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NI590, Sec 1

Section 1 General Approach

1 General

1.1 Application

1.1.1 The requirements of this Guidance Note apply to rudder stock, rudder blade and flap, rudder trunk and rudder horn built
in composite materials.

1.1.2 The purpose of this Guidance Note is to define and specify:
¢ a methodology to assess scantling of rudders
¢ the requirements for the manufacture inspections and tests

for rudders, made totally or partially in composite materials.

This Guidance Note is to be applied in addition to the Rule Notes:

e NR467 Rules for the Classification of Steel Ships, Pt B, Ch 12, Sec 1, and
e NR546 Hull in Composite Materials and Plywood.

Note 1: As a general rule, this Guidance Note is not applicable to rudder built in composite materials for ship classed with the service notation
yacht and charter yacht, where the NR500 Rules for the Classification and the Certification of Yachts, is applicable.

1.1.3 General arrangement of rudder (effective means to support the weight of rudder, to prevent the rudder from lift, to prevent
water from entering the steering gear compartment,...) are to be as defined in NR467, Pt B, Ch 12, Sec 1.

The elements made of steel in the rudder arrangement are not covered by this Guidance Note and are to be in accordance with
NR467, Pt B, Ch 12, Sec 1.

1.1.4 The steering gear systems are not covered by this Guidance Note and are to be as defined in NR467, Pt C, Ch 1, Sec 14.

1.1.5 As a general rule, elements of the rudder system which are in direct contact with the ice, for ships having an additional
notation for navigation in ice, are not to be in composite materials.

1.2 Surveys for the maintenance of class

1.2.1 In addition to the extend and scope of the periodical in-service surveys to be carried out according to NR467, Part A, an
inspection plan for in-service surveys of composite rudder parts is to be provided by the manufacturer, including the:

e frequency of survey

¢ list of items to be inspected including acceptance criteria of elements checked,

e repair procedure, in case of wear/damage of rudder components,

* monitoring system, if provided, to assess the rudder stock deformation, the conical coupling pressure,...

Attention is drawn to special requirements from the ship Flag Administration which may be taken into account and not included
in this Guidance Note.

1.3 Documentation to be submitted

1.3.1 The plan showing the structural arrangement of the rudder, the scantling of the rudder stock and rudder blade, the
connections, the reinforcements in way of bearings, ... are to be submitted to the Society for approval.
In addition to the structural drawings, the following information are to be submitted:
¢ Raw materials: technical specifications of suppliers with indication of the types, trademark and references of the raw
materials, specifying:
- forresins and adhesives: system (polyester, vinylester or epoxy), density, Young modulus, shear modulus, Poisson
coefficient, breaking strength and elongation at break
- for reinforcements (unidirectional reinforcements, woven roving, mats): fibre’s quality (type, density and breaking
strength, Young modulus and Poisson coefficient in fibre direction and normal to fibre direction), mass per square meter,
thickness and, for woven roving, weft-wrap distribution
- for core materials: type and quality, density, tensile, compression and shear breaking stresses and elasticity moduli.
e Laminate: arrangement of the laminates for the various elements (thickness, definition of the successive layers of
reinforcement, mass of reinforcement per square meter in layers, proportion in mass or in volume of reinforcement of each
layer, directions of roving layers and unidirectional reinforcements, dimension of lap joints between layers).

* Manufacturing process: see [2.3].

Rudders in Composite Materials - N1590 March 2023
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NI590, Sec 1

2 Materials and manufacturing process

2.1 General

2.1.1 The mechanical characteristics of a composite structure are directly depending on the type of raw materials used and the
manufacturing process adopted for the building.

The present article defines the requirements regarding the homologation of raw materials and the construction process survey of
rudder built in composite material.

2.2 Materials

221 General

The raw materials considered are:

¢ thermoset resin’s systems

e glass, carbon or para-aramid based reinforcement fabrics.
e core materials

Other raw materials may be considered, provided their specifications are submitted to the Society for acceptance.

General informations on the “state of the art” about main raw materials and minimum rule mechanical characteristics are given
in the NR546.

2.2.2 Certification of raw material
As a general rule, the main raw materials (resins, reinforcement fabrics and cores) used for rudder elements put on board are to
be certified by the Society.

The process of raw material approval is described in the NR546, Sec 12, [2].

2.3 Construction survey

23.1 General

During the manufacturing process of the rudder elements, survey at yard and mechanical test are to be carried out by the Society.
The manufacturing process considered are lay-ups (spray and hand), vacuums (infusion), prepreg and winding.

Other manufacturing process may be accepted on a case by case basis.

2.3.2 Mechanical test

Mechanical and physico-chemical tests are to be performed on test samples produced by the shipyard and representative of the
construction of the rudder elements (same raw materials, same laminate lay-up and same construction process).

These tests are to be defined on a case by case basis by the Society, and the results are to be compared with the theoretical
properties of the laminates characteristics defined in this Guidance Note.

The general requirements about mechanical tests are defined in the NR546, Sec 12, [4].
Where deemed necessary by the Society, prototype model of a set of elements of the rudder may be requested to be tested.

2.3.3 Construction survey
Inspections at yard during the rudder elements construction are defined in the NR546, Sec 12.

3 Design loads and stress analysis

3.1 Design loads

3.1.1 The rudder force Cy, in N, applied to the rudder is to be obtained as defined in the NR467, Pt B, Ch 12, Sec 1, taking into

account the maximum ahead and astern speed of the ship, the location of the rudder in relation to the propeller jet and the shape
of the rudder blade.

The forces acting on the rudder blade may induce in the rudder structure the following loads:
* bending moment, torque and shear force in the rudder stock

¢ bending moment, torque and shear force in the rudder blade and in the flat

e bending moment, torque and shear force in the rudder trunk

e support forces at pintle and rudder stock bearings

* bending moment, torque and shear force in the rudder horn.

These moments, shear force and support forces are defined in the NR467, Pt B, Ch 12, App 1 in relation to the type of rudder.
Bending moment, torque and shear force applied to the rudder structure may be defined by direct calculation to be submitted to
the Society.

Note 1: Where rudder is supported by a rudder horn, a direct calculation taking into account the elastic support of the rudder horn may be
considered to determine the bending moment and shear force applied to the rudder stock.

A5
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NI590, Sec 1

3.2 Stress analysis

3.2.1 Stress calculation

For each element of the rudder built in composite material (rudder stock, blade and flap, trunk or horn), the stress analysis is
carried out taking into account:

e the moments and forces defined in [3.1.1]

e the geometry of the considered element

¢ the global rigidity of laminates of the considered element.

Strains and curved deformation of laminates of the considered element are to be calculated at the laminate median plan and
allow to estimate the stresses in the layers of the laminate.

The mechanical characteristics of the individual layers and of the laminates are to be calculated as defined in the NR546, or by
an equivalent method.

Steps of the calculation and associated Rules Note of the Society necessary to carry out these calculations are given in Tab 1.

3.2.2 Safety coefficients

For each layer of the different laminates of the element considered, the safety coefficients, equal to the ratio between the applied
stress and the theoretical breaking stresses of the layer as defined in the NR546, are to be calculated. These safety coefficients
are to be at least equal to the minimum rules safety coefficients as defined in Article [11].

Table 1 : Steps for stresses calculation

St
°ps Calculation Reference
Rudder force Cy and force per unit length acting on the rudder body in NR467, PtB, Ch 12,
relation with the type of rudder Sec1and Ch 12, App 1
F i -
1 orce and torque acting Rudder torque applied to the rudder stock NR467, Pt B, Ch 12, Sec 1
on the rudder
Bending moments, shear forces, support forces and torsion moments
applied to the different elements of the rudder NR467, PtB, Ch12, App 1
.Gec.)n.ﬂetrlc characteristics, rigidity and theoretical breaking stresses of NR546, Sec 5
individual layers
Laminate characteristics - - o AT
2 | of the elements of the DgscrlpFlon of the Igmlnate (position of the individual layers, NR546, Sec 6
rudder orientation of the reinforcements)
Global elastic coefficients and mechanical characteristics of the
laminate in the axis the element of the rudder NR546, Sec 6
Calculation of the sections and the rigidities of the element of the (4]
rudder under consideration (rudder stock, blade or flap, trunk, horn)
3 | Element of the rudder - - - -
Strains deformation of the median plan of each laminates of the (51 to [10]
considered elements under loads calculated in step 1
Calculation of the stresses for each individual layer in its own local axis NR546, Sec 6
4 Laminate stress analysis - — —
Calculation of the safety coefficients for each individual layer [11]

4 Section characteristics of rudder elements

41 General

4.1.1 As a general rule, the bending rigidity E,l, , the torsional rigidity G, Iy and the effective shear rigidity G,,S of the element
of the rudder are to be determined by direct calculation.

For circular or rectangular hollow profiles, formulae defined in [4.2] may be used, instead of determination by direct calculation.

4.2 Calculation of element rigidity

4.2.1 Elastic coefficient of laminate

The following moduli, in N/mm?, which characterize the laminate, are to be calculated as defined in the NR546, Sec 6, [2]:
e E, tensile modulus in the direction X of the laminate

e E, tensile modulus in the direction Y of the laminate

e Gyyshear plane modulus in the plane of the laminate.

A5
Rudders in Composite Materials - N1590 March 2023
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4.2.2 Circular hollow profile rigidity

The bending and torsional rigidity, the effective shear rigidity and the tensile rigidity of a circular hollow profile are to be
calculated as follows:

e bending rigidities, in Nmm?, according to the two main axes:

£ - B -d)
A 64
¢ torsional rigidity, in Nmm?:

_ Gun(D'-d"

G>(Y|T 32

o effective shear rigidity, in N:

Gyn(D* = d)

GyS = 3

e tensile rigidity, in N:
ExAy = E(DCOIZ)EX
where:
D,d : Respectively the outer and inner diameter, in mm, of the circular hollow profile.

4.2.3 Rectangular hollow profile rigidity

The bending rigidity, the torsional rigidity, the effective shear rigidity and the tensile rigidity of a rectangular hollow profile are

to be calculated as follows:

e bending rigidity Ey;ly, in Nmm?, and effective shear rigidity Gyy;Sy, in N, according to X axis:

3 3

GxviSx = 2Gyy1Bxex

where:

Exi;, Gxy1: Young modulus and shear modulus, in N/mm? calculated in the element 1 as shown on Fig 1, in accordance with

NR546, Sec 6, 2]

Ey, : Young modulus, in N/mm? calculated in the element 2 as shown on Fig 1, in accordance with NR546, Sec 6, [2]

Figure 1 : Rectangular hollow profile dimensions

i
€x ! Element 1
M |
4 : :_____.-..-..-..i-..‘.'./...-..-...l Element 2
il 3 V 1
I y :'
By| by| st Sy HE __:__X>
i e T
vy i | Element 1
L A 1 I
by
Element 2 ||« >
3 Bx .

---- Position of median plan of element 1 & element 2

¢ bending rigidity Ex,ly, in Nmm?, and effective shear rigidity Gyy,Sy, in N, according to Y axis:

3 eyB’
Exly = 2|:(B\1(—3Y + Bveyvzx) Ex, + );2 XEX1:|

Gxv2Sy = 2Gyy,Byey

where:

Ex;, Gxy : Young modulus and shear modulus calculated in the element 1 as shown on Fig 1, in accordance with NR546,

Sec 6, [2]
Ey, : Young modulus calculated in the element 2 as shown on Fig 1, in accordance with NR546, Sec 6, [2]
4‘}" \/g}t
Rudders in Composite Materials - N1590 March 2023
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NI590, Sec 1

e torsional rigidity, in Nmm?:
2(b,b,)’
C]XYIT = b—()—szoy
=X e
eXGXY1 eYGXVZ
where:

Gyyibxex+ Gyy,byey
byex +byey

Gmoy =

Gxy1, Gyyz2: Shear moduli, in N/mm?, respectively calculated in accordance with NR546, Sec 6, [2], in the element 1 and the
element 2 (see Fig 1).

e tensile rigidity, in N:
ExAx = 2(Bxex + Byey)Enoy
where:

_ BxexExi +ByeyEx,

E =
moy Byey + Byey

5 Rudder stock scantling

5.1 Scantling criterion

5.1.1 General

The scantling of the rudder stock is based for a state of stress in each layer of the laminate making up the rudder stock, induced
by torque moment My, bending moment Mg and shear force F.

The values of the moments, in KNm, and the shear forces, in N, and the combination of these moments and shear force according
to the section of the rudder stock under consideration are defined in the NR467, Part B, Ch 12, App 1.

As a general rule, the requirements to rudder stock scantling are applicable regardless of liners generally provided in way of
bearings, cone couplings,...

The stresses in the individual layers of the laminates making up the rudder stock are to be calculated as defined in the NR546,
Section 6, taking into account the strains defined in [5.1.2].

The scantling criteria are based on safety coefficients as defined in Article [11].

5.1.2 Rudder stock strains

The rudder stock laminate strains, calculated at the median plan of the laminates, at the section considered of the rudder stock
may be estimated as follows:

a) Shear strain, in %, in the plan of the rudder section induced by the torque moment:

o = O

where:

Mg : Torque moment, in KNm

Vinp . Distance, in mm, between the torsion centre of the rudder stock profile and the median plan of the laminate
Gysly  : Torsional rigidity, in Nmm?, as defined in Article [4].

b) Bending strain, in %, in the median plan of the laminates making up the rudder stock induced by the bending moment:

&xi = %108

where:

Mg :  Bending moment, in KNm

Viop : Distance, in mm, between the bending centre of the rudder stock profile and the median plan of the laminate
Exil; : Bending rigidity, in Nmm?, as defined in Article [4].

Note 1: The strain analysis of each layer of the laminate of the rudder stock may be carried out by the analysis of an equivalent sandwich having
the same lay-up than the rudder stock with a core thickness equal to ds and with a width of one meter, loaded by a bending moment Mg,
in KN.m, equal to:

M'B = hf\/\B
Is
where:

I, :Inertia of the rudder stock

I :Inertia of the equivalent sandwich of one meter width.
A5
Rudders in Composite Materials - N1590 March 2023
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c) Shear strain perpendicular to the rudder section induced by the shear force:
F

Yxz = m”ﬁ

where:

F : Shear force, in KN

GyyiSi : Effective shear rigidity, in N, as defined in Article [4].

5.2 Additional criterion

5.2.1 Rudder stock analysis by finite element calculation

If deemed necessary, the Society may require in addition to the rudder stock laminate strains calculated as defined in [5.1] at the
median plan of the laminates, a finite element analysis or an equivalent calculation of the rudder stock, based on the hypothesis
defined in Sec 2.

5.2.2 Rudder stock deformation

Large rudder stock deformations are to be avoided in order to avoid edge pressure in way of bearings (see [7.1]) or failure of the
rudder arrangements.

The Society may require an additional check of the rudder stock scantling by finite element calculation, based on the hypothesis
defined in Sec 2, to make sure that the deformation are acceptable.

6 Rudder stock couplings

6.1 Connection to the steering gear

6.1.1 General
The requirements of this sub-article apply in addition to those specified in the NR467, Pt C, Ch 1, Sec 14.

The rudder stock connection to the steering gear is to be examined taking into account the full torque moment induced by the
rudder blade.

In addition, it may be necessary to take into account the following loadings:
e weight of the rudder body when the effective means for supporting the rudder are transmitted to the coupling
¢ bending moments when the steering gear is located in a rudder stock area transmitting bending moment to the coupling.

6.1.2 Connection by bolted joint
Bolting connection are to be examined by direct calculation taking into account the:

¢ loadings defined in [6.1.1]
o effective shear sections of the bolts and/or shear bushes
e prestress in the bolts.

The admissible shear stress t,, in N/mm?, induced by the torque only and the admissible Von Mises combined stress o,, in N/mm?,
in the bolts and/or shear bushes are to be in compliance with the following formulae:

1, < 0,20 R/
6,<0,55R,
where:
R, : Design yield strength in N/mm?, determined by the following formula:
e R.,=R,whereR>1,4R,
¢ R.=0417 (R.+R) whereR<1,4R,
Re : Value of the minimum specified yield strength of the bolts and/or shear bushes, in N/mm?
R : Value of the minimum specified tensile strength of the bolts and/or shear bushes, in N/mm?.

6.1.3 Connection by gluing joint

Where the connection is totally or partially carried out by gluing joint, the connection is to be examined by direct calculation
taking into account the:

¢ loadings defined in [6.1.1]
e mechanical characteristics of the joint (in relation to the adhesive type and gluing process) as defined in the NR546.

As a general rule, the minimum admissible safety factor SF (equal to the ratio between the minimum breaking stress of the
adhesive and the actual stress), applicable to the shear stress in the gluing joint is to be greater than:

SF = 6,5 CF CV
where:
A5
Rudders in Composite Materials - N1590 March 2023
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NI590, Sec 1

Ce : Coefficient taking into account the gluing process, and generally taken equal to:

e Ci=1,4in case of a vacuum process with rising temperature

e Cg=1,5in case of vacuum process

e C;=1,7 in the other cases
Cy . Coefficient taking into account the ageing effect on the adhesive joint, to be taken as a general rule not less than 1,2.
Combination of mechanical and glued connections will be considered on a case by case basis.

Where deemed necessary by the Society, mechanical test on representative gluing joint samples may be required.

6.1.4 Connection by cone coupling arrangement
This requirement applies for coupling arrangement made by friction coupling induced by a conical arrangement between the
circular rudder stock and the tiller boss of the steering gear.

The theoretical parameters to estimate the characteristics of the cone coupling arrangement are as follows:
a) pressure p, in N/mm?, to apply between the rudder stock and the tiller boss to ensure the transmission of the torque:

2Mmn

Py = — C2106
ndn 't (1 — T

where:
Mg : Rudder torque, in KN.m, defined in [3.1.1]
n : Coefficient to be taken equal to:

e 1 =1 for keyed connections

e 1 =2 for keyless connections
dg, :  Mean diameter, in mm, of the conical bore as shown on Fig 2
u : Friction coefficient after mounting (taken equal to 0,15 for steel/steel friction)
¢ : Taper of conical coupling measured on diameter, to be obtained from following formula:

c = (dy—do)/ts
t, dy, do:  Geometrical parameters of the coupling, as shown on Fig 2
b) value t,, in mm, of the minimum tightening between the rudder stock and the tiller boss:
=
b Dy —dp Es,\d,2 - d, Es,
where:
Dy, d, and d,,: Dimensions, in m, of the rudder stock and tiller boss, as shown on Fig 2
E, : Young modulus, in N/mm? of the tiller boss
Es,, Es, : Young moduli, in N/mm? of the rudder stock, in the circumferential and radial directions, respectively
Vb . Poisson’s ratio of the tiller boss
Vsay : Poisson’s ratio of the rudder stock in the circumferential direction (y-direction) due to a stress in the radial
direction (z-direction)
c) push-up length value A,, in mm, of the rudder stock tapered part into the tiller boss:
Ao =&
C
Non circular rudder stock are to be examined on a case by case basis.

As a general rule, a finite element calculation based on the hypothesis defined in Sec 2 is to be carried out in order to take into
account the following additional stresses:

e For the rudder stock: longitudinal tensile and radial compressive stresses

¢ For the tiller hub: radial tensile stresses.

The minimum rule safety coefficient SF¢ for an analysis of the combined stress is to be as defined in [11.1.3], with a value of the
partial safety factor Ces taken not less than the value given in Tab 2.

6.1.5 Insert connection and local rudder stock scantling
The connection between the insert and the rudder stock is to be examined on a case by case basis. The tensile force, in N,
induced by the push-up length and transmitted to the rudder stock by the insert may be estimated by the following formula:

di, - ds \ Voy (o + di
F = m s E xP ) ﬁ_._ S z( m s):|
n( 4 ) ° tP’|: ESZ ESy di,*df

where:
Es, : Young modulus, in N/mm?, of the rudder stock as defined in the NR546, in the axial direction
Es,, Es, : Young moduli, in N/mm? of the rudder stock, in the circumferential and radial directions, respectively

Rudders in Composite Materials - N1590
Section 1
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Vszx

VSyz

Poisson’s ratio of the rudder stock in the axial direction (x-direction) due to a stress in the radial direction (z-direction)
Poisson’s ratio of the rudder stock in the radial direction (z-direction) due to a stress in the circumferential direction
(y-direction)

Pressure, in N/mm?, as defined in [6.1.4], a)

Mean diameter, in mm, of the conical boss as shown on Fig 2

Internal rudder stock diameter, in mm, as shown on Fig 2.

The rudder stock laminate in way of the cone coupling is to be examined taking into account the tensile force F with the minimum
rule safety coefficient, as defined in Article [11].

Figure 2 : Schematic view of cone coupling cross-section geometry

. Do .
< o X >
do i
n 1
Tiller >
boss ! Insert

1 Y
©

gl
dj
e ol

ds |

< o >

Note: Fig 2 is valid for cone-coupling of both:

rudder stock and tiller boss of the steering gear
rudder stock and massive part of the rudder blade.

Dimensions indicated by D, , d, , d, , d,, d;, and d, are to be taken in the way of the cone coupling (either in the region of the steering gear or
in the region of the rudder blade, accordingly).

6.2 Connection to the rudder blade

6.2.

1 General

As a general rule, the coupling between the rudder stock and the rudder blade is to be examined by direct calculation.

The main principal coupling arrangement are, as a general rule:

a)

Rudders in Composite Materials - N1590
Section 1

Rudder stock extending through the rudder blade:

When the rudder blade is built in composite materials, the connection with the rudder stock may be carried out directly by
the lamination of the horizontal web flange of the rudder blade to the rudder stock.

As arule, this connection is to be able to transmit only the torque moment induced by the rudder blade and is to be as defined
in Article [8].

The minimum rule safety coefficient are to be as defined in Article [11].
Rudder stock connected by cone coupling:
The connection by cone coupling is to be able to transmit the torque moment and is to be as defined in [6.1.4].

When the cone coupling is to transmit a bending moment in addition to the torque moment, the push-up length A,, in mm,
to provide in the conical arrangement to transmit by friction the torque and the bending moments is to be not less than:

A=
C
where
t : value, in mm, of the minimum tightening in the cone coupling, taken equal to:

~ 1(Dy)+d, 1 (de’ +dA v,
t = dmp(|:Eb(Dbz_dm +Vb) + ESy(dmzfdsz) _E_Szz

March 2023
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c : Taper of conical coupling measured on diameter, to be obtained from following formula:

c = (dy—do)/ts

with:
o} : Push-up pressure, in N/mm?, to be taken not less than the greater value of:
p, = — Ml 10’
ndpnty [pu’— CZ
Py = 62—Mb106
ts dp,
where:
M, : Bending moment, in N.m, defined in [3.1.1]
Mqg : Rudder torque, in N.m, defined in [3.1.1]
dp :  Mean diameter, in mm, of the conical boss, as shown schematically on Fig 2

Dy, d,, dy, do, ts:Geometrical dimensions of the cone coupling arrangement, in mm, as shown schematically on Fig 2, to be
taken in way of the massive part of the rudder blade

E, : Young modulus, in N/mm? of the boss cone coupling (massive part)
Es,, Es, : Young moduli, in N/mm? of the rudder stock, in the circumferential and radial directions, respectively
A : Poisson’s ratio of the boss cone coupling (massive part)

Vozy : Poisson’s ratio of the rudder stock in the circumferential direction (y-direction) due to a stress in the radial
direction (z-direction)

n : Coefficient to be taken equal to:

e n=1 for keyed connections

e n =2 for keyless connections
u : Friction coefficient after mounting (taken equal to 0,15 for steel/steel friction).
Non circular rudder stock are to be examined on a case by case basis.

As a general rule, a finite element calculation based on the hypothesis defined in Sec 2 is to be carried out in order to take
into account the following additional stresses:

e For the rudder stock: longitudinal tensile and radial compressive stresses
¢ For the boss cone coupling: radial tensile stresses.

The minimum rule safety coefficient SF¢s for an analysis of the combined stress is to be as defined in [11.1.3], with a value
of the partial safety factor Ccs taken not less than the value given in Tab 2.

6.2.2 Insert connection and local rudder stock scantling

The connection between the insert and the rudder stock is to be examined on a case by case basis. The tensile force, in N,
induced by the push-up length and transmitted to the rudder stock by the insert may be estimated by the following formula:

- ool ]

where:

Es, : Young modulus, in N/mm?, of the rudder stock as defined in the NR546, in the axial direction

Es,, Es, @ Young moduli, in N/mm? of the rudder stock, in the circumferential and radial directions, respectively

Vo . Poisson’s ratio of the rudder stock in the axial direction (x-direction) due to a stress in the radial direction (z-direction)

Vsyz : Poisson’s ratio of the rudder stock in the radial direction (z-direction) due to a stress in the circumferential direction
(y-direction)

d, :  Mean diameter, in mm, of the conical boss as shown schematically on Fig 2, to be taken in way of the massive part
of the rudder blade

d, . Internal rudder stock diameter, in mm, as shown schematically on Fig 2, to be taken in way of the massive part of

the rudder blade.

The rudder stock laminate in way of the cone coupling is to be examined taking into account the tensile force F with the minimum
rule safety coefficient are to be as defined in Article [11].
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6.2.3 Other calculation for cone coupling

It may be possible to take into account the stiffness of the insert (when the thickness of the insert is equivalent to the rudder stock
thickness and when the length of the insert is at least equal to the cone length) for the calculation of the minimum tightening in
the cone coupling.

In this case, the value of the push-up length A, is to be as defined in [6.2.1], b), taking into account a value of the minimum
tightening, in mm, in the cone coupling equal to:

- dmp{l(Dbz*dmz +Vb) +.l_(.d.£1d_i.2) _\M:|

Eb Db2 — dm2 ESmy dm2 - di2 Esz
where:
Eqrnikc :  Mean Young modulus, defined for k =y or z, and taken equal to:
E — (dzm*dzs)Esk_’_(dzs*dzi)Ei
smk T dz _ dz.
Eq : Young modulus of the rudder stock, defined fork =y or z
E : Young modulus of the insert (assumed as an isotropic material)
Vemazy : Mean poisson coefficient in the circumferential direction (y-direction) due to a stress in the radial direction (z-direction),
made equal to:
_ (@ d)ve, H(d = dy,
Vsmzy - dz 7d2~
Very : Poisson coefficient of the rudder stock in the circumferential direction (y-direction) due to a stress in the radial
direction (z-direction)
Vi : Poisson coefficient of the insert (assumed as an isotropic material)
d; . Internal insert diameter as shown schematically on Fig 2.

The rudder stock laminate in way of the cone coupling is to be examined taking into account a tensile force F, distributed over
the mixed cross-section area of the stock and the insert, to be calculated, as follows:

F= n(di; d?) ESmxpt[VS_mzx i Vs_mE(Mﬂ

Esz ESmY dﬁqfdl2
where:
Eqmk : Mean Young modulus, defined for k=x, y or z, and taken equal to:
_ (din o dPE +(dh - dE,
Esmk - d2 dz
E : Young modulus of the insert (assumed as an isotropic material)
Vemki : Mean poisson coefficient in the “j” direction due to a stress in the “k” direction, with “kj”= “zx" or “yz”, to be
calculated, as follows:
_ (dn—d vy (- dyy
Vsmkj - dz _d2~
Vi : Poisson coefficient of the rudder stock in the “j” direction due to a stress in the “k” direction, with “kj”= “zx" or “yz”
Vi : Poisson coefficient of the insert (assumed as an isotropic material)
dp, :  Mean diameter, in mm, of the conical boss as shown schematically on Fig 2, to be taken in way of the massive part
of the rudder blade
d; . Internal insert diameter, in mm, as shown schematically on Fig 2, to be taken in way of the massive part of the rudder
blade.

The minimum rule safety coefficient in the layer of the laminate of the rudder stock in way of the cone are to be as defined in
Article [11].

7 Rudder stock arrangement

7.1 Rudder stock liners and inserts

71.1 General

As a rule, local rudder stock arrangement are to be provided in way of bearings and cone coupling in order to:

¢ protect the fibre against friction

¢ support hollow composite rudder stock against radial stresses due to bearing reaction forces and cone coupling pressure.
Arrangement of liners (located outside the rudder stock) and inserts (located inside the hollow rudder stock) are to be examined
on a case by case basis by the Society.

The main bearing pressure acting on the rudder stock bearing are to be in compliance with the NR467, Pt B, Ch 12, Sec 1.

Rudders in Composite Materials - N1590 March 2023
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8 Rudder blade and flap

8.1 Rudder blade and flap structure

8.1.1 Rudder blade and flap laminates

Rudder blade and flap laminates are to be calculated according to NR546, Section 6, taking into account the loads defined in [3.1].

When applicable, rudder blade and flap are to be examined under global bending moment, torque and shear force as defined
in the NR467, Pt B, Ch 12, Sec 1.

8.1.2 Rudder blade and flap internal webs

Rudder blade and flap internal webs scantling, as well as their connections to the rudder stock are to be examined on a case by
case basis by the Society.

8.1.3 Connection between rudder blade and flap

Connection between rudder blade and flap is to be examined by direct calculation on a case by case basis by the Society.

8.2 Scantling criteria

8.2.1 The scantling criterion of the rudder blade, flap and its connection to the rudder blade are based on safety coefficients as
defined in Article [11].

8.2.2 If deemed necessary, the Society may require in addition a finite element analysis or an equivalent calculation of the rudder
blade and flat and its connections, based on the hypothesis defined in Sec 2.

9 Rudder trunk

9.1 General

9.1.1 When the rudder stock is fitted with a rudder trunk, the rudder stock scantling is to be defined by direct calculation taking
into account the forces applied by the rudder stock.

The bending moment and shear forces applied to the rudder trunk are to be calculated as defined in the NR467, Pt B, Ch 12, App 1.

9.1.2 The stresses in the individual layers of the laminates making up the rudder trunk are to be calculated according to the
methodology defined in the NR546, Section 6.

9.1.3 The scantling criterion of the rudder trunk and its connection to the hull structure are based on safety coefficients as defined
in Article [11].

If deemed necessary, the Society may require an additional finite element analysis or an equivalent calculation of the rudder
trunk and its connection to the hull structure, based on the hypothesis defined in Sec 2.

10 Rudder horn

10.1 General

10.1.1 The bending moment, shear forces and torque acting on the rudder horn are to be calculated as defined in the NR467,
PtB, Ch 12, App 1.

10.1.2 The stresses in the individual layers of the laminates making up the rudder horn are to be calculated according to the
methodology defined in the NR546, Section 6.

10.1.3 The scantling criterion of the rudder horn and its connection to the hull structure are based on safety coefficients as
defined in Article [11].

If deemed necessary, the Society may require an additional finite element analysis or an equivalent calculation of the rudder horn
and its connections to the hull structure, based on the hypothesis defined in Sec 2.

A5
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11 Scantlings and safety coefficients

11.1 Scantling basis

11.1.1 General

Scantlings of rudder structures made of composite materials are based on actual safety coefficients, equal to the ratio between
the actual applied stresses calculated as defined in this Guidance Note and:

a) the theoretical breaking stresses of the elementary layers used for the full lay-up laminates of the rudder elements defined in
the NR546, Section 5 and when applicable

b) the critical stresses of the whole laminate defined in the NR546, Section 6.

The actual rule safety coefficient are to be greater than the minimum rule safety coefficient defined in [11.2].

Note 1: Breaking stresses directly deduced from mechanical tests may be taken over from theoretical breaking stresses if mechanical test results
are noticeably different from expected values. The program of tests should be submitted to the Society for validation, prior to the performance
of mechanical tests.

11.1.2 Type of stresses considered

The different type of stresses considered to estimate the actual safety coefficients (in each layer or in the whole laminate) are
defined in the NR546, Sec 2, [1.2.1].

11.1.3 Scantling criteria for composite elements
The minimum rule safety coefficients are to fulfil the following conditions:

e For an analysis of main stresses in each layer:

SF>C, C; Cy
where:
SF :  Ratio between the main stresses and the theoretical breaking stresses of the same types in each layer

Cy, C;, Cy: Partial safety coefficients defined in [11.2].
¢ For an analysis of combined stresses in each layer:

SFes 2 Cy Cr Ces
where:
SFcs : As defined in the NR546, Sec 2, [1.3.3]

Cy, Gy, Ccs: Partial safety coefficients defined in [11.2].
¢ For buckling evaluation, the following general formula applies:

SFB 2 CBUCK CF CV
where:
SFy : Ratio between the stresses in the whole laminate and the theoretical critical buckling stress to be defined on a

case by case basis
Cgucks Cr, Cy: Partial safety coefficients defined in [11.2].

11.1.4 Scantling criteria for structural adhesive joint

The minimum rule safety coefficients for the structural adhesive joint is to fulfil the following conditions:
SF,; 2C,; G Cy

where:

SF Ratio between the shear stresses in the adhesive joint and the theoretical shear breaking stress of the structural adhesive

aj
Note 1: As a general rule, the maximum breaking shear stress is usually taken equal from 5 N/mm? to 10 N/mm? (for high performance
bonding). Other values given by the manufacturer may be taken into account, based on mechanical test results representative of
the adhesive joint considered (type of adhesive and support to be bonded).

C.i Cr, Cy: Partial safety coefficients defined in [11.2].

11.2 Partial safety coefficients

11.2.1 General
Safety coefficients given in this chapter, under Tab 2, are indicative values. Other values may be considered on a case by case basis.

11.2.2 Minimum rule safety coefficient

The minimum partial rule safety coefficients are defined as follows:

Cy : Safety coefficient taking into account the ageing effect on the laminate, equal to:
e C,=1,2 for monolithic laminates, face-skins of sandwich or adhesive joint

e C, =1,1 for sandwich core materials

A5
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Ce : Safety coefficient taking into account the fabrication process of the composite, equal to:
e C,=1,2in case of prepreg or filament winding process
e Cy=1,3in case of infusion or vacuum process
e C,=1,4in case of hand-lay up process
e C, =1,0 for the core materials of sandwich composite

Cr : Safety coefficient taking into account the type of load carried out by the fibres of the fabric (in each layer) and the
core, equal to the values given in Tab 2 in relation with the type of rudder element considered

Ces : Safety coefficient taking into account the combined stress in each layer (Hoffman criteria), equal to the values given
in Tab 2 in relation with the type of rudder element considered

Cguck  © Buckling safety coefficient, to be taken equal to 1,6

C, . Safety coefficient for structural adhesive joint, equal to the values given in Tab 2 in relation with the type of rudder

element considered.

Table 2 : Partial safety coefficient

Rudders in Composite Materials - N1590
Section 1
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G (M
Rudder element Ces Gy Reinforcement fibre fabric Reinforcement chopped
strand mat
G Gy T (o8} o, T
Rudder stock 2,7 5,0 3,5 1,8 2,7 2,7 2,7 2,7
Rudder blade and flap (without cut-outs) 2,6 7,1 3,5 1,7 3,7 2,6 2,6 2,6
Rudder trunk 3,8 7,1 4,8 2,5 3,8 3,7 3,7 3,7
Rudder horn 3,8 7,1 5,7 2,5 3,8 4,1 4,1 4,1
(1) The coefficient Ci, takes into account the type of stress and are defined, as follows:
¢ For reinforcement fibre fabrics
o : Tensile or compressive stress parallel to the continuous fibre of the reinforcement fabric (unidirectional tape, bi-bias,
three unidirectional fabric, woven roving)
o, : Tensile or compressive stress perpendicular to the continuous fibre of the reinforcement fabric (unidirectional
tape, bi-bias, three unidirectional fabric)
T : Shear stress parallel to the fiber (in the elementary layer or between layer -interlaminar)
¢ For reinforcement chopped strand mat:

o : Tensile or compressive stress in direction 1

o, . Tensile or compressive stress in direction 2

T : Shear stress.
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Section 2 Direct Calculations based on FE Techniques

1 General

1.1 Introduction

1.1.1 FE models are built for the structural design of the Composite Rudder Stock, named as the CRS, with main purposes of
making an appraisal of:

e either the global behaviour of the structure
¢ or the local behaviour of either detailed parts of the structure, or of particular steps of the assembly process.

1.1.2 Global FE models, if needed, may be completed by a subsequent calculation to give the results in terms of stresses acting
on the more stressed regions of the structure.

For these regions, failure criteria are checked on a layerwised approach, in terms of allowable stress values.

1.1.3 Main aspects to consider, when dealing with FE analyses dedicated to mechanical structures made of composite materials,
are listed as follows:

¢ Mesh generation and choice of elements
¢ Material mechanical properties

e Material local directions

e Boundary conditions

¢ Loading cases

e Stress failure criteria

e Other aspects.

These aspects are described inside of this Guidance Note (see Article [2]).

2 FE models and main aspects to consider

2.1 Types of FE models covered by this guidance

2.1.1 FE models for composites may belong to one of the following families:
e Beam elements models

¢ Shell elements models

¢ 3D solid continuum elements models

* Mixed ‘elements’ models, for which two or more regions of elements are dully connected to constitute an entire ‘mixed’
model. Mixed element models may permit an important reduction of the model size, by generating 3D detailed mesh for
certain areas of the structure, and by connecting them, for example, to other areas meshed with either beam or shell elements.

2.1.2 For axisymmetric geometries, such as that one of the CRS, submitted to axisymmetric load cases, FE models based on 2D
axisymmetric elements may be considered. This is valid, for example, for the numerical simulation of the cone coupling assembly
process.

2.1.3 The following FE structural static analyses for the composite rudder stock are described in this Guidance Note:
a) FE models based on beam elements theory, for the entire structure (‘composite’ meshed cross-sections: see Article [3])

b) FE models based on shell elements, for the entire structure (see Article [4])

c) FE models based on 2D axisymmetric elements, with twist, dedicated to the cone coupling assembly process (partial
representation of the CRS, including a numerical simulation test of the assembled joint against torsion, only: see Article [5])

d) FE models based on 3D solid continuum elements, for the entire structure, covering, amongst others, the cone coupling
assembly process. After the assembly, the entire structure of the CRS may be tested against bending and torsion efforts (see
Article [6]).

2.1.4 The two first approaches here above, may be used to obtain preliminary behaviour of the structure. The model based on
2D axisymmetric elements may give quite realistic results, especially in terms of push-up length and contact pressures for the
CRS due to torsion efforts.

2.1.5 The 2D axisymmetric approach, in case of orthotropic materials, considers an equivalent material, with two of the local
directions in the axisymmetric plane.

A5
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2.1.6 FE model based on 3D continuum solid elements is more adapted for this type of structure, but may produce very large
FE models. The modelling of the entire piece may need the use of the ‘mixed’ elements concept, and may require 2-analyses
approaches: one assuming equivalent material properties for the composites, and the other based on a layerwised definition of
these materials, as indicated under [2.3].

2.1.7 FE analyses may be also oriented to the CRS design strength against fatigue and buckling, but these aspects are not covered
in this Guidance Note.

2.2 Mesh generation and choice of elements

2.2.1 The choice of the global co-ordinate system may bring flexibility on the further steps of the model definition, especially
with respect to the definition of materials local systems, in case of orthotropic materials.

2.2.2 Mesh generation is to be made by dully considering all specific ‘material-regions’. The choice of the isoparametric element
type(s) is made based on the family of model to be generated.

2.2.3 In case of FE models with 3D composite elements special attention is to be made, at this stage, to choose suitable
dimensions for the elements in their ‘stacking direction’, as explained in [6.5].

2.3 Material mechanical properties

2.3.1 Seven categories of elastic materials are considered in this Guidance Note. Material properties for these categories are
defined according to the principal material co-ordinates system. These categories are listed, as follows:

¢ isotropic materials, defined by two elastic constants (Young’s modulus and Poisson’s ratio)

¢ orthotropic shear properties materials, defined by three elastic constants (Young’s modulus and two shear moduli, used with
‘composite’ beam elements)

¢ transversely isotropic materials, defined by five elastic constants (two Young’s moduli, two shear moduli, and one Poisson’s
ratio, identified by indices p and t, referring to in-plane and transverse values, respectively)

e orthotropic materials in plane stress, defined by six elastic constants (two Young’s moduli, one Poisson’s ratio, and three shear
moduli)

e orthotropic materials, defined by nine elastic constants (three Young’s moduli, three shear moduli and three Poisson’s ratio)
e generally orthotropic materials, obtained by a rotation of ®; degrees about the third axis of a fully orthotropic material (see [6.4])

¢ anisotropic materials, defined by twenty one independent constants (see [6.3]).

2.3.2 Structural mechanical properties of composite materials are input in terms of:
e either layerwised material properties

e or equivalent material properties, valid for the whole thickness of the material.

2.3.3 Depending on the size of the FE model, the second option here above can be adopted, for a first global calculation, of the
entire structure. In any case, there will always be a compromise of adapting the model mesh generation to the more suitable
approach for the definition of non isotropic materials.

2.3.4 For structures having complex geometries, the adoption of ‘homogeneous equivalent’” material-approach may require
several definitions of ‘equivalent materials’, on a zone by zone basis, keeping in mind the influence of ‘local’ geometries on the
real material fibres orientation.

2.3.5 In case of using equivalent material definitions, results from this global analysis are to be considered as the input data of
a second analysis. This second analysis could cover, for example, a limited region of the previous model, by adopting a
layerwised approach for the input of material mechanical properties.

2.4 Material local directions
2.4.1 In case of orthotropic materials, definition of local material axes are required to input the material mechanical properties.

2.4.2 Cylindrical system of axes may be adopted to define material local directions for FE models regarding the composite rudder
stock.

2.4.3 In case of FE models with 3D solid continuum elements, generated by revolution of an axisymmetric model around its
longitudinal axis of symmetry, a subroutine may be adopted to define material local axes for all elements of the model (see [6.6]).

2.5 Boundary conditions

2.5.1 Two general categories of FE models are considered with regards to boundary conditions:
¢ axisymmetric models, with contact (axisymmetric geometry and axisymmetric loads)

e 3D models, with contact (axisymmetric geometry and either, axisymmetric loads or non-axisymmetric loads).
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2.5.2 In case of models covering the entire structure of the CRS, boundary conditions are applied to nodes related with supports
in way of pintle bearings, or rudder bearings, or steering gear. Some additional nodes, or degrees of freedom may be constrained,
to avoid singular behaviour of the structure, related with rigid body motions.

2.5.3 Models dedicated to the cone coupling assembly require specific boundary conditions, for each representative step of the
assembly process. This will be described for each type of model considered inside of this Guidance Note.

2.5.4 In this Guidance Note, 3D models may also be referring to models defined with either beam elements or shell section
elements, submitted to both bending and torsion efforts. These models may have three degrees of freedom in translation and
three others in rotation.

2.5.5 For the direct calculations of the CRS, FE models based on either beam elements or shell section elements are, in general, to
be adopted for preliminary analyses. In any case, the validity of these models are, of course, to be considered by associating the
complexity of the structural part (the CRS), with the capability of these elements to suitably model the behaviour of the structure.

2.6 Loading cases

2.6.1 Two general categories of FE models are considered with regards to loading cases:

e Those referring to global (and detailed) design of the CRS, which ones consider both torsion and bending effects produced
by the rudder force acting on the rudder blade

* FE models dedicated to the cone coupling assembly process, which first consider forces acting during the assembly process,
and then evaluate the capacity of the conical joint to withstand either torsion or bending, separately, or both, bending and
torsion together.

2.6.2 Load cases for FE analyses of the entire rudder stock are chosen in accordance with Sec 1, [3.1]. In case of the cone
coupling assembly process, different steps are defined in accordance with Sec 1, [6.2].

2.7 Stress failure criteria
2.7.1 Unidirectional and quadratic failure criteria are considered in terms of stresses acting on the composite material.

2.7.2 Failure criteria output variables are to be selected for the specific regions of the FE model, before running the FE analysis.

2.8 Other aspects

2.8.1 Contact surfaces are used to represent the interaction between:

e The CRS and support(s), in way of bearings, for models representing the whole structure of the stock

e The outer surface of the stock tapered region and the inner surface of the hub (the massive part), for models dedicated to the
cone coupling assembly-process.

2.8.2 Friction coefficient in case of contact between steel surfaces, is taken:

e either equal to 0,025, when there is a presence of oil between steel surfaces of the rudder stock and the hub (oil hydraulic
pressure during the cone coupling assembly)

e orequal to 0,13, when the contact occurs between two steel surfaces, after removing the oil.

3 Global calculations with composite beam sections

3.1 General

3.1.1 This is a procedure for analysing and postprocessing a beam model using tailor-made meshed cross-section(s). The beam
cross-section may have an arbitrary shape, and may include multiple materials, multiple cells, and non structural mass.

This procedure may be summarised, as follows:

a) Mesh generation and launch of 2D analysis(es) of FE model(s) representative of one or more ‘composite’ beam cross-section(s)
b) Use of the generated cross-sectional properties to run a subsequent FE beam analysis

c) Use the beam analysis results to postprocess the stored output from either the beam model or the 2D cross-section model(s).

3.2 Methodology

3.2.1 The CRS is split up into a minimum number of representative regions, by considering representative composite beam cross-
section for every region.

3.2.2 For the adopted circular shapes of cross-sections, the composite cross-sections may contain one, two or more concentric
rings of materials.
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3.2.3 Every beam cross-section is to be associated with the following data:

* lts initial axial-position and the span length for which mechanical properties of the section are kept constant

¢ detail of concentric regions of materials, which constitute the composite cross-section (inner and outer radius of each
material-region, mesh discretisation-parameter, material properties, including the density, for each material concentric-
region (for the calculation of inertial properties, if necessary).

3.2.4 Based upon these data, a 2D mesh generation is produced for the material concentric-regions, containing all relevant
material properties of relevant ‘material-regions’ of the ‘composite’ beam cross-section, as illustrated in Fig 1.

Figure 1 : Composite beam cross-section

3.2.5 These operations are repeated for every ‘composite’ beam cross-section. Following this procedure, mechanical properties
for every representative ‘composite’ beam cross-section are calculated. They may be then used in a subsequent FE analysis, based
on Timoshenko beam elements.

3.2.6 To summarise, two types of FE analyses are required to perform the ‘global’ calculations with composite beam sections.
They are identified, as follows:
¢ Composite beam cross-sections analyses (2D analyses)

e Beam section analysis with composite cross-sections, calculated in the previous analyses (3D analysis).

3.3 Composite beam cross-sections analyses

3.3.1 Two types of materials may be used for the definition of the material mechanical properties, as follows:
e isotropic material, defined by the Young’s modulus, E, and the shear modulus, G
¢ orthotropic shear properties material, defined by shear moduli G, and G, given in two perpendicular directions of the beam

cross-section, and the Young’s modulus, E, in the axial direction of the beam.

3.3.2 The stress-strain relationship for above materials in the beam cross-section axis is, as follows:

(AR €
T = [R] Y21
T3 V31

In the above expression, o, corresponds to the beam’s axial stress, and t,; and 73, represent two shear stresses.
3.3.3 For an isotropic material, the stiffness matrix, [R], is defined, as follows:
E

0
[R] = G
sym G

0
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3.3.4 For the orthotropic ‘shear properties’ material, the stiffness matrix, [R], is the following:

E 0 0
[R] = G,(cosa)’ + G,(sina)’ (G, —-G,)cosasina
sym G, (sina)’ + G,(cosa)’

where the angle o is a user-defined material orientation, to be defined with relation to the local axes of the beam section.

3.3.5 Results from each composite beam cross-section analyses may be output at particular integration points, selected on the
cross-section.

Cross-sectional property information, calculated per composite cross-section, will be recovered for the subsequent beam section
analysis, as described in [3.4].

3.4 Beam section analysis with composite cross-sections

3.4.1 FE analysis based on composite cross-sections properties, calculated from [3.3], is performed with Timoshenko beam
theory. Global stiffness of the CRS section along the axial direction can be represented by a suitable split up of the structure.

3.4.2 Definition of tapered beam section elements may be used for the transition regions of the model, to smoothly change the
dimensions from one meshed cross-section span to the subsequent one.

3.4.3 Inner surface of either the pintle bearing or stock bearing, for easiness of modeling, may be represented by rigid body
surfaces, attached to a ‘reference’ node. This node may be connected to spring elements, with stiffness properties calculated in
order to reproduce the stiffness of the support.

3.4.4 Special care is to be taken for the definition of contact interactions between the outer surface of the CRS and the inner
surface of pintle bearing(s) or stock bearing(s). As ‘composite’ beam sections may have arbitrary shapes and dimensions, the user
has to indicate the part of contact surfaces that should be tied one to the other, before starting the analysis. This may represent a
limitation of using this type of FE model.

3.4.5 Laboratory mechanical test-results, if available, may be compared to displacements and rotations results obtained from FE
analysis, in view of validating the model.

3.4.6 Several trials may be required before the obtainance of good correlation between test-results and FE results. The user may
have to progressively adapt the percentage of contact surfaces to be ‘tied’, before obtaining good fittings, in terms of deformed
shapes obtained from tests and FE analyses, as illustrated in Fig 2.

Figure 2 : Trials with % of contact-surface
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4 Global calculations with composite shell sections

4.1 General

4.1.1 Two basic approaches may be considered to model the CRS with shell elements, as follows:

¢ With conventional shell elements, for which the geometry is specified at the reference surface, and the thickness is given by
section property. In this case, nodes may have displacement and rotation degrees of freedom

¢ With continuum shell elements, for which full 3D geometry is specified, and element thickness is defined by nodal geometry.
In this case, nodes may only have displacement degrees of freedom.

4.1.2 Only FE analysis of the entire model, based on ‘conventional’ shell elements theory are described inside of this Guidance Note.

4.1.3 The mesh generation in case of FE model with continuum shell elements is quite similar to that one of 3D solid continuum
elements. FE calculations with continuum shell elements are based on shell theory, while calculations with 3D solid elements
are based on solid continuum elements theory.

4.2 Mesh generation for conventional shell elements

4.2.1 The mesh generation is made for the mid-section surface of the structure, and the mechanical properties of the shell section
are defined by:
¢ either giving multi-layered material properties, to be sequentially stacked following the normal direction of the shell surface

¢ or by giving material properties of an equivalent material, followed by the thickness of the shell.

4.2.2 The CRS can be associated to a multi-layered composite structure, made of several layers of CFRP (Carbon Fibre Reinforced
Plastic), and reinforced by steel liner and steel insert.

4.2.3 For this kind of multi-layered composite structure, only the FE modeling based on the definition of several layers of
materials is considered, in the scope of this Guidance Note.

4.2.4 The FE mesh generation is based on either general-purpose or thick shell elements, as they are suitable to model the
behaviour of thick structures like the CRS. General-purpose elements may use either thin or thick shell-element theory,
depending on the ‘thickness aspect ratio” of the structure.

4.2.5 The CRS is to be split up into representative ‘shell-section-regions’, along of the axial direction of the CRS, by considering
representative material components necessary for the shell section definition. The choice of the stacking sequence needed for
the definition of the stiffness properties of the section, especially for regions containing multiple materials, with variable
ticknesses, represents a major task for the definition of the right stiffness of the shell section.

4.2.6 Nodal thickness data may be given to introduce ‘tapered’ thickness of the shell. The use of particular material, with very
low mechanical properties, may be adopted as a trick, to place, for example, the first and the last layers of the composite at the
right locations, as per the mid-thickness surface.

4.2.7 Based on data given for all representative ‘shell-section-regions, the equivalent stiffness matrix of the model is calculated
by the FE code. The FE analysis will first calculate forces, displacements and rotations of the nodes, at the mid-section surface of
the model. Based on these results, stresses, strains, and other variables may be calculated at previously selected locations through
the thickness of the section.

4.3 Material properties for conventional shell elements

4.3.1 For the definition of the material mechanical properties four types of elastic materials may be used, as follows:
a) isotropic material, defined by the Young’s modulus, E, and the shear modulus, G (see [3.3])

b) transversely isotropic materials, defined by five elastic constants (two Young’s moduli, E, and E, two shear moduli, G, and
G, and one Poisson’s ratio, where p and t refer to in-plane and transverse values, respectively).

The strain-stress relations for transversely isotropic materials are of the form:

en G
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[S]

[S1=

1B, /B, —ve/E 0O

0 0

~v,/E, 1/E, —v,/EL 0 0 0

vo/Ey ~Vo/E, 1/EL 0 0 0
0 0 0o 1/G, 0 0
0 0 0 0 1/G, 0
0 0 0 0 0 1/G|

Compliance matrix, defined for the principal directions of the material, as follows:

c) orthotropic materials in plane stress, defined by six elastic constants (two Young’s moduli, one Poisson’s ratio, and three shear

moduli).

The strain-stress relations of orthotropic materials for the in plane components are of the form:

€

€

Y12
where:
[S]

G

= [S] G)

Compliance matrix, defined for the main directions of the material, as follows:

1/E, —vi,/E, 0
[S] = |-v,,/E, 1/E, 0
0 0 1/Gy,

Note that the Poisson’s ratio v,; is implicitly given by the following relation:
Va1 = (E2/E)viy

Shear moduli G,; and Gj; are included for modeling transverse shear deformation in the shell section, as follows:

{Yz}}_ 1/Gy; 0 {Tzs}
V31 0 1/Gjyy T3

d) orthotropic materials, defined by nine elastic constants (three Young’s moduli, three shear moduli and three Poisson’s ratios).

The strain-stress relations for orthotropic materials, defined by their nine engineering constants, are of the form:

€n
€2
€33
Yi2
Y13
V23

where:
[S]

[S]=

1/E,  —vu/E, -vu/E; 0 0 0
—~vi,/E, 1/E,  —vyu/E, 0 0 0
—~vi,/E; —vy/Es  1/E, 0 0 0

0 0 0 1/Gy, O 0
0 0 0 0 1/G, O
0 0 0 0 0 1/Gy)

G
G2
G
[S] 33
T2

Ti3

T3

Compliance matrix, defined for the main directions of the material, as follows:

The quantity vy, has the physical interpretation of the Poisson’s ratio. It characterises the transverse strain in the j-direction (j
=1, 2, or 3), when the material is stressed in the i-direction (i = 1, 2, or 3), with j =1i.

Note that the Poisson’s ratio v; is related to the Poisson’s ratio v;;, as follows:

v/ B =

v;i/

4.3.2 Materials defined under a), b) and c) here above, are particular cases of the orthotropic material, given in d).

For example, the compliance matrix of transversely isotropic materials, defined in b), may be obtained from the compliance
matrix given in d), for orthotropic materials. It can be done by assuming the 1-2 plane as being the special plane of isotropy.
Consequently, subscripts of the compliance matrix for this plane can be replaced by the subscript p, and parameters related with
the transversal direction can be replaced by either a subscript t, or pt or tp, accordingly.
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4.4 Layerwised data, material directions and stacking sequence

4.4.1 The laminate is defined on a layerwised basis, by inputting to every layer, a data line, with the following information:
e thickness of the layer

e number of integration points through the thickness

¢ label identifying the material properties of the layer

¢ label identifying material local directions.

Such data line is to be repeated, as often as necessary, to input all the layers of the laminate.

4.4.2 The laminate is assembled, layer by layer, by respecting the input data order, and by stacking these layers in the normal
direction to the shell element (normal to the mid-surface of the laminate).

4.4.3 By default, half of the total thickness of all input layers is placed upwards of the mid-section of the laminate and other half
downwards.

4.4.4 The local material directions for the CRS may be defined based on a cylindrical co-ordinate system of axes, as this structural
part has an axisymmetric geometry (1rst axis = radial direction; 2nd axis = circumferential direction; and 3rd axis = axial
direction). For any point of the CRS structure, material local axes may be defined, by just adjusting fibre direction-axes with
regards to the ‘cylindrical reference-axes’ (for example, by making a rotation of o degrees around the radial direction).

4.4.5 All these data are to be dully checked by using a graphic pre-processor tool, to make sure that the material directions, for
every layer of material, are consistent with the model geometry.

4.5 Contactin way of pintle bearings and stock bearings

4.5.1 Inner surface of either the pintle bearing or stock bearing, for easiness of modeling, may be represented by rigid body
surfaces, attached to a ‘reference’ node. This node may be connected to spring elements, with stiffness properties calculated in
order to reproduce the stiffness of the trunk.

4.5.2 The stiffness properties of the supports, in way of pintle bearing(s) or stock bearing(s), may also be calculated directly by
FE analysis, by including these areas as part of the FE model.

4.5.3 To minimize convergence problems when dealing with contact, it is recommended to start the analysis with ‘specially’
stable boundary conditions and a low percentage of the actual load, just in view of establishing an initial contact between
surfaces. A further step should be added to stabilise contact conditions, by adjusting, for example, the boundary conditions to
those required for the FE analysis.

4.5.4 History or field output variables may be requested by the user before starting the FE analysis. These variables will permit
to obtain output results at intended locations, in terms of, for example: displacements, rotations, contact variable, strain and stress
components, reaction forces and moments, failure criteria, etc....

4.5.5 Laboratory mechanical test-results, if available, may be compared to displacements and rotations results obtained from FE
analysis, in view of validating the model.

Several trials may be required before the obtainance of good correlation between test-results and FE results.

4.5.6 Event though, an FE model with shell elements is defined based on 3D co-ordinates of nodes, it is to keep in mind that
shell elements theory remains a 2D approach. FE model is calculated for the mid-surface of the shell, in terms of forces,

displacements and rotations at nodes, and then, any requested output variables are extrapolated from these results, based on the
shell element-theory, for the selected type of element.

5 Cone coupling with composite axisymmetric elements

5.1 General

5.1.1 FE analysis based on 2D axisymmetric assumption is a simple way to simulate the overall process of the cone coupling
assembly of the rudder stock to the hub, by using a hydraulic arrangement.

5.1.2 The efficiency of this conical joint is ensured by the friction forces, generated between contact surfaces of the rudder stock
and the hub, during the assembly process.

5.1.3 Key parameters controlling the efficiency of the cone coupling joints, are mainly: contact pressure, percentage of the real
contact surface, friction coefficient and tapering in the area of contact.
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5.1.4 Design values of these generated friction forces, in accordance with Sec 1, [6.2.1] b), are calculated based on:
a) the minimum contact pressure required to withstand the biggest of the two efforts:

1) either two times the torque produced by the rudder force

2) or the axial stress caused by the bending moment in the way of the cone coupling

b) the maximum pressure on the inner surface of the hub, to avoid any damage of this part.

5.1.5 In case of the CRS, multiple regions made of different materials may exist inside of the piece, in the way of the cone
coupling assembly area. For the design concept shown in Sec 1, Fig 2, main components of the stock are identified, as follows:

e ametallic insert (to withstand radial stresses)
¢ a composite rudder shaft
¢ aliner (to avoid direct contact of the composite with the steel hub, during the assembly process).

5.1.6 The stiffness of the CRS cross-sections may vary along the axial direction of the structure, especially in the region of the
cone coupling joint, due to the presence of multiple regions of materials, with variable cross-sections dimensions.

For this reason, the designed values of push-up lengths, as defined in NR467, Pt B, Ch 12, Sec 1 for a steel rudder stock, have to
be corrected to take into account the real cross-sections stiffnesses along the axial direction of the structure.

5.1.7 FE axisymmetric analysis may be used to find the corrected value of push-up length, necessary to generate the rule contact-
pressure between the hub and the rudder stock. This average value of pressure is to produce friction forces capable to withstand
rules values of bending and torsion moments.

5.1.8 This type of FE analysis may also give an appraisal of stresses and strains generated inside of the CRS during the cone
coupling assembly process.

5.2 The FE axisymmetric model

5.2.1 A 2D longitudinal cut of the rudder stock and the hub is considered for the generation of two separate parts, that will be
put in contact during the cone coupling assembly process.

This process may be assumed as axisymmetric, as the geometry of both parts and relevant loads are axisymmetric. The FE model is
generated with 4-nodes axisymmetric elements, with twist, to leave the possibility of testing the conical joint against torsion efforts.

5.2.2 Material properties are to be input in the three main directions of the model, ie, in radial, circumferential and axial
directions. A calculation of an equivalent material, in case of multi-layered laminates, may be necessary, to make it possible.
5.2.3 The cone coupling assembly process is split up into four main steps, as follows:

a) STEP 1: application of a hydraulic pressure acting between contact surfaces (increase of the gap between the outer surface
of the stock and the inner surface of the hub)

b) STEP 2: imposing relative movement between contact surfaces, by considering a friction coefficient of 0.025, and to attain
the total relative movement equal to the designed ‘push-up length’.

During this STEP, the hydraulic pressure is maintained between contact surfaces.

c) STEP 3: removal of the hydraulic pressure, but keeping the push-up force and changing the friction coefficient to 0.13
(simulation of contact between two steel surfaces, without the presence of oil on the surfaces)

d) STEP 4: removal of the push-up force, but keeping friction forces, with a friction coefficient of 0,13.

Schematic views of the cone coupling assembly process, pointing out its 4 STEPS, are given in Fig 3 and Fig 4.

Figure 3 : Cone coupling assembly process
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5.2.4 FE analysis-results may be given, for example, in terms of contact pressure calculated along the tapered surfaces of contact,
at the end of STEPS 2, 3 and 4.

5.2.5 These 4-STEPS calculations are to be performed for ‘tentative’ values of push-up length, until to find, at the end of the STEP 4,
average values of the contact pressure being in conformance with those of Sec 1, [6.2.1], b).

5.2.6 At the end of each of these 4-STEPS, it can be evaluated the level of stresses acting on different areas of the CRS. In case
of multi-layered materials, defined by an equivalent material, a subsequent calculation is to be performed, to recover stresses

and strain acting in different layers of the material.

Special care is to be drawn during the mesh generation of the 2D model, in such way to make possible these subsequent
calculations in case of multilayered materials. Areas of the 2D FE model considered for the subsequent calculations are to be
represented on a 3D basis model, to be modeled on a layerwised approach, and loaded with displacement values recovered

from the 2D analysis.
A simplified FE model may be built to demonstrate the expected equivalent behaviours of both model approaches.

5.2.7 The definition of ‘an equivalent’ material to dully represent the multilayered composite material remains a challenge and
maybe a limitation of using an axisymmetric approach, especially for the evaluation of strain-stresses levels inside of the

composite.

Figure 4 : Four steps of the cone coupling numerical simulation
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6 FE models with 3D solid elements

6.1 General

6.1.1 This is the most appropriate way to analyse the structural behaviour of the composite rudder stock, especially for structures
involving several materials, and with complex geometries.

6.1.2 The use of 3D solid elements is based on the representation of the full 3D geometry of the part, and assumes a 3D approach
for the element formulation. It will allow a better definition of material properties, in case of non isotropic material, especially

for areas of geometrical complexity.

It requires big computer capabilities to handle very large models, with:

¢ non linear problems, involving contact between:
- two steel surfaces, in way of the cone coupling assembly joint (hub and CRS)
- two surfaces, in way of the neck bearing (CRS and neck bearing)

¢ the use of non linear geometry approach (large displacements theory)

¢ multi-layered orthotropic materials, or more complex material types (monoclinic, with one plane of material property
symmetry, or totally anisotropic, for which no plane of symmetry exists)

e multiple materials, such as, steel, epoxy, glass fibre and carbon fibre reinforced plastics (GFRP and CFRP, respectively).

6.1.3 Materials used on the manufacturing of composite rudder stocks are, in general, of orthotropic type.
6.1.4 The FE model may contain very thin regions of elements, representing, for example, bonded glue areas, or areas made

with thin layers of glass fibre reinforced plastics, designed to join a material region made of composites to a region made of steel.
These thin layers are placed between these 2-materials to avoid galvanic corrosion of the steel caused by the carbon fibres.
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6.1.5 To keep the size of the FE model within reasonable values, the use of mixed ‘element’ types, as mentioned on [2.1.1] may
be suitable, especially for areas of the model for which only the stiffness of the structure is to be reproduced, as they would be
submitted to lower stress-values.

6.1.6 In case of monoclinic or totally anisotropic materials, all relevant terms of the compliance (or of the stiffness) matrix are
to be input to the FE analysis. If required, a simplified FE model could be defined in view of validating the terms of an ‘equivalent’,
or several ‘equivalent anisotropic’ material(s) matrix(ces).

6.1.7 Multi-layered composite 3D elements are in general only used in case of hexahedric elements (8-nodes, or more, brick
elements). Two opposite faces of the element are used to define the three possible stacking directions, to constitute the multi-
layered composite.

6.1.8 In case of complex geometries, with variation of shapes, the definition of local material directions may require the adoption
of a ‘user subroutine’, completely integrated by the FE code. This subroutine may, for example, define material-directions for
each relevant element of the model, based on its geometrical properties, as explained in [6.6].

6.1.9 In any case, when dealing with very complex structures, involving multiple geometries and materials, a customised mesh
generation is to be considered, on a case by case basis.

6.2 From 2D axisymmetric to 3D solid elements

6.2.1 The 3D FE model is obtained from the 2D FE axisymmetric model described under Article [5], by making a revolution of
this axisymmetric plan around its longitudinal axis of symmetry, over an angle of 360 degrees. This generates 3D solid continuum
elements.

6.2.2 The following aspects are to be considered for the 3D model-generation:

a) Number of elementary slices required to generate 3D mesh over 360 degrees. The rotation angle used to define a slice must
be quite small to respect the geometrical ratio between isoparametric sides of the element, but not too small, to keep the size
of the model reasonable.

b) Contact difficulties arising when dealing with circumferential surfaces generated for 3D solid continuum elements. Outer
surfaces of two adjacent slices may produce conflicting areas for the definition of surface-normals.

c) Selection of the stack direction suitable for the definition of multi-layered composites.

d) For the chosen stack direction, make sure that mesh sizes in the region of the composite are consistent with thicknesses of
different layers of the laminate.

e) Take the advantage of a 3D model generated by the revolution of an axisymmetric model around its axis of symmetry, to
define customised material local directions for the multi-layered composites.

6.2.3 Compliance and stiffness matrices of this guidance have been defined in the main directions of the material. The transfer
of theses properties to the global axes of the model is made directly by the FE code, based on material local directions, to be
defined for every non isotropic material of the model.

6.2.4 Transformation equations for stress or strain tensors and compliance and stiffness tensors, as well, are briefly presented
under [6.4].

Reference to these transformation equations is made in [6.7] for calculating terms of the stiffness (or compliance) matrix of an
equivalent material, in view of replacing the layerwised laminate of certain regions of the model.

These equations are used to extend the laminate calculation-methodology, described in NR546, Section 6, for the use of more
complex material properties (fully orthotropic or more).

6.2.5 In general, FE codes are able to deal directly with layerwised approach, and before starting the analysis they calculate,
element by element, the equivalent stiffness (or compliance) matrices, that will be used to constitute the global stiffness matrix
of the structural model.

6.2.6 Depending on the geometry of the structure, and on its complexity, the use of ‘equivalent’ material(s), may allow a big
reduction of the FE model size. This kind of choice is not always possible, and should be considered on a case by case basis.
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6.3 Material properties for 3D solid continuum elements

6.3.1 In addition to materials defined or referred to in [4.3], 3D solid continuum elements may be also associated to anisotropic
materials defined, as follows:

en G
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€33 | — [S] G33
Y12 T2
Y13 Ti3
Y23 Ta3
where:
[S] Compliance matrix, defined in terms of engineering constants, as follows:
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6.3.2 Additional engineering constants, as compared with those used for orthotropic materials, are introduced for the definition
of the S, terms of the compliance matrix, [S], withp, q=1, 2, .., 6, as follows:

a) Generalisations of Poisson’s ratios: 1y
with:
e k=1,2,0r3, and
e i,j=1,2,0r3 and
o ]
used for the definition of S;4, Sis, S16, Saar Sas, Sze, Ssa, S35, and Sy

N i : Coefficients of interaction (or mutual influence) of the first kind. They refer to normal components of strains
generated by shear stresses

b) Generalisations of Poisson’s ratios: n;; i
with:
e k=1,2,0r3, and
e i,j=1,2,0r3 and
o ]
used for the definition of S,;, S5, Sas, Ss1, Ss2, Ss3, Se1, Sea, and Sg;

Mij, k : Coefficients of interaction (or mutual influence) of the second kind. They refer to shear components of strains
generated by normal stresses.

c) Coefficients w;
with:
e i,j=1,2,0r3 and
e k I=1,2 0r3,and
e i#j k=l and
e ij=kl
used for the definition of S;s, S46, Ssa, Sse, Ses, and Ses. They refer to shear components of strains generated by ‘non
corresponding’ shear stresses.

Wi, : Chentsov’s coefficients of interaction. They refer to shear components of strains generated by ‘non-
corresponding’ shear stresses.
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6.3.3 It can be demonstrated that the compliance matrix, [S], is symmetrical, and that the following relations are valid:

Vi Vi
E
Gj; Ey
le C;ij

6.3.4 Taking into consideration its symmetry, the compliance matrix of an anisotropic material requires the definition of 21
independent terms.

6.4 Transformation equations for stress/strain and compliance/stiffness tensors
6.4.1 Stress and strain are second rank tensors, while compliance and stiffness are fourth rank tensors.

6.4.2 Transformation equations for 2nd and 4th rank tensors, are respectively expressed in a tensor notation, as follows:
o Ty=apa;Ty
e T ijkf = dim ajn dko afp Tmnop

where T’ contain the transformed components of T. The “a’s terms are direction cosines of the new transformed coordinate system
relative to the original coordinate system. The number of indices corresponds to the tensorial rank.

6.4.3 Transformations made by dextral rotations of an angle ®; about the X; axis for materials defined in their principal axes, X,
, Xy, X3, may be expressed, as listed below.

Note 1: The terms “dextral” and “right-handed rotation” have the same meaning, and are both used inside of this Guidance Note.

a) For the stress-tensor transformation:

Gy G
Gy G
o= [Ty(@y) ¥
Ty Ti2
Tygr Ti3
Tysr T3

This equation can be expressed symbolically by:

{0} = [To(®)]{c}

where the transformation matrix is given, as follows:

m’ n’ 0 2nm 0 0

n’ m’ 0 -2nm 0 0
@)= % 0o 1 0 0 0

-nm  nm 0 m-n" 0 0

0 0 0 0 m n

0 0 0 0 -n m |
where:
n =sin O,
m = cos O,

b) For the strain-tensor transformation:

€11 en
€2 €27
B = [T(0)]] 7
Vi Y12
Yz Y13
Y213 Y23

This equation can be expressed symbolically by:

{e} = [T.(0)]{e}
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where the transformation matrix is given, as follows:

m’ n’ 0 nm 0 0
n’ m’ 0 -nm 0 0
mey={ ° ©° 1t 0o 0 0
-2nm  2nm 0 m’-n®> 0 0
0 0 0 0 m n
0 0 0 0 -n m |

Relations between transformation matrices for the stress and strain tensors are as follows:
[T(0)]" = [To(0:)] " = [To(-0)]

[T.(0)]" = [Tu(-©:)] = [T,(©)]'
where [Tl and [T,,.I" represent, respectively, the inverse and the transpose of the transformation matrix.

c) For the stiffness-tensor transformation, the following equations apply:
[RT = [TIRI[T.]"

[R] = [T,]'[RI[T.]

where:
[R] : Symbolic form of the stiffness tensor
[R] : Symbolic form of the transformed stiffness-tensor, obtained by the dextral rotation

d) For the compliance-tensor transformation, the following equations apply:
[S]= [TISIT]

[S] = [T.1'[S1IT.]

where:
[S] : Symbolic form of the compliance tensor
[S] : Symbolic form of the transformed compliance-tensor, obtained by a right-handed rotation around the third

material axis.

6.4.4 The equation given in [6.4.3], d), is used to calculate the transformed compliance matrix, [S'], obtained by a right-handed
rotation of @3 degrees about the third axis of a fully orthotropic material, initially defined for their principal material axes.

6.4.5 After this transformation, the obtained compliance matrix, [S], will have 8 additional non-zero terms, as compared with
the fully orthotropic matrix, defined in [4.3.1], d). The [S'] matrix is given by:

i
v —von 1
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i el el R
1
0 o0 0 R H-‘(i—fi
]
o 0 0 0 % & |

6.4.6 A material represented by this transformed compliance matrix is referred to generally orthotropic, to distinguish it from an
anisotropic material.

6.4.7 The non-zero components of matrix [S], may be expressed row by row, in terms of S, i', j =1, 2, .., 6, by considering:
¢ Engineering constants of the on-axis orthotropic material

e Values of m and n (cosinus and sinus of the rotation angle, ;)

(s>
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6.4.8 The non-zero components of matrix [S], based on this terminology, would be, for example, expressed by:

And, in general, by S;; .

These S;; terms may be written, as follows:
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6.5 Layerwised data for 3D brick elements and stacking direction

6.5.1 FE analysis codes suitable for calculations with composites allow the use of composite elements, constituted by several
layers of materials, which are stacked in a given direction.

6.5.2 These 3D composite elements must be of hexahedric type, with every two opposite faces of the brick being used for the
definition of the three possible stacking directions. The material layers may be stacked in any of the three isoparametric
coordinates, parallel to opposite faces of isoparametric 8-nodes elements.
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6.5.3 The typical 8-nodes brick element of Fig 5 may be used to illustrate these three possible stacking directions, as follows:
e stacking direction 1: defined from face 6 (1-4-8-5) to face 4 (2-6-7-3)
e stacking direction 2: defined from face 3 (1-5-6-2) to face 5 (3-7-8-4)
¢ stacking direction 3: defined from face 1 (1-2-3-4) to face 2 (5-8-7-6)

6.5.4 Every face of the hexahedric element is defined by its constitutive 4-nodes, in such way to have its normal oriented towards
the element face.

6.5.5 For the FE model illustrated in Fig 5, the stacking direction 2 is the suitable one, permitting the representation of the
multiple filament winding layed up on the surface of the CRS.

6.5.6 The use of 3D composite elements requires the generation of a dedicated mesh, with a dimensional control of 8-nodes
brick elements in the stacking direction, which must correspond to a given number of stacked layers of composites.

6.5.7 Material mechanical properties of each layer are to be input, by also indicating the material local directions, and the
number of integration points through the thickness of the layer to be considered.

Figure 5 : Overview of 8-nodes elements generated from the rotation of plane 4-nodes elements
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6.6 Material local directions for 3D solids generated by revolution of a 2D model

6.6.1 These particular types of 3D solid meshes, generated by a revolution of a 2D mesh around a symmetry axis of rotation,
have particular geometrical properties, that can be used on the definition of material local axes.

For example, if we consider a brick element, with 8 nodes, generated by revolution around a symmetry axis, it can be noticed
the following aspects:

a) atleast four edges of the element are parallel. (chords of circular arcs, built from the rotation of 4-nodes plane element around
the symmetry axis)

b) mid-points of these four edges belong to the same longitudinal cut plane, which pass through the symmetry axis of the
revolution part

c) elementary-faces of brick elements are formed by 4-nodes, which by geometrical construction, belong to the same plane (4-
elementary faces defined by 2-consecutive edges referred to in a), 1 elementary-face initially from the 2D model, and the
remaining elementary-face obtained by the rotation of the 2D ‘face’)

6.6.2 These geometrical properties may be used directly by the FE code for the calculation, for example, of the material local
directions, element by element, for a previously selected region of the model.

6.6.3 For this type of 3D mesh generation, the inner and outer faces of a brick element, defined respectively, by the 2 inner
chords of circular arcs, and by 2 outer chords of circular arcs, can be taken as the 2-reference planes used to define material
local directions.

6.6.4 The two schematic views of Fig 5 illustrate the emphasized geometrical properties of 3D elements generated by rotation of
4-nodes plane elements. The faces 3 and 5 of the element shown in this figure will define the stacking direction of composite layers.
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6.6.5 Mid-points of edges defined by nodes (7-3), (8-4), (5-1), and (6-2) of faces 3 and 5 of this typical element, will define a
longitudinal plane passing by the rotation axis of symmetry.

6.6.6 Unit vectors laying on faces 3 and 5 may be defined by the intersections of these planes with the longitudinal plane which
passes by the rotation axis of symmetry, and by the mid edge-points.

6.6.7 These geometrical properties may be used for every 8-nodes element of the CFRP material, via a Fortran subroutine. This
permits customised definition of local directions of fibres, as a function of the specific shape of each 8-nodes element. This
approach makes possible to systematically adapt the definition of fibre directions, especially for elements located close to areas
of great geometrical variations of the model.

6.6.8 This methodology may be adapted to any FE model generated by the rotation of 4-nodes plane elements around of a
symmetry axis.

6.7 Equivalent material properties for a laminate made of fully orthotropic layers

6.7.1 Equivalent material properties for a laminate may be calculated in analogy with the methodology of NR546, Section 6,
entitled ‘Laminate Characteristics And Panel Analysis For Composite Structure’.

This methodology, based on the classical lamination theory (CLT), could be extended to cover other lamina behaviour, adapted,
for example, to fully orthotropic materials, or to any other type of material.

The general procedure would be the same, but using suitable tools to consider the transformation of compliance and / or stiffness
tensors, for materials other than orthotropic materials in plane stress.

6.7.2 Transformation equations of an individual k layer of the laminate, given in NR546, Sec 6, [2.1.4], as T and T’, can be
replaced by those given in [6.4], as follows:

T [To(-05)]

T o [T.(-0,)]

Transformation equations given in [6.4] are generalisations of those of NR546, Section 6, which were developed for orthotropic
materials, in plane stress, according to [4.3.1], ). They are only involving a right-handed rotation around the ‘vertical axis of the
material.

6.7.3 Depending on the geometrical complexity of the structure, fibres of laminas may not belong to a plane defined by the
global system of axes. For these configurations, more than a simple right-handed rotation around one axis will be required to
express the material matrix in global axes.

At the end of these transformations, the equivalent material matrix may look like those of an anisotropic material, containing all
the 21 independent terms, as illustrated in [6.3].

These transformations are to be performed for all layers of the laminate, to bring them to the same and unique global system of axes.

6.7.4 The resultant forces and moments acting on the laminate are to be obtained by integrating stresses in each layer through
the thickness of the laminate.

6.7.5 Integration scheme is to be handled by taking into consideration the proper ‘mathematical’ formulation of the stress
variation through the stacking direction. This is completely related with the type of element chosen to model the laminate.

6.7.6 The resultant forces and moments, N and M, for all stress components, acting on the n layers shown in NR546, Sec 6, Fig 1,
can be expressed, as follows:

Nx Oxx
Ny N Ovy
Zy
SR A BT
Nxy - Zia | Txy
Nxz Txz
Nyz Tvz
k
My Oxx
My N Ovy
Z
e = S o zaz
Myy - Zyr | Txy
Myz Txz
Myz Tvz
k
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6.7.7 The following assumptions are made:
e every k layer is constituted of a fully orthotropic material

e only a simple right-handed rotation around the vertical axis of the material is performed for every k layer.

6.7.8 Accordingto [6.4] a right-handed rotation of ® degrees around the third axis of an orthotropic material will give a generally
orthotropic material.

6.7.9 After a rotation of ® degrees around its third axis, and adopting the same notation used in NR546, Section 6, the stiffness
matrix of any k individual layer expressed in the laminate global axes may be written:

Ry Ry Ry Ry 0 O
Ry Ry Ros Ry 0 O
Ris Ry Ry Ry 0 O
Ris Ry Ry Rus 0 0
0 O 0 0  Rss Rs
0 0 0 0 Rse R(,e_

[R] =

6.7.10 All the terms of the stiffness matrix of any k individual layer of the laminate may be obtained by dextral rotation equations
given in [6.4]. First calculations will permit to find all the terms of the compliance matrix, [S],, of the k layer, by using formulae
given for a ‘generally orthotropic’ material.
Siae Sy Sy Sy
Siae Sy Sy Sy
Sy Sz Sy Sy
Syae Sya Sy Sya O 0
0 0 0 0 Sy See
Lo o o 0 Sse See

o O O
o O O

6.7.11 The stiffness terms of matrix [R], are obtained from [S],, by calculating its inverse, as follows:
[R]. = [S1¢

6.7.12 For every k layer of the laminate, any Si’j’ term of the compliance matrix, [S']k, can be calculated based on one or more
engineering constants of the fully orthotropic material, and from the cosinus and sinus of the rotation angle (see transformation
equations given in [6.4]).

6.7.13 Equations of resultant forces and moments, N and M, may be written for every k layer of the laminate, and based on the
mathematical formulation of the ‘FE element’, these integration formulae may be evaluated through the laminate thickness.

6.7.14 For every laminate, the following practical methodology may be adopted, based on the generation of a simplified FE
model, by:

¢ choosing the suitable type of element

¢ defining relevant loads and boundary conditions

6.7.15 Output values recovered for one element of the model are to be written in terms of:

¢ normal and shear strain components through the thickness of each layer, for all the layers of the laminate, dully expressed in
the global system of axes of the laminate

 resultant values of forces and moments at the element, given for the laminate, in its global system of axes, for relevant
components of force and moment

6.7.16 For the implementation of this methodology, the stress tensor is to be previously expressed in terms of the strain-tensor,
for every k layer of the laminate, by the following relation:

{oh = [RI{e}«

Or by replacing the stiffness matrix, as follows:

{oh = [STd {eh
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