
4 Exact 35 £4 20.6 13.9 - 0.9995
Polynomial 28 £ 12 21.1 12.2 - 0.9929
Spline 33+4 20.3 13.8 - 0.9996

Table 2.5 — Result of the analysis of De la Prada and Gonzales (2014) with four
different parameter estimation strategies, for netting samples made of polyethylene
with nominal stretched mesh size of 80 mm and mesh side diameter of 4 mm. The
results were obtained with the exact ("Exact") solution proposed by O’Neill (2002),
and the polynomial ("Polynomial") and the spline ("Spline") models developed by
De la Prada and Gonzales (2013).

those in the bottom due to the self-weight of the sample. Thus, this assumption
can be acceptable only when the sample is submitted to large forces.

Then, De la Prada applied manual pretensions on the new and unused samples.
Thus, the value of the applied load are not known and the samples are probably sub-
mitted to different pretensions. Otherwise, according to the results of De la Prada
and Gonzales (2014), a netting sample had a different behaviour during the unload-
ing after the loading with creep steps (the duration of these steps is not known),
so the results showed the importance to characterize the visco-plastic mechanical
behaviour of netting.

Finally, De la Prada tested only one sample of each material and could not offer
an average estimation of the mesh resistance to opening. The shown results could
be affected by scattering coming from the sample manufacturing process.

2.3.4 Cognard and Priour

Priour and Cognard (2011) proposed a different experimental method to evaluate
the bending stiffness of mesh sides of netting panels.
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Experimental method

One end of the netting panel was horizontally anchored and the other end was free
(Fig. 2.17). The sample was submitted to its own weight.

Figure 2.17 — Cantilever netting. A netting sample is anchored at one end and free
at the other end. Reprinted from Priour and Cognard (2011).

Numerical method

Assuming that one netting sample behaves as one beam, and using the measured
deflection and length of the netting sample (Fig. 2.17), Priour and Cognard (2011)
identified a bending stiffness E'I of a tested sample out of the netting plan. The
bending stiffness was adjusted to obtain the same deflection as experimentally (Fig.
2.18).

Results

The results of the identifications are presented in Figure 2.19.

Discussion

The method proposed in Priour and Cognard (2011) is simple and does not require
an expensive and complex experimental device.

Nevertheless, more tests and numerical identifications are necessary to evaluate
the consistency of the method. It was noted that the identified bending stiffness
was different depending on the orientation of the netting panel, that it was probably
due to the asymmetry of the structure, particularly of the knot asymmetry.
Moreover, we can wonder if the identified bending stiffness in the plane will be the
same as out of the plane since the asymmetry of the structure. The effect of the
mechanical behaviour of the knots (not taken into account in the model) on the
identified bending stiffness was probably different in and out of the netting plane.
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Figure 2.18 — Numerical simulation of a cantilever netting panel. The bending stiff-
ness is adjusted to obtain the same deflection as experimentally. As expected,
a higher value of bending stiffness is identified when the deflection is smaller.
Reprinted from Priour and Cognard (2011).
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Figure 2.19 — Bending stiffnesses identified for netting samples made of polyamide,
Green polyethylene and Brezline polyethylene. The identified bending stiffness is
different depending on the face of the sample that is above. Note that a base-10
log scale was used for the Y-axis. The length is described in Figure 2.17. Reprinted
from Priour and Cognard (2011).

This out-of-plane stiffness could be a useful parameter for the simulation of fish-
ing trawls.
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2.4 Discussion

Three models for the netting mesh that are used for the modelling of the mesh
resistance to opening were presented: the model of Priour (2013), the analytical
model of O'Neill (2002) and the fitting model of De la Prada and Gonzales (2013).
The three models are simple and offer shorter computational time than in case of
a finite element model. The three models are well-fitted for the simulation of netting.

Priour (2013) proposed a finite element method to model the mechanical be-
haviour of netting. It could model trawl made of thousands of meshes with a
computational and a numerical efficiency. Nevertheless, works are necessary on the
springs which model the bending stiffness of the mesh sides and on the estimation
of the couple between two triangular elements to accurately simulate the effect of
the bending stiffness.

Four experimental methods to evaluate the bending stiffness were presented:
the method based on the ROD-m prototype of Sala et al. (2007), the suspension of
a cylindrical sample of Balash (2012), the simple suspension of a netting sample of
De la Prada and Gonzales (2014), and the cantilever netting of Priour and Cognard
(2011).

First, the analytical model proposed in O’Neill (2002) was used in the methods
presented in Sala et al. (2007), Balash (2012) and De la Prada and Gonzales (2014).
Nevertheless, O’Neill assumed that there is no elongation in mesh sides, and the
proposed approximation is valid only in case of a relatively low value of bending
stiffness or high loading forces.

The biaxial experimental set-up presented in Sala et al. (2007) required a com-
plex and expensive device (not commercially available yet) whereas De la Prada
and Gonzales (2014) proposed to suspend netting samples. In spite of the low cost
of the experiment proposed by De la Prada, she expected uniform deformation in
suspended netting samples, which is probably a strong assumption.

Sala et al. (2007) and De la Prada and Gonzales (2014) took into account the
size of the knots: the size of the knots was evaluated by inverse identification,
the structure of the knot and the variation in the results making the experimental
measurement of the dimensions of knots difficult. Nevertheless, the results of the
identifications were not always consistent because of the strong correlations between
the geometrical parameters.

Priour and Cognard (2011) did not take into account the knots, contrary to Sala
and De la Prada. It would be necessary to study the effect of the size of the knots
on the results of the identifications. Moreover, the method proposed in Priour and
Cognard (2011) required closed mesh netting.

The method presented in Balash (2012) is interesting because of the cylindrical
shape of the tested netting sample, similar to the shape of a trawl codend. Never-
theless, by choosing to use the asymptotic model proposed by O’Neill, the author
made strong assumptions: no twine elongation, accuracy only when € < 0.2. The
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method could be studied in-depth (more experimental tests, descriptions of the re-
sults and identifications).

The existing studies give information for setting up a methodology in order to
evaluate the bending stiffness in mesh sides.

First, elongation, shear and torsion in mesh sides could be taken into account in
the numerical model.

Next, the non-expensive experimental set-up proposed in De la Prada and Gon-
zales (2014) could be used with a numerical model simulating the non uniform
deformation in suspended netting samples. Moreover, this type of test does not
require closed meshes.

Then, the effect of the size of knots in the numerical model on the identified mesh
resistance to opening could be studied. A method could be proposed to measure
the experimental knot size.

Finally, the proposed method could be validated by tests on a large range of
netting samples with different materials, mesh side lengths, sample sizes, loading
levels.
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CHAPTER

3

Experimental method and
netting samples

3.1 Experiments

Three types of experiments were performed in order to evaluate the bending stiffness
of mesh sides: a uniaxial tensile test on a classical testing machine, a suspending
test of the same type as De la Prada and Gonzales (2014), and a biaxial test of the
same type as Sala et al. (2007).

During uniaxial tensile tests, the size of netting samples in one direction was
controlled and the evolution of the opening of one mesh was accurately measured.
In case of suspending tests, that were designed to be simple and non-expensive to
carry out, the openings of all the meshes were known. Finally, in case of biaxial
tensile tests, the application of forces is similar to the one in a dragged trawl codend.

3.1.1 Uniaxial tensile tests

In this first type, measurements were performed on a LR5Kplus tensile testing ma-
chine, with a 250 N load cell, of the company Lloyd instruments. The uniaxial tensile
tests were controlled by the jaw displacement. Relaxation stages were performed
by blocking the jaw movement. A LASERSCAN 200 non-contacting extensometer
(Lloyd instruments) allowed the measurement of the height of the central mesh in
the middle of the sample (Lesn, on Fig 3.1).

Concerning the load, we measured the sum of the effects of the jaw displacement
(mechanical response of the netting sample), the weight of the netting panel and the
weight of the device which allowed the fixation of the sample. We defined the loads
Fmy (horizontal on Fig. 3.1) and Fmy (vertical on Fig. 3.1) as the loads applied
on one mesh in the N-direction and the T-direction respectively. So, knowing the
load F' measured by the force sensor, the weight P, of the sample and the weight
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Pjevice of the device, we calculated the force by mesh F'my applied on the mesh
in the middle of the netting sample:

F— M - P, evice
2 a (3.1)

4

FmT:

The tested netting samples had 10 meshes in the T-direction and 4 meshes in
the N-direction.

g_- e vertical translation joint
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Figure 3.1 — Plan (left) and photograph (right) of the experimental set up of the
uniaxial tensile test. The height L,,.s, of the mesh in the middle of the netting
sample is measured.

3.1.2 Suspending tests

Each rectangular panel of netting was suspended by its top boundary so that the
T-direction of the netting was vertical. The panel was subjected to its own weight
and to forces per mesh Fmt applied in the T-direction on the knots at the bottom
(Fig. 3.2).
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Figure 3.2 — Plan (left) and photograph (right) of the experimental setup of the
suspending test. The panel is suspended from one of its ends and is subjected to its
own weight and to forces F'mr applied on bottom knots. Fmr is called the force
per mesh.

When a panel was suspended, the positions of all the nodes of the netting panel
were measured. The use of a camera with a software designed and implemented in
the laboratory allowed the recording of pictures with a chosen frequency. Note that
the software allowed the application of optical corrections. Then, targets defined by
the user on the first picture were identified in all the pictures. So the displacements
of all these targets were measured during the recording.

In the case of a netting panel which had 10 meshes in the T-direction, the posi-
tions of 5 knots allowed the calculation of the heights of the four quarters H1, H2,
H3 and H4 (Fig. 3.3 left), and the total height of the netting panel Hr (Fig. 3.2).
In the case of a netting panel which had 25 meshes in the T-direction, the positions
of 6 knots allowed the calculation of the heights of the five fifths H1, H2, H3, H4
and H5 (Fig. 3.3 right), and the total height of the netting panel Hr. These heights
(H1 to H5) will be used later in the manuscript to study the non uniform strain
in suspended netting panels and to validate the ability to simulate the deformed
sample with the proposed model.
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Figure 3.3 — Definition of heights for a 4x10-mesh netting panel (left) and a 5x25-
mesh netting panel (right). The heights are measured vertically. The total height
Hyp of the panel is the sum of H1, H2, H3 and H4 for a 4x10-mesh netting panel,
and the sum of H1, H2, H3, H4 and H5 for a 5x25-mesh netting panel.

3.1.3 Biaxial tensile tests

The netting was mounted on a device and submitted to forces on a netting sample
in the T- and N-directions simultaneously.

The device is symmetric along the two directions T and N. The boundary con-
ditions are described in Figure 3.4. The knots are free to move in the direction
perpendicular to the frame plan but the weight of a tested sample is low, con-
sidering the applied forces per mesh Fmgy and Fmy in the T and N directions
respectively. Thus the displacements of the knots out of the plane are low. Anyway,
the proposed numerical model, presented in section 5.2.3, was able to cope with this
out-of-plane deformation.

To apply the forces on the samples, we suspended bags filled with iron dust to
the extremities of the sample (Fig. 3.5, at the top). The ropes linking the knots to
the bags are fixed to the knots with hooks (Fig. 3.5, bottom left). We used linear
motion ball bearings to convert the weights of the filled bags into planar tensile
forces (Fig. 3.5, bottom right).

When a panel was tested on the biaxial tensile device, the positions of all the
nodes of the sample were measured using a camera, in the same way as in case of
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Figure 3.4 — Experimental setup plan of the biaxial tensile test. The panel of size
3x3-meshes, mounted on the device, is subjected to forces per mesh Fmp and Fmy
in the T and N directions respectively. Ly and L,y are the length of the sample in
the T and N directions respectively.

suspending tests (Section 3.1.2). The camera was fixed over the frame plane. As-
suming that the deformation is homogeneous in the tested sample, we could work
with the total lenghts Ly and Lyy of the sample in the T- and N- directions re-
spectively (Fig. 3.4).

The biaxial tensile tests with the machine, we made and presented here, are
probably less efficient for the force and displacement measure acquisitions than
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Chapter 3. Experimental method and netting samples

Figure 3.5 — At the top: general view of the experimental biaxial-tension device
allowing to apply forces on a netting sample in the T- and N-directions simultane-
ously. At the bottom: ropes are connected to knots with hooks (left) and to the
sides of the device frame with linear motion ball bearings (right).

those with the ROD-m protype of Sala et al. (2007). But, the dispersion in the
results could be observed by testing some similar netting samples in the same con-
ditions and could show the consistence of the accuracy (Chapter 4). Finally, this
experimental device is less expensive than the one designed by Sala et al. (2007).

3.2 Netting samples for experiments

The tested netting samples were produced by the Le Drezen company (F-29730 Le
Guilvinec, France). The netting types were those commonly used in trawl codends.
The netting samples were made of two materials: polyethylene (PE) or polyamide
(PA); two kinds of mesh sides were used: single twine or double twine; three sizes
of panel were used: 3x3-mesh for biaxial tensile tests, 4x10-mesh and 5x25-mesh
panels for tensile or suspending tests.
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3.2. Netting samples for experiments

Eight types of samples were used:

» Single twine green PE netting, mesh side length of 40 mm, 4x10-mesh sample
(Section 3.2.4)

o Double twine green PE netting, mesh side length of 49 mm, 3x3-mesh sample
(Section 3.2.4)

o Double twine green PE netting, mesh side length of 49 mm, 4x10-mesh sample
(Section 3.2.4)

o Double twine green PE netting, mesh side length of 49 mm, 5x25-mesh sample
(Section 3.2.4)

o Double twine green PE netting, mesh side length of 60 mm, 4x10-mesh sample
(Section 3.2.4)

o Single twine Breztop PE netting, mesh side length of 40 mm, 4x10-mesh sam-
ple (Section 3.2.5)

o Single twine Brezline PE netting, mesh side length of 60 mm, 4x10-mesh
sample (Section 3.2.6)

o Single twine PA netting, mesh side length of 29.5 mm, 4x10-mesh sample
(Section 3.2.7)

The chosen number of meshes in the netting samples was a compromise: the
number of meshes had to be large enough to reduce the measurement errors (dif-
ficulty to define the center of a knot coming from the knot shape) and to reduce
the possible variations in the results coming from the heterogeneity in the netting
structure (initially the mesh opening was not uniform in a netting sample), and
the number of meshes had to be not too large to take into account the available
amount of netting. In case of suspending tests, there were two sizes of netting
samples, 4x10- and 5x25- mesh samples, to study the influence of the number of
meshes on the results of the identifications (Chapter 6). In case of biaxial tensile
tests, 3x3-mesh samples were used regarding the experimental testing machine size
and in order to reduce the effect of gravity on the off-plane vertical displacements.
In case of uniaxial tensile tests, the displacement of the jaw of the tensile testing
machine being limited, 4x10-mesh netting samples were used. Finally, for each type
of netting panel, several samples were tested to measure the possible variation in
the experimental results.

The netting samples were initially submitted to a pre-tension step to safeguard
against knot slippage (Klust, 1983) and to remove the irreversible part of the elon-
gation (Sala et al., 2004). This step was performed by suspending 400 N to each
4x10- or Hx25-mesh netting sample during 1 hour. The 3x3-mesh netting samples
were submitted to 150 N. During the pre-tension step, the netting samples were
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Chapter 3. Experimental method and netting samples

suspended either in the N-direction (usually) or in the T-direction. After the sus-
pension step, the netting samples were let at rest on a horizontal plane during 2
hours.

Please note that all the samples of the same type (same material, same mesh
side length, same mesh structure) come from an unique panel. Thus, they were
submitted to the same process (temperature during the stretching step, duration,
tensile forces).

3.2.1 Netting definitions

According to the International Organization for Standardization (ISO, 2003), a net-
ting is a meshed structure of indefinite shape and size composed of one yarn or of
one or more systems of yarns interlaced or joined, or obtained by other means, for
example by stamping or cutting from sheet material or by extrusion.

A mesh is a design formed opening, surrounded by netting material. They are
three types of mesh shapes: diamond mesh that is a mesh composed of four sides
of the same length, square mesh that is a mesh in which adjacent sides are at right
angles, and hexagonal mesh that is a mesh composed of six sides, out of which
the length of one pair of opposite sides can be different from that of the other four
sides, in case of an irreqular hexagon. During my works, only netting with diamond
meshes have been used. We will see later that, due to the knot size, it coud be rel-
evant from a modelling point of view to consider an hexagonal shape for the meshes.

The length of mesh side L,,, is the distance between two sequential knots or
joints, measured from centre to centre when the yarn between those points is fully
extended.

In ISO (2003), general directions of a netting yarns are given:

o The N-direction is the direction at right angles (Normal) to the general course
of the netting yarn (when the netting is stretched in this direction, the knots
tend to tighten).

o The T-direction is the direction parallel to the general course of the netting
yarn (when the netting is stretched in this direction, the knots tend to open).

o The AB-directions are the directions parallel to a rectilinear sequence of
mesh bars.

The directions N and T, in the case of knotted netting, can be also defined rel-
atively to the knot orientation (Fig. 3.6).
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3.2. Netting samples for experiments

We defined, with these directions, the distances Ly and L7 between the centres
of opposite knots, in the N-direction and the T-direction respectively.

T-direction

A

1 4 N-direction

Lms

Figure 3.6 — Definition of the N-direction and of the T-direction, and definition of
the parameters Ly , Ly and L,,s in a diamond netting mesh. The directions are
related to the orientation of knots.

The International Organization for Standardization also defined the opening of
mesh: it is, for knotted netting, the longest distance between two opposite knots in
the same mesh when fully extended in the N-direction, and for knotless netting, the
inside distance between two opposite joints in the same mesh when fully extended
along its longest possible axis.

To work with dimensionless parameters which do not depend on the mesh side
length, the dimensionless openings oy and or in the N-direction and the T-
direction respectively were introduced. The opening o; , in the direction i, is the
ratio of the distance L; (Fig. 3.6) by the mesh side length L,,s (Eq. 3.2).

L;
Lms

0; =

3.2.2 Initial measurements

In order to evaluate the input parameters required by the numerical models pre-
sented in chapter 5, the following sample characteristics were measured:

o The mass m of the netting panel.
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Chapter 3. Experimental method and netting samples

o The initial width Hyo and height Hry of the netting panel (at rest) in the
N-direction and the T-direction respectively. The panel position at rest was
obtained by laying the netting panel free of load on a vibrating horizontal
plane, where it remained free of load, until a stable position was reached.

e The characteristic length of the netting mesh sides L,,; and the mesh angle
ap (angle between two consecutive mesh sides in the T-direction) at rest were
derived from a simple cosinus equation and the initial dimensions of the panel
(Fig. 3.7).

Ho

Hno

Figure 3.7 — Dimensions Hpyo and Hpy of a netting panel allow the characteristic
length of the mesh sides L,,s and the mesh angle ag at rest to be calculated.

The area density py of each netting panel at rest was calculated using the mass
m and the initial lengths Hyo and height Hrpg:

m

= - 3.3
Po Hyo Hro ( )

3.2.3 Knots

The knots in all the tested samples were of the same type, represented in Figure
3.8.

3.2.4 Green polyethylene braided netting

We investigated single and double twine netting made of green polyethylene. The
green polyethylene-fibre braided twine is the basic polyethylene product of Le Drezen
company.
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3.2. Netting samples for experiments

T-direction

N-direction

Figure 3.8 — Left: knot in a double twine netting made up of polyethylene braided
twines. Right: scheme of the knot.

This twine is made up of a core and a sheath (Fig. 3.9). The core and the sheath
are composed of 20 and 64 fibres respectively. In the core, fibres are twisted, whereas
in the sheath 16 threads made up of 4 fibres are braided. The linear density of the
twine is 5590.4 107% £ 10.6 107° kg.m ™", that is 5590.4 + 10.6 tex. The diameter of
the fibres, measured with a digital microscope, is 290 pm (Fig. 3.9). The diameter
of the twine is 3.14 + 0.01 mm. The pitch of the braided sheath, which is the
longitudinal distance required for one revolution of a thread around the twine, is
26.12 £+ 0.62 mm.

Figure 3.9 — Left: Green PE braided twine. Right: Green PE fibre.

The mesh sides of the single twine netting were composed of only one polyethylene-
fibre braided twine. While the mesh sides of the double twine netting were composed
of two polyethylene-fibre braided twines.

Single twine green PE netting, mesh side length of 40 mm, 4x10-mesh
sample

In the case of single twine netting, the length of mesh sides was 40.44 4+ 0.3 mm.
The samples had 4 and 10 meshes in the N-direction and T-direction respectively
(Fig. 3.7). Ten samples were used in suspension tests and one in the uniaxial tensile
test. The mass and the dimensions at rest Hyo and Hpg are given by Table 3.1 and
3.2.

A7



Chapter 3. Experimental method and netting samples

sample number
mass [kg]

|
s
S
=~

o
QU

[m] (Fmr = 0.324 N)

T

H

[m] (Fmr = 0.814 N)

T

H

[m] (Fmy = 1.795 N)

T

H

[m] (Fmy = 2.776 N)

T

H

0.0614

0.320

0.097

1.978

0.201

0.294

0.436

0.505

0.0612

0.318

0.095

2.026

0.193

0.289

0.427

0.495

0.0624

0.323

0.095

2.034

0.200

0.300

0.427

0.507

0.0622

0.320

0.100

1.944

0.197

0.289

0.430

0.501

0.0618

0.318

0.097

2.004

0.195

0.291

0.429

0.503

0.0626

0.325

0.102

1.888

0.205

0.303

0.440

0.507

0.0618

0.323

0.103

1.857

0.212

0.304

0.433

0.498

0.0611

0.320

0.100

1.909

0.192

0.286

0.423

0.491

O 00| | O U = W[ DO —

0.0617

0.324

0.098

1.943

0.195

0.293

0.433

0.497

—_
()

0.0614

0.320

0.098

1.958

0.197

0.288

0.435

0.513

Table 3.1 — Mass and dimensions of the 4x10-mesh single twine netting samples
of green polyethylene type. The length of mesh sides is 40.44 + 0.3 mm. Hrp is
the total length of the suspended panel in the T-direction after a creep step of 30
minutes. Each sample was submitted to a pre-tension step in the N-direction. m
is the mass of the netting sample, Hyo and Hpy are the width and the heigth of
the netting sample at rest respectively, pg is the area density at rest, and Hy is the

height of the suspended netting sample.

Double twine green PE netting, mesh side length of 49 mm, 3x3-mesh

sample

In the case of double twine netting, samples with two different mesh side lengths
and three different sizes were tested.

Tables 3.3, 3.4, 3.5 give the characteristics of samples with 3 meshes in the
N-direction and the T-direction. These samples have been used for biaxial tests.
Samples have been tested with Fmy = 0 N in Table 3.3, with Fmy = Fmr in

Table 3.4 and with FFmy = 2F'my in Table 3.5.
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0.0619 | 0.319 | 0.100 | 1.940

Table 3.2 — Mass and dimensions of one 4x10-mesh single twine netting sample of
green polyethylene type. The length of mesh sides is 40.44 + 0.3 mm. The sample
was submitted to a pre-tension step in the N-direction and was used in uniaxial
tensile test. m is the mass of the netting sample, Hyg and Hpq are the width and
the heigth of the netting sample at rest respectively, and py is the area density at
rest.
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0.041 | 0.29 | 0.048 | 2.945 | 0.099 | 0.122 | 0.168
0.041 | 0.286 | 0.051 | 2.811 | 0.101 | 0.126 | 0.178
0.040 | 0.288 | 0.052 | 2.671 | 0.10 | 0.12 | 0.172
0.041 | 0.287 | 0.052 | 2.747 | 0.098 | 0.124 | 0.177
0.040 | 0.286 | 0.052 | 2.690 | 0.102 | 0.131 | 0.183

| | ol po| —| sample number

Table 3.3 — Mass and dimensions of the 3x3-mesh double twine netting samples of
green polyethylene type. The length of mesh sides is 49 £ 0.2 mm. The samples
were tested in biaxial tests with Fmy = 0 N. Each sample was submitted to a
pre-tension step in the N-direction. m is the mass of the netting sample, Hy and
Hrp are the width and the heigth of the netting sample at rest respectively, pg is
the area density at rest, and Hrp is the height of the suspended netting sample.

Double twine green PE netting, mesh side length of 49 mm, 4x10- and
5x25-mesh samples

Table 3.6 give the characteristics for samples with 4 and 10 meshes in the N-direction
and T-direction respectively, and Table 3.7 for samples with 5 and 25 meshes in the
N-direction and T-direction respectively. These samples were tested in suspending
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1 0.041 0.29 | 0.045 | 3.142 O.277|0.092 0.27|0.105
2 1 0.041 | 0.288 | 0.045 | 3.164 0.28|0.09 0.278|O.102
3 1 0.0395 | 0.285 | 0.050 | 2.772 0.280]0.09 0.274(0.101
4 10.0394 | 0.284 | 0.046 | 3.016 | 0.278]0.088 | 0.273|0.097
5 1 0.0398 | 0.287 | 0.052 | 2.667 | 0.278|0.091 | 0.271]0.106

Table 3.4 — Mass and dimensions of the 3x3-mesh double twine netting samples of
green polyethylene type. The length of mesh sides is 49 4+ 0.2 mm. The samples
were tested in biaxial tests with Fmy = Fmy. Each sample was submitted to a
pre-tension step in the N-direction. m is the mass of the netting sample, Hy( and
Hrpy are the width and the heigth of the netting sample at rest respectively, pg is the
area density at rest, and Hy and Hp are the width and the heigth of the suspended
netting sample respectively.

tests.

Double twine green PE netting, mesh side length of 60 mm, 4x10-mesh
sample

Tables 3.8 and 3.9 give the characteristics for samples with 4 and 10 meshes in the
N-direction and T-direction respectively, and a mesh side length of 60 + 0.3 mm.
The samples, described in Table 3.8, were tested in suspending tests while the net-
ting panels presented in Table 3.9 were tested in uniaxial tensile tests.

3.2.5 Breztop polyethylene braided netting

We tested single twine netting made of Breztop polyethylene. The Breztop
polyethylene-fibre braided twine is a product of Le Drezen company.

This twine is made up of a core and a sheath (Fig. 3.10). The core and the
sheath are composed of 30 and 32 fibres respectively. In the core, fibres are twisted,
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2 1 0.0393 | 0.285 | 0.055 | 2.507 | 0.283]0.08 | 0.281]0.085 | 0.283]0.090
3| 0.041 | 0.289 | 0.047 | 3.018 | 0.284|0.077 | 0.285]0.083 | 0.284|0.085
4 10.0396 | 0.287 | 0.048 | 2.874 | 0.285/0.077 | 0.283|0.085 | 0.283]0.086
5 1 0.0408 | 0.289 | 0.0475 | 2.972 | 0.285/0.077 | 0.283]0.083 | 0.282]0.085

Table 3.5 — Mass and dimensions of the 3x3-mesh double twine netting samples of
green polyethylene type. The length of mesh sides is 49 4+ 0.2 mm. The samples
were tested in biaxial tests with F'my = 2Fmy. Each sample was submitted to a
pre-tension step in the N-direction. m is the mass of the netting sample, Hy( and
Hrpy are the width and the heigth of the netting sample at rest respectively, pg is the
area density at rest, and Hy and Hp are the width and the heigth of the suspended
netting sample respectively.

whereas in the sheath 16 threads made up of 2 fibres are braided. The linear density
of the twine is 2080.8 107% + 82.4 107° kg.m™*!, that is 2080.8 + 82.4 tex. The
diameter of the fibres, measured with a digital microscope, is 200 pm (Fig. 3.10).
The diameter of the twine is 2.5 £ 0.01 mm. The pitch of the braided sheath, which
is the longitudinal distance required for one revolution of a thread around the twine,
is 13.75 4+ 0.25 mm.

Figure 3.10 — Left: Breztop braided twine. Right: Breztop fibre.
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1 10.164 | 0.358 | 0.400 | 1.145 | 0.425 | 0.495 | 0.540 | 0.620 | 0.685
2 10.164 | 0.351 | 0.435 | 1.074 | 0.455 | 0.510 | 0.545 | 0.625 | 0.685
3 10163 ] 0.360 | 0.390 | 1.161 | 0.430 | 0.485 | 0.530 | 0.620 | 0.680
4 10.163 | 0.353 | 0.425 | 1.086 | 0.450 | 0.510 | 0.545 | 0.620 | 0.685
5 10.164 | 0.364 | 0.365 | 1.234 | 0.400 | 0.460 | 0.505 | 0.600 | 0.670

Table 3.6 — Mass and dimensions of the 4x10-mesh double twine netting samples of
green polyethylene type. The length of mesh sides is 49 + 0.2 mm. Hry is the total
length of the suspended panel in the T-direction after a creep step of 30 minutes.
Each sample was submitted to a pre-tension step in the T-direction. m is the mass
of the netting sample, Hyo and Hpg are the width and the heigth of the netting
sample at rest respectively, py is the area density at rest, and Hrp is the height of
the suspended netting sample.

The length of mesh sides was 40 £ 0.2 mm. The samples had 4 and 10 meshes
in the N-direction and T-direction respectively. Ten samples were tested. The mass
and the dimensions at rest Hyo and Hrpg are given by Table 3.10.

3.2.6 Brezline polyethylene braided netting

We investigated single twine netting made of Brezline polyethylene. The Brezline
polyethylene-fibre braided twine is a product of Le Drezen company.

This twine is made up of a core and a sheath (Fig. 3.11). The core and the
sheath are composed of 24 and 64 fibres respectively. In the core, fibres are twisted,
whereas in the sheath 16 threads made up of 4 fibres are braided. The linear density
of the twine is 8009.7 107% + 229.4 107 kg.m ™, that is 8009.7 & 229.4 tex. The
diameter of the fibres, measured with a digital microscope, is 340 pm (Fig. 3.11).
The diameter of the twine is 4 4= 0.01 mm. The pitch of the braided sheath, which
is the longitudinal distance required for one revolution of a thread around the twine,
is 21.2 + 0.2 mm.

The length of mesh sides was 59.84 4+ 0.6 mm. The samples had 4 and 10 meshes
in the N-direction and T-direction respectively. Ten samples were tested. The mass
and the dimensions at rest Hyo and Hrpg are given by Table 3.11.
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0.482 | 0.493 | 0.405 | 3.334 | 0.605 | 0.870 | 1.075 | 1.240 | 1.360 | 1.475
0.493 | 0.504 | 0.400 | 3.443 | 0.585 | 0.855 | 1.060 | 1.230 | 1.340 | 1.450
0.490 | 0.489 | 0.387 | 3.517 | 0.590 | 0.855 | 1.040 | 1.230 | 1.340 | 1.470
0.481 | 0.494 | 0.375 | 3.543 | 0.590 | 0.850 | 1.030 | 1.210 | 1.330 | 1.450
0.485 | 0.494 | 0.380 | 3.536 | 0.595 | 0.850 | 1.040 | 1.215 | 1.340 | 1.460

| | || —| sample number

Table 3.7 — Mass and dimensions of the 5x25-mesh double twine netting samples of
green polyethylene type. The length of mesh sides is 49 + 0.2 mm. Hr is the total
length of the suspended panel in the T-direction after a creep step of 30 minutes.
Each sample was submitted to a pre-tension step in the N-direction. m is the mass
of the netting sample, Hyo and Hpy are the width and the heigth of the netting
sample at rest respectively, py is the area density at rest, and Hrp is the height of
the suspended netting sample.

Lt

Figure 3.11 — Left: Brezline braided twine. Right: Brezline fibre.

3.2.7 Polyamide braided netting

We investigated single twine netting made of polyamide braided twines.

This twine is made up of a braided sheath composed of 16 threads. The linear
density of the twine is 2766.5 107% + 69.7 107% kg.m ™!, that is 2766.5 4+ 69.7 tex.
The diameter of the twine is 2.32 4+ 0.1 mm. The pitch of the braided sheath, which
is the longitudinal distance required for one revolution of a thread around the twine,
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1 [0.178 | 0.466 | 0.143 | 2.671 | 0.245 | 0.433 | 0.545 | 0.738 | 0.829
2 1 0.177 | 0.455 | 0.180 | 2.161 | 0.285 | 0.458 | 0.560 | 0.737 | 0.830
3 1 0.179 | 0.465 | 0.135 | 2.851 | 0.237 | 0.423 | 0.540 | 0.725 | 0.815
4 10.179 | 0.465 | 0.140 | 2.750 | 0.233 | 0.425 | 0.530 | 0.730 | 0.830
5 |1 0.180 | 0.458 | 0.167 | 2.353 | 0.275 | 0.470 | 0.575 | 0.745 | 0.820

Table 3.8 — Mass and dimensions of the 4x10-mesh double twine netting samples of
green polyethylene type. The length of mesh sides is 60 + 0.3 mm. Hry is the total
length of the suspended panel in the T-direction after a creep step of 30 minutes.
Each sample was submitted to a pre-tension step in the N-direction. m is the mass
of the netting sample, Hyo and Hpy are the width and the heigth of the netting
sample at rest respectively, pg is the area density at rest, and Hp is the height of
the suspended netting sample.

0.179 | 0.464 | 0.145 | 2.661
0.181 | 0.465 | 0.142 | 2.741
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Table 3.9 — Mass and dimensions of two 4x10-mesh double twine netting samples
of green polyethylene type. The length of mesh sides is 60 4+ 0.3 mm. The samples
were tested in uniaxial tensile tests. Each sample was submitted to a pre-tension
step in the N-direction. m is the mass of the netting sample, Hyg and Hpy are the
width and the heigth of the netting sample at rest respectively, and p, is the area
density at rest.

is 7 £+ 0.5 mm.

The length of mesh sides was 29.5 + 0.6 mm. The samples had 4 and 10 meshes
in the N-direction and T-direction respectively. Ten samples were tested. The mass
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0.0184 | 0.318 | 0.080 | 0.723 | 0.407 | 0.558 | 0.624 | 0.648
0.0184 | 0.318 | 0.087 | 0.665 | 0.398 | 0.552 | 0.626 | 0.650
0.0184 | 0.318 | 0.085 | 0.681 | 0.417 | 0.563 | 0.634 | 0.655
0.0183 | 0.317 | 0.087 | 0.664 | 0.423 | 0.568 | 0.629 | 0.653
0.0183 | 0.318 | 0.082 | 0.702 | 0.419 | 0.560 | 0.628 | 0.651
0.0186 | 0.317 | 0.084 | 0.698 | 0.428 | 0.571 | 0.633 | 0.656
0.0184 | 0.317 | 0.090 | 0.645 | 0.414 | 0.563 | 0.629 | 0.651
0.0184 | 0.317 | 0.087 | 0.667 | 0.430 | 0.569 | 0.629 | 0.650
0.0183 | 0.318 | 0.086 | 0.669 | 0.434 | 0.574 | 0.631 | 0.653
0.0184 | 0.318 | 0.085 | 0.681 | 0.424 | 0.567 | 0.626 | 0.650

S| ©| o] ~1| o[ | | wo| no| —=| sample number

Table 3.10 — Mass and dimensions of the 4x10-mesh single twine netting samples
of Breztop polyethylene type. Hrp is the total length of the suspended panel in the
T-direction after a creep step of 30 minutes. Each sample was submitted to a pre-
tension step in the N-direction. m is the mass of the netting sample, Hyo and Hrpg
are the width and the heigth of the netting sample at rest respectively, pg is the
area density at rest, and Hrp is the height of the suspended netting sample.

and the dimensions at rest Hyo and Hpg are given by Table 3.12.
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1 | 0.1165 | 0.470 | 0.138 | 1.796 | 0.370 | 0.509 | 0.702 | 0.802
2 10.1165 | 0.467 | 0.128 | 1.949 | 0.361 | 0.510 | 0.711 | 0.814
3 101158 | 0.474 | 0.128 | 1.909 | 0.343 | 0.494 | 0.697 | 0.807
4 10.1189 | 0.479 | 0.125 | 1.986 | 0.343 | 0.501 | 0.707 | 0.816
5 1 0.1182 10478 | 0.132 | 1.873 | 0.358 | 0.514 | 0.714 | 0.818
6 | 0.1186 | 0.475 | 0.135 | 1.849 | 0.361 | 0.512 | 0.710 | 0.810
7 101154 | 0.472 | 0.126 | 1.940 | 0.346 | 0.495 | 0.691 | 0.797
8 10.1196 | 0.480 | 0.144 | 1.730 | 0.399 | 0.547 | 0.746 | 0.848
9 1 0.1175 | 0.483 | 0.128 | 1.901 | 0.392 | 0.547 | 0.749 | 0.854
10 | 0.1187 | 0.480 | 0.133 | 1.859 | 0.379 | 0.532 | 0.737 | 0.849

Table 3.11 — Mass and dimensions of the 4x10-mesh single twine netting samples
of Brezline polyethylene type. Hyp is the total length of the suspended panel in
the T-direction after a creep step of 30 minutes. Each sample was submitted to a
pre-tension step in the N-direction. m is the mass of the netting sample, Hy( and
Hrp are the width and the heigth of the netting sample at rest respectively, pg is
the area density at rest, and Hr is the height of the suspended netting sample.
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3.2. Netting samples for experiments
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0.0209 | 0.222 | 0.125 | 0.753 | 0.264 | 0.427
0.0211 | 0.235 | 0.128 | 0.701 | 0.242 | 0.441
0.0212 | 0.235 | 0.113 | 0.798 | 0.223 | 0.448
0.0208 | 0.227 | 0.115 | 0.797 | 0.205 | 0.429
0.0212 | 0.235 | 0.112 | 0.805 | 0.196 | 0.446
0.0211 | 0.232 | 0.110 | 0.827 | 0.198 | 0.436
0.0207 | 0.225 | 0.105 | 0.876 | 0.250 | 0.428
0.0212 | 0.235 | 0.130 | 0.694 | 0.265 | 0.442
0.0210 | 0.232 | 0.113 | 0.801 | 0.242 | 0.435
0.0209 | 0.235 | 0.125 | 0.711 | 0.235 | 0.447

Sl o| 0|~ | | | wof ro| =| sample number

Table 3.12 — Mass and dimensions of the 4x10-mesh single twine netting samples
of polyamide type. Hr is the total length of the suspended panel in the T-direction
after a creep step of 30 minutes. Each sample was submitted to a pre-tension step
in the N-direction. m is the mass of the netting sample, Hyo and Hpy are the width
and the heigth of the netting sample at rest respectively, py is the area density at
rest, and Hrp is the height of the suspended netting sample.
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3.3 Evaluation of the axial stiffness of twine

Tensile tests have been performed on the LR5Kplus tensile testing machine to evalu-
ate the axial stiffness of twines constituting the studied fishing nets. Because of the
complex visco-elasto-plastic behaviour of the polyethylene, it is not straightforward
to evaluate the axial stiffness. We proposed to assess this stiffness by measuring the
moduli of short-time behaviour according to Bles et al. (2009) and the moduli of
long-time behaviour.

3.3.1 Experimental method

A tensile test has been performed on a twine constituting the green polyethylene
braided netting presented in Section 3.2.4.

We measured the applied force and the elongation of the twine. We mea-
sured the distance between two points along the twine using a LASERSCAN 200
non-contacting extensometer (Lloyd instruments). In order to increase the strain-
measure precision of the Laserscan extensometer, we made a special measurement
device (Fig. 3.12).

The loading path was a monotonic loading interrupted by 8 relaxation stages
when the jaw displacement was blocked. The strain rate was 2.107* s and the
load at the beginning of the relaxation stages increased from 100 to 900 N, by 100
N steps. The duration of the eight relaxation stages was 15 minutes.

A result of this test is given by Figures 3.13 left and 3.14.

3.3.2 Short-time modulus of elasticity

Bles et al. (2009) noted that the measurements after relaxations and creeps of the
initial modulus were in agreement and provided a characteristic evolution of a short-
time modulus.

We calculated the moduli of short-time behaviour by calculating the slope at the
beginning of each load step, just after a relaxation stage (Fig. 3.13). The evolution
of the moduli with the logarithmic strain in the case of the studied braided twine
is shown in Figure 3.13. For a small logarithmic strain (< 0.055), we will suppose
that the short-time modulus of elasticity is inferior to 14000 N.

3.3.3 Long-time modulus of elasticity

The stress relaxations during relaxation stages show that the twine presents a visco-
elastic behaviour. If we assume that the effect of the viscosity is relaxed at the end
of each relaxation stage, we can evaluate the long-time elastic behaviour of the
twine. Indeed, with these assumptions, the elastic component of the Force-Strain
behaviour links the points at the ends of each relaxation step. We calculated a linear
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3.3. Evaluation of the axial stiffness of twine

hanging point on the twine

__two light rigid tubes
laser extensometer

_laser reflective tapes

fixing point on the twine
twine

Y

F

Figure 3.12 — Measurement device allowing to accurately measure the distance be-
tween two points on the twine using a non-contacting extensometer in spite of the
torsion in the twine during the test.

regression on the points at the ends of each relaxation step (red line in Fig. 3.14).
The slope of the line is 2444 N, and the coefficient of determination R?* = 0.992.

Thus, for the chosen logarithmic strain, we can assume that the axial tensile
stiffness is equal to 2444 N.

29



Chapter 3. Experimental method and netting samples

F [N]

1000 60000 X
50000 - *
800
— 40000 [~ n
600 = «
g *
S L % _
§ 30000 »:
400 L
© 20000 X -
X
200 10000 [~ ]
0 0 \ [ \ \
0 0.05 0.1 0.15 0.2 0.25 0 0.05 01 015 0.2 0.25
logarithmic strain (eqq) [-] logarithmic strain (eoq) [-]

Figure 3.13 — Left: the black line presents the load as a function of the logarithmic
strain e;,,, and the red segments indicate the slope (short-time modulus) just after
each relaxation stage. Right: evolution of the short-time modulus, obtained with
the slopes in the figure on the left.
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Figure 3.14 — The black line presents the experimental result of the load as a function
of the logarithmic strain, and the red line was obtained with a linear regression.

3.3.4 Discussion

A tensile test performed on a twine constituting the green polyethylene braided net-
ting allowed us to evaluate the short-time and long-time Young’s moduli of elasticity.
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3.3. Evaluation of the axial stiffness of twine

The short-time modulus increases when the axial strain increases. We can assume
that, for a small logarithmic strain (< 0.055), the short-time modulus of elasticity
is inferior to 14000 N. However, it was necessary to evaluate the long-time axial
stiffness of the twine. For that, the twine presenting a visco-elastic behaviour, it was
assumed that the viscosity effect was removed at the end of each relaxation step.
We found an axial tensile stiffness equal to 2444 N for the chosen logarithmic strain.

These results will be used in the numerical models to evaluate the effect of the
axial stiffness during suspending, uniaxial and biaxial tensile tests.
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CHAPTER

4

Experimental results

4.1 Uniaxial tensile tests

4.1.1 Experimental results

Results of two tests on two netting samples are presented: Figures 4.1 and 4.2 show
the result in case of a 4x10-mesh double twine Green PE netting sample with a
mesh side length of 60 mm (described in Table 3.9), and Figure 4.3 shows the result
in case of a 4x10-mesh single twine Green PE netting sample with a mesh side
length of 40 mm (described in Table 3.2). A load and unload cycle interrupted by
several relaxation stages was imposed. The controlled jaw displacement rate was
100 mm.min~". The duration of the relaxation stages was 15 minutes.

Figures 4.4 and 4.5 present the result of a cyclic tensile test on a double twine
Green PE netting sample.

4.1.2 Uniaxial stress state

Regarding the structure of netting, we could wonder if the force applied on the cen-
tre mesh was uniaxial.

First, the shape of the deformed netting sample (Fig. 4.6) showed boundary ef-
fects. The boundary effects did not seem to apply a transverse force on the central
mesh. Indeed, the width along the height of the sample appeared to be constant
around the centre of the sample.

Then, the simulation of a netting sample tested in a uniaxial tensile test us-
ing the finite element method (Abaqus Standard tool) revealed a compression force
in the N-direction in the meshes along the longitudinal plane of symmetry of the
sample (Tables D.1 and D.2). By simulating a uniaxial tensile test on a netting
sample submitted to a force by mesh F'my in the T-direction of 1 N, a compression
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Figure 4.1 — Result of a tensile test including relaxation stages of 15 minutes on a
4x10-mesh double twine Green PE netting sample (Table 3.8). At the top,
evolution of the opening in the T-direction of the mesh in the middle of the netting
panel. At the bottom, evolution of the force by mesh F'my in the T-direction applied
on the mesh in the middle of the netting panel. The length of the mesh sides is 60
mm. The evolution of the force by mesh F'my during the relaxation steps reveals
the viscosity of the material.

force F'my in the mesh in the middle of the netting sample equal to —0.32 N was
revealed (Fmy/Fmr = —0.32, Table D.1). If the force by mesh Fmy applied in
the T-direction was 12.5 N, the force by mesh F'my in the N-direction in the mesh
in the middle of the netting panel was —0.52 N (Fmy/Fmp = —0.04, Table D.2).
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4.1. Uniaxial tensile tests
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Figure 4.2 — Result of a tensile test including relaxation stages of 15 minutes on a
4x10-mesh double twine Green PE netting sample (Table 3.8). Evolution of
the force by mesh Fmy in the T-direction applied on the mesh in the middle of the
netting panel as a function of the opening or in the T-direction. The length of the
mesh sides is 60 mm.

The mesh in the middle of a netting sample tested on the tensile testing machine
is not in a perfect uniaxial stress state.

By increasing the distance between the boundaries and the centre of the tested
samples, thus by using longer samples in the T-direction, we could reach a uniax-
ial stress state. However, because of the limited displacement course of the tensile
testing machine, a special tensile machine should be necessary.
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Figure 4.3 — Results of tensile tests including relaxation stages of 15 minutes on a
4x10-mesh single twine Green PE netting sample with a mesh side length of
40 mm (red, Table 3.2) and on a 4x10-mesh double twine Green PE netting
sample with a mesh side length of 60 mm (black, Figure 4.2). Evolution of the
force by mesh Fmq in the T-direction applied on the mesh in the middle of the
netting panel as a function of the opening or in the T-direction.
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Figure 4.4 — Result of a cyclic test on a 4x10-mesh double twine Green PE
netting sample (Table 3.8). At the top, evolution of the opening in the T-direction
of the mesh in the middle of the netting panel. At the bottom, evolution of the force
by mesh F'my in the T-direction applied on the mesh in the middle of the netting
panel. The length of the mesh sides is 60 mm.
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Figure 4.5 — Result of a cyclic test on a 4x10-mesh double twine Green PE
netting sample (Table 3.8). Evolution of the force by mesh Fmy in the T-direction
applied on the mesh in the middle of the netting panel as a function of the opening
or in the T-direction. The length of the mesh sides is 60 mm.
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Netting sample

Figure 4.6 — Shape of a netting sample tested in a uniaxial tensile test.
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4.2. Suspending tests

4.2 Suspending tests

4.2.1 Evolution of the heights

Figures 4.7 to 4.9 present the evolution of the total height in the T-direction Hrp
of 4x10-mesh single twine samples made of Green PE (Fig. 4.7), Breztop PE (Fig.
4.8) and Brezline PE (Fig. 4.9) during suspending tests. Each netting sample was
subjected to a force by mesh F'myp successively equal to 0.324 N, 0.814 N, 1.795 N
and 2.776 N.

0.6 T

0.5

04 [ -
E .l |
- 03
T

0.2 %;;:-————_——‘; _

0.1 Stepl Step 2 Step 3 Step 4 .

| | | | | | \

0 1000 2000 3000 4000 5000 6000 7000 8000
t [s]

Figure 4.7 — Results of experimental suspending tests on 10 4x10-mesh single
twine Green PE netting samples (Table 3.1). Evolution of the total height in
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