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1. ABSTRACT

Yachts and other recreational crafts are a growing market. Depending on the length, these ves-
sels are subject to different rules and regulations. For scantling of boats with a length smaller
than 24 m, ISO 12215 Structural Rules are applied. Above this length, yachts are designed
following Classification society rules. Scantling by structural regulations, stipulated by both

ISO and Classification societies, has a common pathway.

A high-speed motorboat was selected to assess the for impact of slamming load and acceleration
of gravity on the design. The assessment of minimum design loads, computed by ISO and Clas-
sification societies’ rules, is done by comparing the definition of design pressure, its longitudi-

nal distribution, effect of gravity acceleration and effect of deadrise angle.

Afterwards, the scantling of a bottom plate is done by using the 1SO and Classification socie-
ties’ rules. The material of the motorboat is composite, with a sandwich structure. Minimum
requirements demanded by the rules are assessed. Limitation criteria stemming from breaking

strain or ultimate stress are evaluated parallelly with core check for shear.

Finally, the results are compared, with the purpose of verifying if there is a natural structural
continuity between a 24m yacht designed with 1SO and with another designed with Classifica-
tion society; plating should be similar and there should not be and big jump in laminate thick-
ness and strenght requirements, which was not the case. The inconsistencies between the results

were analysed.

Keywords: Rules & Regulations, Scantling, Composite boats, Yachts
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1. INTRODUCTION

1. INTRODUCTION

1.1. Background

In recent years the yacht and recreational crafts market has been growing. These boats are built
in different lengths, with various materials and purposes. Humans have enacted rules that con-
tain the safety and quality of these boats, some obligatory and some as recommendations. Naval
architects or boatbuilders have to check and decide which rules and regulations are or are not
binding to building a boat. In general, designing and building a boat with the purpose of selling

it shall be accompanied by a guarantee of quality and safety.

In the European Economic Area and some other countries, the scantling of small boats is gov-
erned by the European Recreational Craft Directive 2013/53/EU. This directive recognizes the
applicability of ISO 12215-5 Structural Rules to boats, including yachts, with a length smaller
than 24 meters. These rules are used to determine the design loads and scantlings of boats built
with steel, aluminium, or various composite materials. Above the 24-meter length, yachts are

designed and built by following specific Classification Society rules.

1.2.  Aim of the thesis

The length of 24 meters acts as the border between the application of ISO 12215-5 Structural
rules and Classification Societies rules, although not exclusively. A vessel close to 24 meters,
as shown in Figure 1, is expected to have similar scantling under the same operational condi-
tions if designed with ISO 12215-5 Structural rules or Classification Societies rules. Addition-
ally, as some Classification Societies propose unique rules for designing yachts, others include

yachts in their more general rules.

The aim of this thesis is to evaluate the considerations, design loads and scantling determina-
tions of 1ISO 12215 Structural rules and the rules of four Classification Societies related to a fast
motor yacht with a length overall of 24 meters. The four Classification Societies rules can be
grouped into two, those being unique for classification of only yachts, as are the rules of the
American Bureau of Shipping, Bureau Veritas, DNV and those being more general, as are the

rules proposed by Lloyd’s Register. A small exception in this categorization might be DNV,
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which requires the usage of the rules for High-Speed crafts to determine the design loads of a

fast motor yacht.

Figure 1 Alchemist, a 24-meter motor yacht with a maximum speed of 26 knots

(80-foot motor yacht Alchemist photo D Ramey Logan.jpg from Wikimedia Commons by D Ramey
Logan, CC-BY-SA 4.0)

The objectives of the thesis are to study the difference and similarities between the rules men-
tioned above, concentrating on the limitations, applicability, advantages, and disadvantages of
their structural determination rules. A suitable vessel and a representative panel have been se-

lected to achieve this goal.

For this study, a motor yacht navigating in a planing regime (F,, > 0.8) is considered, for which
the design loads, including design vertical accelerations and design pressures, are to be defined.
Different factors affecting the design loads and the effect of design vertical acceleration on

design pressure acceleration are to be studied.

Secondly, the scantling of a plate in the bottom of the yacht is done in order to compare the
structural requirements. The material selected to be studied is sandwich composite, for which

the different failure criteria are to be checked and evaluated.


https://commons.wikimedia.org/wiki/File:80_foot_motor_yacht_Alchemist_photo_D_Ramey_Logan.jpg
https://commons.wikimedia.org/wiki/Main_Page
https://don.logan.com/
https://don.logan.com/
https://creativecommons.org/licenses/by-sa/4.0/deed.en

2. LITERATURE REVIEW

2. LITERATURE REVIEW

This chapter gives a brief review of design rules, vertical acceleration, slamming pressure and

composite materials.

2.1. Design rules and regulations

Design rules play an important role in the boatbuilding and shipbuilding industry. From simple
boats sold in the European market to transoceanic containerships, all are bound to specific sets
of regulations. In contrast to regulations related to merchant ships or naval vessels, in which the
buyer is well aware of what it is buying, in yachts industry (more so in the motor yachts indus-
try), the buyer might not be fully aware of the details concerning the structure and safety of its

yacht. In this aspect, design rules play their role as the certifier of safety and assurers of quality.

The design and manufacturing of small crafts (under 24 meters in length) in Europe is regulated
by Directive 2013/53/EU of the European Parliament and of the Council of 20 November 2013
on Recreational Craft and Personal Watercraft [1], which repealed the EU Directive on recrea-
tional craft 94/25/EC and 2003/44/EC. As part of the harmonised standards for recreational
craft, European Union recognises ISO 12215-5:2019 [2] as the standard that deals with struc-

tures of small boats, including design pressures, stresses, and scantling determinations.

According to Souppez, ISO 12215-5 is set to become a reference for the design and manufac-
turing of small crafts in the coming decade, especially in yacht design and manufacturing. [3]
Per Souppez et al., the determination of design loads remains almost exclusively based on sem-
inal work done in the 1960s and 1970s. [4] On the other hand, classification societies have their
own rules regarding yacht design and construction. These rules are generally applicable to ves-

sels over 24 meters in length, but sometimes they are utilised in vessels under this length. [5]

2.2. Prior studies

Previous work on the comparative assessment of ISO and classification societies rules has been
done. Lee (2011) [6] evaluated the design slamming impact on an Open60’ yacht with respect
to ISO and classification rules. Coppola and De Santis (2011) [7] compared the differences
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between the structural scantling of an FRP boat using 1SO12215 and four classification socie-
ties. Oh et al. (2014) [8] compared and analysed the design of a single-skin CFRP hull cruise
motorboat by implementing ISO 12215 and RINA rules.

Souppez (2018) [9] evaluated the application of the new version of ISO 12215-5 on composite
works boats, namely search and rescue vessels. Souppez (2018) [10] analysed the novelties of
ISO 11215-5 and its relevance to high-performance composite yachts. Souppez et al. (2020) [4]
made a comparative assessment of implementing 1SO 12215-5 and six class rules on a high-
speed aluminium power craft. Boote et al. (2022) [11] analysed the scantlings of a 25-meter
motorboat using three different composite material configurations (glass, carbon, and hybrid)

and further optimized the results with FEM.

2.3. Design vertical acceleration and pressure

Formulae for determination of the design vertical accelerations, subject to deadrise angle,
speed, length, and significant wave height of all considered rules in this study, resemble the
semi-empirical formula for determining the average impact acceleration at LCG, in g units,
proposed by Stavisky et Brown (1976) [12], with the formula given in equation (1).

L
H1 2 ZWL
5 T 5 ﬁCG |74 B
icc = 0,0104 [=—= + 0. 4—(—— ) L @
fice = 0,010 (BWL+008 >4 == <LWL> &

The symbols in the formula are slightly modified to fit with the nomenclature used in this study.

Equation (1) is based on:
e The geometry of the vessel: breadth By, deadrise angle S, length Ly,; and beam
loading coefficient Cy,

e The operation conditions: significant wave height H, 5, running trim z and speed V.

DNV HSCL, ABS Yachts, BV Yacht, LR SSC and ISO 12215-5 design slamming pressure
formulae resemble the work of Allen and Jones [13], which proposed a semi-empirical method
to calculate the design-limit impact pressures. It uses an impact reference area, defined by Spen-
cer [14], as:
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Ag[m?]1=0.7=; (2

Where d [m] is the full load static draft, and A [tonnes] is the full load displacement.

The average slamming pressure over the reference area can be determined by:

— impact induced load
P = ®)
A

The final form of the Allen and Jones design slamming pressure is described in eq. (4), taken

from Razola et al. [15].

P, = N.A K, F 4
D= 0144, P “)

Where:

N, = global load factor (typically vertical acceleration)
A = craft mass

Ag = reference area, as defined in eq. (2

Ky = pressure reduction factor

F = longitudinal load reduction factor

Stemming from the same base does not necessarily lead to the same results, as some compo-
nents of eq. (4) are highly modified or dropped, and different factors are introduced. Definition
of the factors of DNV HSLC, ABS Yachts, BV Yachts, LR SSC and I1SO 12215 rules are ex-
plained later in Chapter 4.

2.4. Composites
Composite materials are attractive to designers due to their excellent strength-to-weight ratio,
low corrosion, and ability to be tailored to the application. [5] One of the composite materials

are sandwich materials, which are widely used in marine structures. [16]
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The selection of constituents and their combinations can be a hard equation to solve, consider-
ing a large amount of possibilities, or as Petras [17] notes that the catalogue of composite ma-
terials is of forbidding length. Composites have been growing since the early 1950s, especially
with the introduction of Glass Reinforced Plastics (GRP), which have a low construction cost
[17]. Sandwich materials are a subgroup of composite materials composed of a pair of strong
and stiff skins (also known as faces) and a thick, lightweight core, which are widely used in the

marine industry. [17].

Composite materials are a combination of materials with different compositions and forms,
which retain their identities in the composite. Experimental testing of any given laminate is
probably the best way to determine its strength. But, when the testing is not available or feasible,
some reasonable methods to analyse the strength of laminates are available. These methods can
be based on the level of detail of which the stress is being calculated, and in order from larger
to smaller, they can be grouped into four: [18]

e Laminate level,

e Ply level,

e Constituent level,

e Micro-level.

In this study, the strength of the composites was analysed on laminate and ply levels, depending

on the rules’ requirements.

2.4.1. Mechanical properties of composites
The main mechanical properties of composite materials are processed in four steps:
e Constituent level: basic elastic engineering constants are defined, like longitudinal and
transverse Young’s modulus, shear modulus, and Poisson’s ratio. (E;4, E52, G12, V12)
e Local level of a single ply: the stiffness matrix of a single ply is defined in the local

coordinate system. (Q;;)
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e Global level of a single ply: the constituent level properties are converted into a global

coordination system, depending on their direction, i.e., angle of rotation. (Q';;)

e Global laminate level: the plies are stacked upon each other, and the global rigidity

matrix can be found (ABD)

The basic elastic engineering constants are calculated based on the Rule of Mixture, which is

based on the volume fraction, ¢:
o= Y
- p
Y+ -y ok
m

Where:

Y = fibre mass fraction of a single ply,

pr, Pm =Specific gravity of fibre material and matrix material, respectively.

The minimum thickness of a single ply can be determined from:

1 1-19
o =\

Where:

my = areal weight of fibre reinforcement (generally given in g/m?)

()

(6)

In Table 1, the calculations of the longitudinal and transverse Young’s modulus for a single

unidirectional ply (with glass fibres) are given, depending on the rules. ABS rules do not give

a specific way to calculate the fundamental engineering constants but require testing of the

material to be performed, with some information given about the minimum mechanical prop-

erties, which are later analysed in chapter 5.
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Table 1 Definition of longitudinal and transverse Young’s modulus for a single unidirectional ply

Rules | Longitudinal Young’s modulus Transverse Young’s modulus
5 E, 1+ 0.85 ¢?
DNV Ei1=¢ EfL +(1- (P) Em 22 1-— VTZn (1- (p)1,25 + o Em .
E]‘T(1 - Vm)
EUDZ
BV Eyp1 = CUD1[Ef0° Ve + E-(1 c E, 1+ 0.85 sz
-V = tun2|\T52 (1—V)1'25+ E, v
d Efooe (1 —vf)
Ery/E, —1
1+ |2
S0 Eypy = 0975 [Efy ¢ + Eny(1 — ¢ Ery/Em +¢ ¢
_ ¢)] UD2 m 1 B Efz/Em _ 1]
Efy/Em +¢
LR Eo; = EpVp + Eg(1 =V, Eqo; = Erlr
0i — EFVF r( ) 90i — ExVy + Ep — E V5
Where:
Ei1,Eyp1, Eoi = longitudinal tensile modulus of single ply,
Ess, Eypa, Eogoi = transverse tensile modulus of single ply,
Ef1, Efoo, Ef1, EF = tensile modulus of fibre in fibre direction,
Efr,Efoe, Ef2, Er = tensile modulus of fibre transverse to fibre direction,
En, Er Eg = tensile modulus of matrix,
0, Ve, d,Vp = volume content of reinforcement material in a laminate,
Vi Vi = Poisson’s ratio of resin.
Cup1: Cup2 = experimental coefficients (for E-Glass: Cyp; = 1, Cyp, = 0.8)
¢ = 1

In similar fashion, in Table 2, the shear modulus and longitudinal Poisson’s ratio are given for
asingle ply. Only these components are necessary to compute the Q;; matrix for a single ply in

local coordinates, as shown in eq. (7).
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Table 2 Shear modulus and Longitudinal Poisson's ratio for a single ply

Rules Shear modulus Longitudinal Poisson’s ratio
1+ 0.8 x O3
DNV G12 = G G V12 = @Vr12 + (1 — @)vpy,
A-g)*+7've
(— np
BV Gypiz = CUDlZG Vypiz2 = Cuyp, [veVr + v (1 = V)]
(g 1)y
Gr/Gpy
f
1t 5((; G z)
ISO GUDl = Gm Gf/G Vup = Vf¢ + Vm(l - ¢)
- (@)
Gy /G 7 ¢)?
G
G—;(l +Ve)+ (1 =Vp)
LR | Gojo0i = Gg C Vosoo = Vr(VF — Vg) + vg
6—2(1 —Ve)+ (14 Vg)
Where:

Gth GUD12! GUDl! GO/90i

Gf12' Gf' GF
Gm' Gr' GR

CUD12’ CUDV

V12, Vup12, Yup, Yo/90

V12, Vr, VE

2.4.2.

= shear modulus of single ply,

= shear modulus of fibre,

= shear modulus of matrix,

= experimental coefficients (for E-Glass: Cyp12 = Cypy = 0.9),

= Poisson’s ratio of single ply,

= Poisson’s ratio of fibre.

Classical Lamination Theory
Classical Lamination Theory (CLT) is commonly used to determine stresses and strains for

laminates. [19] The components of the stiffness or the rigidity matrix, [Q], are given in eq. (7).

01 Qi1 @2 O &
[02]=[Q21 Q22 0]'182] 7
T12 0 0  Qz3] LYz (7)

[k
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Where:
_ Eqq _ V1t Epy
G = (1 —vi2vz1) Gz =0 = (1 —viavye)
Ey;
Q22 Q33 = Gy

B (1 —vi2vyy)

Note: DNV uses Q;; notation, BV uses Eij notation for the stiffness (or rigidity) matrix of a

single ply in the local axes.

Figure 2 Local single ply axis about the laminate global axes [20]

The local single ply stiffness matrix shall be transformed into the laminate global axes, as shown
in Figure 2. This is done for each individual ply k by the following equation, using the transfer
matrices T and T":

Qlll Q,12 Q’13

[Qk=]0Q21 Q22 Q2|=TI[QLT™ (8)

Q,31 QI32 Q,33
Note: DNV uses Q';; notation, BV uses R;; notation for the stiffness (or rigidity) matrix of a
single ply in the global axes. Transfer matrices T and T’ are defined in eq. (9) and eq. (10)re-

spectively.

(cosB)? (sinB)? —2(cosBsind)
T =] (sinf)? (cosB)? 2(cosBsind) (9)
(cosBsinf) —(cosOsinf) ((cosB)? — (sinfh)?)

(cosB)? (sinB)? —(cosBsind)
T=| (sind)? (cos6)? (cosBsind) (10)
2(cosBsinB) —2(cosBsinB) ((cosB)? — (sinh)?)

10
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The global multiply stiffness matrix (also noted as ABD matrix) is defined as:
A Bl _[Aij Bij
[B D] N [Bij Dy (11)

Where:
A;; = tensile rigidity (extension) matrix, as defined in eq. (12)
B;; = tensile and bending coupling matrix, as defined in eq. (13)

D;j = bending rigidity matrix, as defined in eq. (14)

NgE

Aij = ) (Qik "tk (12)
k=1
1 n
B;j = EZ(ij)k (2 — 2%k-1) (13)
k=1
1 n
D;j = §Z(Q{j)k (zip = 2%,-1) (14)
k=1

The inverse of the ABD matrix is defined as:

A B1™* 14 B7 _[a b
B pl —Lp D’_[b d (15)

Using the inverse ABD matrix, the in-plane engineering constants of a multiply laminate can
be calculated as in the following equations (with t,, being the thickness of the whole laminate):
1 1 1 Ay Ap

Exy=———"3E, =——; =
X Aty Y Alpoty xr

=V =V = —— 16
Alsty X Ay Y Aqq (16)
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3. CONSIDERATIONS

This chapter defines the main parameters of the vessel and the selected panel, including the

limitations, applications, and considerations of ISO 12215 and four class rules.

3.1. Vessel

In this study, a motor yacht with a length overall of 24 meters is considered. The maximum
speed, and thus the scantling speed, is taken as 25 knots. The hull is based on Naples warped
hard chine hulls systematic series, which includes five models with different depth and breadth
ratios [21].

This hull series allows the evaluation of the effect of the planing regime. The selected hull for
this thesis is the C1 model, i.e., the parent hull, with its 3D model given in Figure 3 and plans
in Figure 4, Figure 5 and Figure 6. This hull has a variable deadrise angle, starting from 14.4
degrees at the transom to 37.4 degrees at 0.7 Ly,;,. The main particulars of the full-scaled boat

are shown in Table 3.

Figure 3 Perspective view of Naples warped chine hull C1 model

12
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Stern Bow
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Figure 4 Body Plan

B3

B2

Bl

AP 0.4 L ) FP

Figure 5 Half Breadth Plan
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Figure 6 Profile Plan
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Table 3 Main particulars of the boat

Particular Value
Length overall Loy 24m
Length on waterline Ly 22.06 m
Length between perpendiculars Lpp 20.9m
Beam overall Boa 7.94m
Beam on waterline By 6.83m
Beam on chine at LCG B, 6.52m
Longitudinal centre of buoyancy Lcp 8.69 m (0.39- Ly;)
Draft T 1.65m
Depth D 424 m
Submerged volume v 93 m?
Displacement A 95.41
Wetted are Sw 143.6 m?
Block coefficient Cy 0.37
Deadrise angle at transom Biransom 14.4 deg
Deadrise angle at 0.4 - Ly, Boa 20.1 deg
Deadrise angle at 0.5 - Ly, Bos 24.3 deg
Deadrise angle at 0.7+ Ly, Bo.7 37.4 deg
Top Speed Vinax 25 kits

Deadrise angles are calculated according to the definitions by the classification societies, as
represented with B in Figure 7, while ISO 12215-5 defines deadrise angle as shown as Biso in
the same figure. Support girth (Gs), as defined in LR SSC, is the girth distance measured around

the circumference of the shell plate between chines for vessels having a chine.

Figure 7 Definition of deadrise angle (B; Piso), flare angle (o) and support girth (Gs)

14



Table 4 Deadrise angles, flare angles and support girths at different sections

3. CONSIDERATIONS

/L 0 01 | 02 | 03 | 04 | 05 ] 06 | 07 | 08 | 09 1
B[] 144 | 148 | 156 | 17.3 | 201 | 243 | 30.1 | 374 | 46.6 | 56.8 | 65.9
Biso[?] | 132 | 135 | 143 | 159 | 185 | 22.4 | 27.7 | 345 | 43.2 | 52.0 | 58.2
a’] | 788 | 788 | 786 | 778 | 765 | 751 | 737 | 724 | 705 | 68.0 | 62.2
Gs[m] | 591 | 6.06 | 6.22 | 6.34 | 6.34 | 6.23 | 6.05 | 581 | 549 | 462 | 1.94
3.2. Limitations

Each rule or guide has its applicability range, subject to certain limitations. One of the main
limiting factors is length, which is defined differently for different sets of rules. As this boat is

intended to navigate in a planing regime, the high-speed craft definition is checked.

3.2.1. DNV

DNV rules have been known before as Det Norske Veritas Germanischer Lloyds (DNV GL)
rules and Det Norske Veritas (DNV) rules, but as of 1 January 2022, all rules are rebranded and
unified under DNV. The DNV rules for the classification of yachts (hereinafter “DNV Yachts™)
[22] apply to yachts powered by sail or motor with a minimum length of 24 meters. Motor yacht
scantling shall comply with Part 3 or these rules, except for high-speed motor yachts, which
shall comply with the DNV rules for classification of High speed and light craft (hereinafter
“DNV HSLC”) [23]. Yachts with speed higher than V > 7.16 A4"*(knots) are considered ac-
cording to DNV HSLC rules.

The main class notation is 1A Yacht, which can have three ship type notations: Motor, Sail or
Passenger. The interest of this study is the Motor notation, which is defined as yachts propelled
mainly by engine(s) with a maximum of 12 passengers and a length of over 24 m. Additionally,

there are four service area notations assigned, which affect the design pressures, among others.

Table 5 DNV Yachts service area restrictions

Service area nota- Seasonal zones (nautical miles)
tions Winter Summer Tropical
RO 250 No restrictions No restrictions
R1 100 200 300
R3 20 50 100
RE Enclosed water

15
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3.2.2.  Bureau Veritas

Bureau Veritas Rules for the Classification and the Certification of Yachts (hereinafter “BV
Yachts”) [24] are applicable to sailing and motor yachts made of steel, aluminium, composite
materials, or wood. Yachts smaller than 24 m can be classified with BV Yachts rules, while the
upper limit is 90 m, after which BV Rules for the Classification of Steel Ships [25] shall be
used.

The main service notations are yacht and charter yacht. For the scope of this study, only yacht
service notation is considered, with the additional service feature motor, which is defined for
ships propelled by a propulsion engine, and C for hull made of composite material. High speed

yachts are considered for which V > 7,16 AY/®.

Table 6 BV Yachts navigation notations

Navigation notation Restriction
unrestricted navigation any area, any period of year
nawgatlo_n I|m|t_ed to 60 60 NM, 300 UMS (only for charter yachts)
nautical miles
coastal area 20 NM, max 6 h from a port of refuge or safe sheltered anchorage
sheltered sheltered waters, wind < 6 Beaufort scale

3.2.3. Lloyd’s Register

Lloyd’s Register Rules and Regulations for the Classification of Special Service Craft (herein-
after “LR SSC”) [26] apply to a range of vessels: high-speed crafts, light displacement crafts,
multihulls, yachts of overall length L, 4 = 24 m, made of steel, aluminium, or composite mate-

rials, which do not exceed 150 meters.
A service type notation Yacht is assigned to all yachts. A high-speed craft is defined as having

a minimum speed of at least V = 7.19 V¥/¢ knots, while a craft operating in non-displacement

mode typically applies to a craft with a Taylor Quotient, I' > 3, which can be expressed as:

=

v
— >3-V 23/Ly, an

16
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Table 7 LR SSC service area notations

Service area notations Restriction
Zone 1 Inland waters, wave up to 0.5 m
Zone 2 Inland waters, wave up to 1.0 m
Zone 3 Inland waters, wave up to 1.6 m
Gl Coastal waters, up to 5 nm
G2 20 nm
G2A 60 nm
G3 150 nm
G4 250 nm
G5 350 nm
G6 Unrestricted

3.2.4. International Organisation for Standardization

International Organisation for Standardization (ISO) published the newer standard for hull con-
struction and scantling of small crafts 12215-5:2019 in 2019. This standard defines the dimen-
sions, design local pressures, mechanical properties, and design stresses for the scantling deter-

mination of monohull small craft with hull length (L) or a load line length of up to 24 m. [2]

ISO 12215-5 definition of planing and displacement craft (or mode) is based on the waterline
length of the boat at maximum loading condition and forces by which is supported. A planing

craft is considered if the maximum speed is:

V=5/Ly, (18)

If the boat is mainly supported by buoyancy forces it is considered in displacement mode, while
if the boat is significantly supported by forces coming from dynamic lift due to speed in the

water, then it is considered in planing mode.

ISO 12215 recognizes four design categories, which are based on the wind force and significant
wave hight, as defined in Table 8. The selection of the design category affects the pressure by
introducing a design category factor (kp), which is 1 for A category and it reduces by 20% for

each ascending category.

17
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Table 8 1SO Design categories

. Wind force Significant wave height
Design Category [Beaufort scale] ) [m] I | koo
A > 8 > 4 1.0
B <8 < 4 0.8
C <6 <2 0.6
D <4 < 03 0.4

Except its applicability to recreational crafts, ISO 12215-5:2019 is also applicable to workboats.

3.2.5. American Bureau of Shipping

American Bureau of Shipping Guide for Building and Classing Yachts (hereinafter “ABS
Yachts”) [27] are dedicated explicitly to classing yachts with length L > 24 m and L < 90 m.
ABS Yachts assigns four yacht classifications: Yachting Service, Yachting Service R[es-

tricted], Commercial Yachting Service, and Passenger Yachting Service.

For this study, only the Yachting Service classification is considered, which applies to yachts

designed for pleasure. Semi-planing and planing motor yachts are considered those having a

maximum speed greater than 2.36 /L knots.

3.2.6. High-speed overview
Various definitions of high-speed crafts are given by different regulations. The rules considered
in this study define the high-speed based on displacement (V in m®) or waterline length (L, in

m), as shown in Table 9.

Table 9 Minimum required speed for high-speed crafts and selected vessel

Organization Formula Required speed

J [knots; otherwise noted] [knots]
ABS 2.36/Ly. 11.08

BV 7.16 V'/6 15.24
DNV 7.16 V'/° 15.24
IMO 3.7 V°1657 [mm/s] 15.31

ISC 5 VIwL 2348

LR 7.19 v1/8 15.30
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BV, DNV, and LR follow the definition of high-speed crafts given by IMO [28]. ISO and ABS
base their required speed on waterline length, which for ISO gives a high minimum speed. This

is explained by the fact that ISO is limited to 24-meter small boats.

3.3. Panel and materials
A specific panel has been selected to compare the loads, design accelerations and scantling
determinations over several rules. The panel is in the slamming area of the bottom, as depicted

in Figure 8, and its specifications are given in Table 10.

Table 10 Panel specifications

Panel length 2000 mm
Panel breadth 1000 mm
Longitudinal curvature 0 mm
Transverse curvature 0 mm
Distance from aft of centroid | 15.4m (0.7 - Ly;)
Freeboard height 0.144m
Local deadrise 37.4 deg
Composite sandwich:
Construction material E-Glass (flbrgs)
Polyester (resin)
PVC (core)

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

AP 0.4 Lwe ® 0.7 L FP

Figure 8 Location of the selected panel
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The materials selected to evaluate the scantlings of this panel are picked among the most used
composites in the boat industry. With the aim of selecting the cheapest materials among those,
the following materials were selected:

e E-Glass for the fibres,

e Polyester for the resin,

e PVC for the core.

E-Glass is a relatively cheaper fibre than its peers, usually Kevlar, and carbon fibres, while
having good overall performance. [29] Generally, E-glass is combined with polyester, vinyl
ester or epoxy in the marine industry. The properties of the selected E-Glass fibres are given
Table 11. Additionally, because of its wide usage, all considered rules have formulae for cal-
culation of main mechanical properties and limits for E-Glass reinforced laminates, allowing

even-handed comparison of the scantling determinations.

Table 11 Physical and mechanical properties of E-glass fibre [2]

Specific gravity p 2.56 t/m?
Elastic Modulus (//and L) | E; | 73 000 N/mm?
Shear Modulus Gr | 30 000 N/mm?
Poisson’s ratio v 0.22
Ultimate Elongation [29] 4.8 %

The selected resin is polyester, the most commonly used in boatbuilding today and the cheapest
material among its two main peers, epoxy and vinyl ester [30]. The properties of the selected

polyester are properties given in Table 12.

Table 12 Physical and mechanical properties of polyester matrix [2]

Specific gravity p 1.2 t/m3
Elastic Modulus (// and L) | E | 3300 N/mm?

Shear Modulus Gr | 1222 N/mm?

Poisson’s ratio 1% 0.32

The combinations considered for E-Glass/polyester composites have been limited to Four types
of fibre and resin combinations proposed by ISO 12215, excluding unidirectional plies. The

four combinations are given in Table 13 and Figure 9.
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Table 13 Fibre combinations

Qx

BD+

Type Combination | ISO Abbreviation [2]
Chopped strand mat CSM

Bidirectional 0°/90° BD+

Double bias +45° DBx

Quadriaxial 0°/+45°/90°/-45° Qx

90°

o
+45° :7
90° 0° +45°
-45° 90 45

DBx

Figure 9 Used ply combinations

To have a thorough application of failure modes given by the rules, the selected panel shall be

made of sandwich construction. The selected core for the sandwich construction is made of
PVC, with the properties of the selected P\VC130 given in Table 14. Additional cores used

during scantling determination and laminate definition are given in Appendix A. The final sand-

wich construction is defined and analysed in chapter 5.

Table 14 Physical and mechanical properties of PVC130

Density 100 kg/m?®
Compressive strength Occo | 2.05MPa
Compressive modulus E.co | 95MPa

Shear strength 7., | 1.48 MPa
Shear modulus G, | 36 MPa
Shear elongation at breaking 25%
Tensile strength O¢co | 3.18 MPa
Tensile modulus Erco | 162 MPa
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4. DESIGN LOAD ASSESSMENT

In this chapter, the design loads are investigated. These loads are based on different parameters,
from geometric to operational. The first step after defining the hull geometry and the vessel's
operation limits is to determine the design loads, i.e., the design pressures. Then, the pressure
on the bottom, and specifically on the selected panel, is determined using the rules and regula-
tions mentioned in Chapter 3. Commonly, the pressure definitions depend on many factors, but
the main types of pressure can be described by location or regime:

e Location: Bottom, Side, Deck, Superstructure

e Regime: Static vs Dynamic

o Static: Sea pressure, internal tank pressure

o Dynamic: Slamming, side impact

4.1. Considerations

The input data for the calculation of the design loads on the yacht are those presented in Table
3. The yacht was considered fully loaded. As explained in the Limitations, the formulae for the
calculations of design loads are all applicable to the current yacht.

The yacht is considered to be a non-charted one, with her operating in the open ocean. As rules
require different limiting operational factors (like service area/navigation restrictions and wave
heights), the largest of the minimums are considered, where applicable. This results in applying

a minimum significant wave height of H, 5 = 4 m, while the selected service area/navigation

notations are represented in Table 15.

Table 15 Comparison of selected service area/navigation notations

BV DNV LR ISO
Rules ABS Yacht Yachts Yachts e 12215
Notations Yach'glng Unre_strlc_:ted RO G4 A
Service navigation
any area, any 250 nm 250 nm
Restrictions Hy/z =4m | period of year (winter) Hyj3>4m

>
Ho>4m | H,>025m | fs=4m
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DNV Yachts requires the utilization of the DNV HSLC rules when the vessel is considered
high speed, with the type of yacht being considered as crew boat during design loads calcula-

tions.

ISO 12215-5 recalls 1SO 12217, [31] which is in line with European Recreational Craft Di-
rective 2013/53/EU [1], in which the watercraft design category B is considered to be designed
for a wind force up to, and including, wind force 8 (Beaufort scale) and significant wave height
up to, and including, 4 m, while design category A is considered to be designed above these

requirements.

4.2. Design vertical acceleration
The design vertical acceleration at LCG, a.. (in terms of g), is to be defined by the designer
and corresponds to the average of the 1 per cent highest accelerations in the most severe sea

conditions expected, in addition to the gravity acceleration. [24]

ABS Yachts uses a formula which is based on significant wave height, running trim angle and
deadrise angle at LCG, which is limited between 10 and 30 degrees. Compared to ABS HSC,
ABS Yachts does not consider vertical accelerations at sections clear of LCG. Maximum design

vertical acceleration, according to ABS Yachts is 1.y max = 7 g.

BV Yachts gives two formulae for calculating the design vertical acceleration, one based on
type design and the sea conditions (row 2 of Table 16), and the other based on the relation
between the instantaneous speed and associated wave heights (row 3 of Table 16). BV Yachts
limit the upper value of a.4to 1 g for cruise motor yachts, 1.5 g for sport motor yachts, 2.0 g
for offshore racing motor yachts and 2.5 g for motor yachts with specific equipment, like safety

belts or shock mitigation seats.

LR SSC requires a minimum design vertical acceleration a,, = 1 g, while it does not set an

upper limit. DNV HSCL sets the limit at a.g mqx = 6 g, and requires a minimum design verti-

cal acceleration of 1 g.
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Table 16 Acceleration definition formulae

Constraints

Rules Formula [g, if not specified]
ABS 2hy 3 v?(B,)?
Yachts Neg = Ny [ » +1.0|7[50 — ﬁcg]— Neg <79
_ Max values for
acg = foc - soc ; S ACGmax Cruise MY: 19
BV = Sport MY: 1.5 g
Yachts (50 — agcq) (% + 0.75) < By Racing MY: 2g
Aeg = ( + 0.084 —) KrrKys MY with specific
g 3555 C T T - .
B equipment: 2.5 g
%4
When 7 > 10.86 .
8.38 Hg;
Qg = 0T (B <10, 084> (50
L WL2
)
A3
— ey (VL 00 R a.y > 1 g for RO-R4
DNV v > 0.5 g for R5
HsLc | When 7 >3 acqg = 0.5 g for R5-
R6
[m/s2] kngo LBy,
%9t = 1650 (BWLZ o 084) (50~ ﬁcg)( ) A Gegmax <0
When \/lz <3
si Vi
acgi = 67(085 + 0.35 ﬁ) Jo
Co b
\gglr\]{s a =17 (06w +2. 3\/_) Non stated
(Umtless acceleratlon parameter)
Lesser of
2 2
ISO Kpyny = 0.32 ( +0. 084) (50 — 304)
12215_5 10 C 0 5V DC 3 S kDYNZ < 6
DYN2 = 017
LDC
LR SSC = 1.50pL, (H; + 0.084)(5 — 0.16,)'? x 1073 a,>1g
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Design acceleration limits
T T

T T

X Upper limit
7t \V4 Lower limit| |

Design acceleration [g]
I

3+ A |
V MY special equipment

2r YV Racing MY 7
V Sport MY

1r A\ Rora Y Cruise MY A 1

A R5-R6
0 I I I I I
DNV HSLC 1ISO ABS BV LR

Figure 10 Limits of design vertical accelerations (n.4), expressed in g’s

4.2.1. Results and longitudinal distribution

A spreadsheet was created to calculate the vertical accelerations according to the procedures
given by the rules. Each Classification Societies’ rule starts with the calculation of the design
vertical acceleration at LCG, which for this boat is at around 0.39 Ly,; ~0.4 Ly, . Factors af-
fecting the value of vertical acceleration are deadrise angle, speed, significant wave height,
running trim, waterline breadth and displacement. This study describes the effects of deadrise
angle, speed, and running trim in the following subsections. In Table 17, the calculated design
vertical acceleration (n.4) is calculated, including the value at 0.4 Ly, and 0.7 Ly,,,. The dif-
ference between the value of n 4 and ng 4, is due to rules applying different distribution fac-

tors. Figure 11 shows the results of design vertical accelerations for each rule.

Table 17 Design vertical acceleration n., and distribution at 0.4 Lw. and 0.7 Lw.

Rules ABS BV DNV LR ISO
Neg 2.29 1.00 3.71 2.44
0.4 Ly, (9] 1.81 1.20 3.71 2.44 1.19
0.7 Ly, 2.29 1.55 5.19 3.62
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8 T T T T T T T T T
—H8— LR SSC
ABS Yachts
—#——DNV HSLC
BV Yachts
6 | —©—1S0 12215

Vertical acceleration [g]

1 1 1

0 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x/L

Figure 11 Longitudinal distribution of vertical accelerations [in g's]

Quantitatively, there are differences in the calculated accelerations at LCG and 0.4Ly,,, with a
45.2%, respectively 52.4%, of variation from the mean. BV and ABS rules, made only for yacht
result in fairly lower accelerations than the more general rules of LR SSC and DNV HSLC,
which are applicable for a large scope of fast boats and ships of different purposes. It shall be
noted that DNV HSLC requires a minimum significant wave height of 0.25 meters to be con-
sidered, independent of the service area notation thus leaving in th designer hand to dedice the
significant wave height. In this study, to make a fair comparison, the wave height was consid-

ered 4 meters, the minimum significant wave height considered by other rules.

Nevertheless, it is the designer’s duty to specify the vessel’s operation limits in terms of speeds
and significant wave heights, which allows combinations to result in a preferred maximum ac-
celeration. Similarly, LR SSC allows for assignment of an operational envelope, which shall be
based on allowable speeds, significant wave heights and corresponding displacements. An ex-

ample of an envelope for this yacht, by considering a maximum n., = 2.5 g, and using DNV

HSLC rules is given in Table 18.
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Table 18 Operation envelope for the selected vessel, with an., = 2.5 g's limit (using DNV HSLC)

Significant wave height H, 3 | Highest allowable speed V
[m] [knots]
1 35.0
2 27.4
3 23.2
4 20.5

ISO 12215-5 does not consider a longitudinal vertical acceleration distribution factor, and its
pressure distribution factor is a function of kpy,, Which is explained in the Design pressure

subsection.

4.2.2. Effect of deadrise angle

The deadrise is the angle between the bottom of the hull with respect to a horizontal plane as
depicted in Figure 7. The deadrise angles of the boat are given in Table 4, while four character-
istics stations, in which the change of the angles is visible, are depicted in Figure 12.

Kim et al. explain the general effect of deadrise angles as follows: “In general, when deadrise
angles of a planing hull with vee-bottom get smaller, trim angle is decreased and the hull rises
up higher so that it shows good resistance performance. But its vertical motion amplitude in
rough water becomes larger, and the course-keeping ability gets worse. On the other hand, when
deadrise angles are larger, the seakeeping performance and course-keeping ability of the plan-
ing hull improve, but its resistance performance worsens.” [32] But in this study, only the effect
of the deadrise angle located in LCG on the vertical acceleration results is considered. Even
though there is a difference in the definition of deadrise angle between the classification socie-
ties’ rules and ISO, the input angle was considered the same for the comparison of its effect, as
shown in Figure 13.The computation was done at a speed of V = 25 knots, and a running trim
of 4 ° (where applicable) and a significant wave height of 4 m (also where applicable).
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o

Figure 12 Characteristic cross sections expressed as % Ly,
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<
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=
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Figure 13 Comparison of vertical acceleration due to deadrise angle (at LCG) change

From the results, it is concluded that smaller deadrise angles will produce higher vertical accel-
erations. This is noticeable when a boat navigates through rough waters, in which the bottom is
prone to slamming. As the deadrise angle of a VV-shaped boat increases, she can break the water

and move more smoothly, considerably reducing the slamming effect. [33] This reduction is

28



4. DESIGN LOAD ASSESSMENT

enacted in the vertical acceleration formulae in the term (50 — £8), which comes from equation

(D).

4.2.3. Effect of speed

The speed of the vessel is an essential factor on its overall performance and operation. With a
higher speed, a higher design acceleration is expected. LR SSC and ABS Yachts propose sim-
ilar values, but at 45 knots, the cap of 7 g proposed by ABS is reached. DNV HSLC starts
conservatively and at 45 knots, the boats reach the proposed 6 g cap. BV Yachts caps the ac-
celeration for cruse motor yachts at 1 g, considering that a cruise yacht, in reality, will be cruis-
ing in low speeds; thus, the limitation is wise. The information formula of BV Yachts (2"
formula of BV in Table 16) proposes a similar pattern to LR and ABS, with BV value being
73% of LR and 78% of ABS value in each speed if ABS cap is not considered. In a similar
pattern, 1ISO gives a value of around 50% of LR.

—H&—LR

8 ABS i
—*— DNV HSLC
7k BV 4
BV (not capped)
—S—1S0 | E

Vertical acceleration [g]

25 30 35 40 45
Speed [knots]

Figure 14 Comparison of vertical acceleration due to change in speed

4.2.4. Effect of running trim angle
Running (or dynamic) trim (z) as expressed in degree is also part of the vertical design accel-
eration formulae. The effect of running trim is important on the magnitude of resistance com-

ponent of high-speed crafts, and the running time itself is influenced by the deadrise angle. [34]
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This study observed the effect of changing the running trim during a constant speed and
deadrise angle at LCG. From the considered rules, only LR SSC, BV Yachts and ABS Yachts
consider the running trim in the formula.

The minimum value for running trim is 3 degrees for LR SSC and 4 degrees for BV Yachts and

ABS Yachts (for yachts with L>50 m, it shall be 3 degrees).

—HB—1LR
45 - ABS ]
””” DNV HSLC t
4 BV R
- BV (not capped) |- - --———-————— - T T
35 |-~ 1SO 4

Vertical acceleration [g]

Running trim angle [deg]

Figure 15 Running trim angle effect on vertical acceleration

In Figure 15, the comparison of the results due to different running trim angles is shown. The
values from 3 to 7 degrees are taken as the limitations of equation (1). [12] The results presented
by LR SSC, and ABS Yachts are similar and follow each other, while DNV HSLC comes close
to them at running trim angles of 6 and 6.5 to LR, respectively, ABS. This means that the DNV
HSLC rules have incorporated the upper limit of the effect of running trim angle in the formula.
On the other hand, BV is capped at 1 g for a cruise motorboat, but the information about the
relation between instantaneous speed and wave height gives an acceleration value of roughly
half that given by LR and ABS.
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4.3. Design Pressure

In this study, the local loads on the bottom of the vessel were considered. The rules propose
that hydrostatic, hydrodynamic, and slamming loads to be calculated for planing hull motor
yacht. The design pressures are calculated for the panel defined in Chapter 3, which is located
at 0.7 Ly, ., where the effect of the slamming is high. Additionally, the longitudinal distribution

of design pressures along the ships is computed.

4.3.1.

A summary of the design pressure formulae for the bottom shell is presented in Table 19, with

Design pressure formulae

the type of pressure.

Table 19 Pressure definitions formula for bottom

Rules | Type Formula (kN/m?) #
Slam- _ N A
ABS ming P =7 g [1+neg]FoFy 1
Yachts | Hydro- _
static pa = N3(0.64H + d) 2
Ppmp pase = 2-4mipe + 20
Displace- Pgyp = max(Pgump pase * kar * kpc * ki; Ppm min)
ment
mOde PBM MIN PLT = maX[(04‘5 * m?gg + 09LWL * ch) * kL' 10TC' 7]
Pgy min str = max[0.85 Pgyy yyn prrs 7]
ISO
12215 0.1mypc
Ppyp Base = I *B. * (1 + kg'g’ * kDYN)
wL * B¢
) Pgup = max(Pgyp pase * kar * ki Py min)
Planing
mode PBM MIN PLT — maX[(045 * ng?)g + 09LWL * ch) * kL; 10TC; 7]
Pgy min st = max[0.85 Pgpy pyn prrs 7]
DNV | Sea pres- Psgoe = 10(T = 2) .
Yachts sure psdyn = pg * KF * Cp * [1 + (T) ]
Slam-
ming A
DNV QAcg *
pressure Pst = 5oy 7 KreaKiKp
HSLC on bot- 0.14 Ayer
tom
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Pitching
slam- 03
ming 21 20Tgp\ (0.3\"
pressure Pt = gy ol (1) () ;
on bot-
tom
ho
Sea pres- p=a (10h0 + (ks - 1.57 ) CW> 10
sure
pminC= 6.5 (RO)
Sea pres- n
Supre P, = pg [T + ( ot h2> - z] > Pymin 11
BV L
Yachts | Slam- Pg = Py, K 1
ming (Pst, =70 % &% Ky * K3 * agg)
Hydro- _ s
StatiC Ph = 10(Tx (Z Zk)) 13
Hydro- | Greater of
dynamic Py = 10f,Hp, 14
wave By, = 10H,,,
Greater of
Design Hg S Ps
load cri- HfoCde/ 15
teria HySp Gy Cr Py
Com-
LR | bined hy-
SSC | drostatic
and hy- Fs=Pp+ Ry 16
drody-
namic
pressure
Bottom _ faA®(1+a,)
impact Pasp = Lt G 17
WLYO0
pressure
P = the greater of P,,.or frLy; (0.8 + 0.15I")? at FP
Local de- U g - ;/ s atf 6 ;;LL( )
sign — hd/s IO BWL 18

DNV Yachts proposes only sea pressure to be calculated for motor (not high-speed) yachts and

refers to DNV HSLC calculations for high-speed motor yachts. Thus, in calculating the design

pressures, only DNV HSLC is considered of the two. DNV HSLC considers slamming pressure

|4
when \/_Z =

>

3 knots, with the slamming pressure being a function of design vertical acceleration

(acq), reference area (A,.¢) from impact loads, as defined in eq. (19, reduction factor (K..4) as
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defined in eq. (20, longitudinal distribution factor (K;), and correction factor for local deadrise

angle (Kj), as defined in eq. (21.

A
Are =07 (19)
075 — 1.7 nA
Kyeq = 0.445 — 0.35 <uo75—+17> ;u =100 1 . (20)
. re
50 — B
Kpeta = ﬁ (21)
cg

Pitching slamming pressure on the bottom shall also be considered per DNV HSLC for all
crafts. This pressure is based on the design area, deadrise angle, draft vs length ratio, and two

coefficients related to the type of structural member being investigated. Pitching slamming

pressure shall be considered for a length (0.1 + 0.15 \/Lz

Figure 16. Bottom slamming pressures, according to DNV HSLC, shall be applied up to the

)L from FP, with Y < 3, as shown in
vL

chine or upper turn of the bilge.

0 Il Il Il Il Il Il Il Il Il
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x/L

Figure 16 Pitching slamming pressure distribution for V/+/L > 3

BV Yachts recognized two types of local external loads to be considered for bottom plating:
e Sea pressure: still water loads and wave loads,
e Dynamic sea pressures: bottom slamming pressure.
Bottom pressures, according to BV Yachts, shall be applied in the bottom area, which is defined

as the submerged part of the hull. Similar to DNV, the slamming pressure is a function of the
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area factor (K,), as defined in eq. 58, distribution factor (K;) and bottom shape factor (K3), as
defined in eq. (24.

u®7% - 1.7
Kz = 0.455 — 035uO7S—+17 = KZmin (22)
Where:
Sa _ A
u=1003*and S, = 0.7 (23)

The limiting factor K,,,,;,, is dependent on the material of the structure and the element being
considered (plating, secondary stiffener, and primary stiffener).
50 — agq

T 50— auce (24)

K3

BV employs a limit of a; < 50°, which for stations with angles larger than that will reduce the

effect of design slamming pressure to zero.

ISO 12215-5 gives a base formula for determination of the pressure at the bottom when a motor
craft is in displacement or planning mode, where the greater of the two shall be considered. For
both modes, three minimum design pressures are present. Base pressure at the bottom in dis-
placement mode (Pgup sasg) for a motor craft is dependent on the mass of the boat only, with
the area pressure reduction factor k,z, as defined in eq. 58, design category factor k. (c.f.
Table 8), and longitudinal pressure distribution factor k;, coming in the max function for the

bottom pressure Pguyp-

0.1 kym?32
Kar = Tgu) (25)
D

Where, kg is a factor which depends on the location of the considered panel, craft type and

regime.

When the motor craft is in planing mode, the base pressure is calculated using a formula, which
resembles slightly Allen and Jones formula, eq. (4. In the max function for determination of

the final bottom pressure in planing mode (Pgyp), the same three minimum design pressure, as
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in the displacement mode are given. Furthermore, the paling base pressure is multiplied with

the k, and k; factor. The final formula is depicted in eq. 58, as Pgp-

, 0.1 mypc .

BMP = I +B 1+ kg'cs * Kpyn) * kag * ky, (26)
wL * bc

From the above formula, it can be deduced that the design category factor effects the magnitude

of the dynamic load factor.

ABS Yachts considers two factors in the formula: design area factor (Fj,) and vertical acceler-
ation distribution factor (F,). Fp is based on a graph (c.f. ABS Yachts 3-2-2, Figure 2), which

is dependent on the ratio A;/A,, with A, calculated as in eq. (27.

A
Ar =695~ 7)

LR SCC proposes extensive local design criteria for crafts operating in displacement and non-

displacement modes. The rules introduce four design factors:
e Hg = hull notation factor, depending on if the craft is notated as HSC or LDC,
e Gy =service area notation factor, depending on the selected service area restriction,
e S, = service type notation factor, depending on the selected service type, which for
yachts is given as 1.1,
e (= craft type notation factor, depending on the selected craft type restriction, which

for monohulls is 1.0.

For the bottom shell of a basic craft in non-displacement mode, the greater of the following
shall be selected according to LR SSC:

e H(S¢P;, with P; being the shell envelope pressure,
e HgS;CyPy,, With Py, being the impact pressure,

e HS;GsCsPr, with Py being the forebody impact pressure.
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Pressure P, is a combined hydrostatic and hydrodynamic pressure on the shell plating, which is
related by its hydrodynamic component with the relative vertical motion. The impact pressure
Py, is given for the bottom and side. The bottom impact pressure due to slamming Py, as
given in Table 19, row 17 resembles Allen and Jones formula, eq. (4., but with the introduction
of two new terms:

e Hull form pressure factor f;, which is 54 for mono-hull crafts and 81 /N for multi-hull

crafts, where Ny is the number of hulls, limited to four.

e Support girth G,,, which is defined as in Figure 7.

The magnitude of the support girth plays an important role, with a smaller girth leading to a

larger impact pressure. For

4.3.2. Longitudinal distribution factor

Each rule proposes a distribution factor to define the slamming pressure at a specific section.
Figure 17 shows the comparison between the different slamming pressure distributions. As ex-
pected, the fore of a vessel is subject to higher slamming pressures, with the location of the

selected panel at 0.7 Ly, being under the full slamming load per all rules.

ISO 12215-5 longitudinal pressure distribution factor k;, which are valid for both planing and
displacement pressures, and is dependent on the dynamic load factor kpyy. kpyy Shall be 3 for
displacement pressure distribution, while for planing motor crafts, the calculated kpy, shall be
used with limits 3 < kpyy < 6 thus the distribution in the figure represents the limits of the

distribution factor.

Table 20 Design pressure distribution factor notations

LR [ ABS | DNV [ BV [ ISO
| Fp | K | K| kg
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Figure 17 Slamming pressure distribution

4.3.3. Effect of the design area

Except for LR SSC, all other considered rules include an area factor, being the design area alone
or the ratio of design area over the reference area, which is generally calculated as in equations
(19 and (27. As expected, the design pressure will be higher for smaller panels, as shown in

Figure 18. LR does not consider design ratio at the design load stage but later at scantling.

250
—— ABS Yachts
—%— DNV HSLC
2001 BV Yachts
g —6—150 12215 ]
@ 150 | N A 7
5 se————————————% B
g ,,”ﬂfffﬂfxf—fff”””f
& [ A
s 7 -
< 100
(=)
j<5
a
50 ¢ 7
0 ‘ ‘ |
2:1 1.75:1 151 1.25:1 11
£:s [m:m]

Figure 18 Design pressure with different panel dimensions
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4.3.4. Results and comparison

The final design pressures calculated for the selected panel, when the yacht is going at 25 knots,
are given in Figure 19 and Figure 20, and the numerical values can be found in Appendix C.2.
Similarly, with the design vertical acceleration results, a 38.45% variance from mean can found
in the final results at the considered selected panel. By comparing Figure 20 and Figure 17, the

effect of different factors included in the design slamming pressure formulae can be seen.

150 6

100

a1
o

Design pressure [kPa]
Design accelerations [g]

0
DNV ISO ABS BV LR DNV ISO ABS BV LR
@ (b)

Figure 19 (a) Design pressure and (b) design vertical acceleration at 0.7 Lw.

ABS, ISO and LR results completely follow their distribution factors for this speed. On the
other hand, BV shows higher pressure at LCG than at the front. This comes from the fact that
for deadrise angles more than 50° BV considers the slamming pressure 0 because K; = 0 if
ayz = 50°. A slightly similar issue is noted on the distribution of DNV HSALC results from

0.6 Ly, , where the effect of the deadrise angles over 30° gives a factor of Kz = 0.67 for this

case.

The broader rules of DNV and LR give in general higher design pressures than the two yacht
dedicated rules of BV and ABS and small craft rules of ISO. At the considered panel, the design
pressure trends follow the trends of the design vertical acceleration, except with the design
pressure of DNV and BV, which are penalized by the deadrise angle factor.
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Figure 20 Design pressures
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5. SCANTLINGS

This chapter defines the final panel configuration, and the scantling procedures and require-

ments of 1SO 12215-5 and class rules are explained.

5.1. Panel laminate

A sandwich laminate is created to be the material of the selected panel to compare the rules.
After iterative work, a panel made of the laminate shown in Table 21 is considered. The iterative

process stopped when all scantling checks of the 1ISO 12215 Simplified method were passed.

Table 21 Selected laminate

Layer Material Mass of fibre | Thickness
[g/m?] [mm]
Inner | E-Glass | BD+ 1200 1.031
9 E-Glass | Qx 900 0.773
8 E-Glass | Qx 800 0.688
7 E-Glass | DBx 800 0.688
6 Gurit PVC130 30.000
5 E-Glass | DBx 800 0.688
4 E-Glass | Qx 800 0.688
3 E-Glass | Qx 900 0.773
2 E-Glass | BD+ 1200 1.031
Outer | E-Glass | CSM 300 0.562

——
Inner skin

Core, 30 mm :

Outeg skin =

Pressure

Figure 21 Selected sandwich laminate
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5.2. Scantling rules

In this section, the rules regarding the scantling of sandwich panels are explained. Except for
main rules for determining the loads, scantlings, and stresses of yacht structures, some classifi-
cation societies propose additional but obligatory rules regarding the materials and scantlings.
ABS has the Rules for Materials and Welding (hereinafter “ABS Materials”) [35], which deals
with applicable materials and its accompanying processes. BV has the Rule Note for Hull in

Composite Materials (hereinafter “BV Composite™) [20].

5.2.1. ABS formulation

ABS Guide for Building and Classing Yachts in its Part 3 about Hull Construction and Equip-
ment deals separately with scantling of displacement, semi-planing and planing, and sailing
yachts. There are given guides for aluminium and steel, fibre reinforced plastic, wood, cold-
moulded laminate, and carvel. For this thesis, same as for the design pressures, the guides for
semi-planing and planing yacht are used. The rules for hull materials are given in a separate set
of rules, with Chapter 6 dealing with—Fibre Reinforced Plastics. [35]

Two sets of rules are given based on single skin or sandwich configuration. The limiting criteria
for plating are:

e Required section modulus of inertia (for outer and inner skin separately)

e Required moment of inertia

e Minimum core thickness (based on shear strength)

e Minimum skin buckling stress

e Minimum skin thickness

Table 22 Minimum requirements for core (ABS Materials)

Material Density | Minimum Shear Strength
[kg/m?®] [MPa]
PVC, crosslinked 80 2.5
PVC, crosslinked 100 14

Table 23 Minimum FRP laminate properties (ABS Materials) in [N/mm?]

Flexural Strength, F 172
Flexural Modulus, Ef 7580
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Tensile Strength, T 124
Tensile Modulus, E; 6890
Compressive Strength, C | 117
Compressive Modulus, E. | 6890

Additional requirement is given for PVC foam cores, in which the minimum density at bottom
forward of 0.4 Ly, shall be 120 kg/m3 for V > 25 kts and 100 kg/m3 for V < 25 kts, re-

quiring a minimum thickness of 30 mm for PVC core for selected panel, as calculated below:

k
4><dcz120m—g3—>dcz30mm (28)

ABS for sandwich laminate with essentially the same properties in 0° and 90° direction, calcu-

lated for a strip of sandwich panel 1 cm wide.

(sc)?pk s
Mot 2 53 10%,,, 1] )
(sc)°pk, (30)

=120 x 105k, E,,

Design stress g, for the bottom shell made of FRP is given as 0.33 a,,, with o,, being minimum

tensile strength for the outer skin and minimum compressive strengths for the inner skin.

Skin buckling stress o is given by eq. 58, and is generally not to be less than 2.0a,, and 2ady;.

6. = 0.6 3/Eg E..G,. (31)

Minimum skin thicknesses shall not be less than given by the following equations:

tos = 0.35k3(Cy + 0.26L) [mm]

t;s = 0.25k3(C; + 0.26L) [mm] (2
Where:
ks = location factor (1.2 for bottom, 1.0 for side and deck)
Cy =5.7mm
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For this yachts, the minimum skin thicknesses for bottom shell required by ABS rules are:

tos = 491 mmand t;; = 3.51 mm.

5.2.2.

BV Composite (NR546) gives some typical values of mechanical characteristics of resins and

BV formulation

E-Glass fibres, among others, as shown in Table 24.

Table 24 Mechanical characteristics of resins (BV)

Polyester | Vinyl ester | Epoxy

Density p, 1.2 1.1 1.25

Poisson coefficient v, 0.38 0.26 0.39

Tensile Young modulus E, (N/mm?) 3550 3350 3100
Tensile or compression breaking stress (N /mm?) 55 75 75
Tensile or compression breaking strain (%) 1.8 2.2 2.5

Shear modulus G, (N /mm?) 1350 1400 1500

Shear breaking strain (%) 3.8 3.7 5.0

Table 25 Mechanical properties of E-glass fibre (BV)

Mechanical property Unit | Value
Density pf 2.57
Poisson coefficient v, 0.238
Tensile Young modulus Efy° andEseqe | N/mm? | 73100
Tensile breaking strain (/) % 3.8
Tensile breaking stress (//) N/mm? | 2750
Tensile breaking strain (1) % 2.4
Tensile breaking stress (L) N/mm? | 1750
Compressive breaking strain (/) % 2.4
Compressive breaking stress (/) N/mm? | 1750
Shear Modulus G N/mm? | 30000
Shear breaking strain % 5.6
Shear breaking stress N/mm? | 1700

The geometrical and physical properties of an individual layer are calculated by CLT, as shown
in 2.4.1 and 2.4.2. BV Composite requires the computation of the stresses on a ply-by-ply basis,
and those stresses are to be smaller than the theoretical braking stresses, which are to be calcu-
lated using the theoretical breaking strains given in Appendix E.2, in the following manner:

Opr = Epr X Ejj X Coefres (33)
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5. SCANTLINGS

Where:

oy = theoretical breaking stress

€, = theoretical breaking strain (see Appendix E.2)
E;; = Elastic coefficient

Coef,.s= coefficient taking in the account the adhesive quality of the resin system (0.8 for

polyester, 0.9 for vinyl ester, 1 for epoxy)

BV requires the calculation of these stresses due to bending moments, shear forces and in-plane
forces in two locations in the middle of the boundary of the panel at each side, named A and B,

as shown in Figure 22.

@ face area in traction

@ face area in compression

Figure 22 BV Moments [20]

At location A, the primary local bending moment M,,, secondary local bending moment M, and
main local shear force T,, are applied, while in location B, the local bending moment M,,, sec-
ondary local bending moment Mj, and main local shear force T, are applied. The bending

moments and the shear force are calculated in Table 26. The rules give two options for calcu-
lating the moments and shear depending on the panel length and the panel's orientation.
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Table 26 Bending moment and shear force calculation by BV

5. SCANTLINGS

Bending Shear (ao — wey ) (ag —wsy )
moment and ag. = by ag.-< by force > (bg — Wsy) | < (bo—Wsy)
ag anda, '
T, F'y(b F'y(b
M Fy ps b3 ksy | F 2k e 170 2\70
x 1 Ps Do Ksx | I'1 Ps Qo Ksx _ Ws,y) P _ Ws,x) Ps
T, F',(b F'y(b
M F, ps b3 ksy | F 2k e 2A70 170
y 2 Ps Do Ksy | I'2 Ps Qg Ksy _ Ws,y) Ps _ Ws,x) Pq
a Ao — W x by — ws
M Ey M,/E 0 =<2 2 <2
x Vy Bx y/ Y b — Ws,y Ao — Wg x
M, Ve Ey My/E, Where:
1 — 4
a, (ao/bp) <2 | (bo/ag)<2 | | F1 =05 ap/(1 + ap)
Where: F, =05 a5/(1 + ay)
_ . ) ag, b = Panel dimensions
Fu. Coefficients equal to: ks ksy = Equivalent dimensions of the
F, = 0,0343aZ— 0,1333a, + 0,0471 panel
F, = 0,0113 a2 — 0,0382 a, — 0,0251 Ps = Local pressure
ao, by = Panel dimensions
ks ks = Reduction factor for wide
base of stiffeners
Ex,Ey, vy, vy, = Moduli and Poisson’s ratio
as
Ds = Local pressure

The maximum stresses of each individual ply due to the bending moments and shear forces are

to be smaller than the value of the breaking stress over the safety factor SF, as shown below:

_ Tpr

Opr
<—and7t=—=
o anat SF

- SF

(34)

The panel analysis considers six stresses (or criteria), including the combined stress according

to Hoffman criteria. Failure of one fibre is considered failure of one ply on the “first ply failure”

basis.

Table 27 BV six stresses

Local stress in axis . Interlaminar local stress in
01 T12 Local stress in plane 12 | 7,4 .
1 axis 1
- Local stress in axis o Combined Hoffman . Interlaminar local stress in
2 2 comb stress 12 axis 2
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The minimum safety factor in each layer is a function of partial safety factors:

SF > CyCrCrC; (35)
Where:

Cy = partial safety factor depending on the laminate ageing effect

Cr = partial safety factor depending on the fabrication process

Cg = partial safety factor depending on the type of fibre and the direction of stress

C; = partial safety factor depending on the load type

There is no minimum requirement of thickness or fibre weight by BV. Additionally, there is no
specific formula for minimum core thickness, but the core is analysed using the six stresses, in
which the interlaminar local shear stress due to in-plane force is the main factor in checking if
the core complies with the load.

5.2.3. DNV formulation
DNV Yachts and DNV HSLC have the same rules concerning the scantlings of hulls made of
fibre composites and sandwich constructions (c.f. DNV Yachts Part 3 Chapter 5 and DNV
HSLC Part 3 Chapter 4).

Table 28 Generic material properties (DNV)

SG Yo;l/ng S|M0Tlus Shear Modulus | Poisson’s ratio
[g/m?] [MPa] [MPa] [-]
E-Glass fibres 2.54 73000 30000 0.18
Polyester matrix | 1.20 3000 1140 0.316

Scantling using DNV Yacht is based on the failure ratio concepts:
e Maximum strain criteria

e Maximum stress criteria

Maximum strain to failure in fibre direction is defined as:
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Gu
Euf = E, (36)
Where:
o, = ultimate tensile or compressive strength
E, = representative E modulus for laminate in range of allowable stresses (defined at secant

modulus at 0.30,)

For this study, the representative modulus were selected as E, 4, E,, and G;, to calculate the

ultimate stresses by considering a 1.2% breaking strain.

The reaction bending moment is calculated using the following equation:

Mp—max = %Q (37)
Where:
B = factor depending on ar, s and panel connection (simply supported, partially clamped,
or clamped)
Pa = lateral design pressure
sepr = effective span (depends on aspect ratio ary = S,/S,)
T, = curvature correction coefficient

Fg-max = YPaSers (38)

Where:
y = factor depending on ar, s and panel connection (simply supported, partially clamped,
or clamped)

The mass of reinforcement in skin laminates in sandwich construction shall not be less than:
W =w,(1+k(L—20))forL>20m
W =Ww,forL<20m (39)
Where, W, is the minimum requirement for the mass of reinforcement, which is:

e 2400 g/m? for hull bottom outer skin made of Glass reinforcement, with k given as
0.025.
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e 1600 g/m? for hull bottom inner skin made of Glass reinforcement, with k given as
0.013.
For the selected panel, the minimum mass of reinforcement shall be 2523.6 g/m? and
1642.8 g/m? for outer and inner skins, respectively. Maximum deflection is a function of de-
sign pressure and effective panel span over the plate bending stiffness, as given below.

_ apd54 eff

Allowable deflection for a sandwich panel is given as ZS”% = 1.5%, and for this panel is 1.02%,

which complies with the rule. The maximum allowable stress or strains shall not exceed the

following formulation:

Fy
0,T,8Y = Reo oo (41)
Where:
E. = reference mechanical strength/resistance
R = reserve factor (3 for laminates and stability issues, 2.5 for cores)
Cc = structural coefficient (0.8 for watertight bulkheads, 1.0 otherwise)
¢-m = manufacturing coefficient (0.95 for vacuum assisted, 1.0 otherwise)

5.2.4. 1SO formulation

ISO 12215-5 allows six methods to be used to determine the scantling of composite hulls: [10]

¢ Simplified method: based on a simple thickness equation for a single skin of quasi-isotropic
Glass Reinforced Plastics (GRP).

e Enhanced method: ply-by-ply analysis for quasi-isotropic GRP.

e Developed method: application of Classical Laminate Theory (CLT) to all FRP structures.

e Direct test: relying on mechanical testing, primarily intended for FRP.

e FEM: finite element methods using the 1SO design pressures and properties, also mostly
aimed at FRP.

e Drop test: applicable to vessels less than 6 m hull length.
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The selection of the assessment method will affect the definition of the design direct and shear

stresses, by an assessment method factor k,,,, given in Table 29.

Table 29 Assessment method factor

Determination of kam
Value of kam
Assessment method FRP & wood | Metal
Simplified 0,9 1
Enhanced 0,95 1
Developed and FEM 1 1
Direct test 1 1

ISO 12215 gives the design bending moment, in the b direction, as in eq. (42), and in the [
direction, as in eq. (43). In the Enhanced method, the corrected design bending moments shall

be used, as shown in eq. (44).

Mg = —1/6 X kyp, X P X b x 1073 (42)
Mg = —1/6 X ky; X P X b2 x (EI,/El,) X 1073 (43)
Mabeorr = Man X ke; Mgy, = Mgy X k¢ (44)
Where
k. = curvature correction factor
Kz, = bending moment factors related to aspect ratio, given in Appendix D.3
P = design pressure
b = short unsupported dimension of the panel

ISO gives two design shear forces, in the b direction, given in eq. (45) and in the [ direction,
given in eq. (46).

Fap = ke X ks X P X b X 1073 (45)
Fai = ke X kgyy X P X b X (EI,/EI,) X 1073 (46)
Where:
k. = curvature correction factor
ks, = shear force factors related to aspect ratio, given in Appendix D.3
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Section modulus, simplified 1SO:

P X b* X kpp X ke X107 My, [cm®
- 0,0 cm

SM,; = 600, o0 (47)
Where:
0q4,; = design direct stress (c.f. 1ISO 12215-5 Table 17)
For sandwich skins, the design direct stresses are defined as:
o4 = 0.50,,; kgg ks (Outer)
04 = min [0.50,.; 0.3(E; Eco Gco) 23] kgg kap (inner) (48)
Where:
ou., = Ultimate tensile and compressive stress, respectively
kgg = built quality factor (c.f. ISO 12215-5 Table 15)
E, = compressive modulus of the inner skin
Eco  =compressive modulus of core perpendicular to skins
Gco = shear modulus of core parallel to load direction

The additional requirement of 0.3(E, Eco Gco)?33 is added to prevent wrinkling stress from

occurring.

5.2.5.
Lloyd Register SSC rules give the typical minimum properties for E-Glass and polyester, as
depicted in Table 30.

LR formulation

Table 30 Typical minimum fibre and reinforcement properties (LR)

Specific gravity | Tensile modulus | Shear modulus | Poisson’s ratio
[g/m’] [MPa] [MPa] [-]
E-Glass 2.56 69000 28000 0.22
Polyester 1.20 3400 1300 0.36
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5. SCANTLINGS

Table 31 Mechanical properties of CSM and cross-plied glass reinforced polyester resin laminate

Mechanical propert CSM [ WR/CP | uD
il [N/mm? ]
Ultimate tensile strength | 200f;. + 25 400f, — 10 iz 656f, — 89.3

L |  684f2—55f + 23
| (505f. — 6.87) x 10°

Tensile modulus (15f. +2) x 103 (30fc3_ 0.5) (19.6f? — 15.7f. + 6.6)
x 10 1 _3
X 10
Ultimate compressive / 530f. —72.1
strength 1501 +72 150fe +72 7 o6r2 _157f 4 65.6
Compressive modulus | (40f. —6) x 103 | (40f. — 6) x 103 —
Ultimate shear strength 80f. + 38 80f. + 38 IP | 73.4f7—59.2f. + 245
(L.7f, + 2.24) (L.7f, + 2.24) (7.3f2 = 5.9f. + 2.4)
Shear modulus % 10° % 10° IP % 103

Ultimate flexural 502f%+106.8 | 502f2+ 106.8 -

strength
(33.4f. 4+ 2.2) (33.4f. 4+ 2.2) -
Flexural modulus % 10° % 10°
f.: Fibre percentage by weight.

IP: In-plane.

For single skin composite laminates, LR offer a minimum thickness formula, while for sand-

wich laminates a minimum amount of reinforcement in the facing is given, as in eq. (49).

Wr = wK KyWpin (49)

Where:
w = Service Type Correction Factor, which for yachts is 1.00
K; = Craft Length Correction Factor, calculated as 0.79 for the selected vessel and panel

Ky, = Fibre Volume Correction Factor

A minimum amount of reinforcement (W;) for a panel located in hull bottom is 3650 g/m?
for outer skin, and 2850 g/m? for inner skin (c.f. LR SSC Table 3.2.2). The outer skin's thick-
ness shall not be greater than 1.33 times that of inner skin, while core thickness shall be 5.77
times or greater than mean facing thickness. An estimated required thickness of the sandwich

skins and core is given by eq. 50, which shall be tested against other criteria.
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p
ts - ¢1ksb E (50)
tps
Where:
b1 =0.0214 (for inner skins), 0.0286 (for outer skins), 0.1440 (for core)
_ . . (AR <2 0.324,+0.36
ks = aspect ratio correction factor = { Ap>2 1.0

E.,s = tensile modulus of a plate laminate which forms a skin of a sandwich laminate subject
to tensile loading = X (E;; /t;) /Zt;

p = design pressure

Additionally, core thickness is required to be 5.77 times greater than the mean of the skin thick-
nesses:

te

——— > 15.77

0.5 (¢, + to) (51)
To calculate the stresses, the bending moments M,, and M, are calculated, which are defined as
the bending moment at panel boundary and under stiffener base and bending moment at centre
of panel respectively. Both bending moments are to be applied to a 1 cm length of panel, and

the following formulae determine them:

kpv?
M, = X 107> [Nm] (52)
12
1.5 — k)pb?
= L3 OPD” 05 (vm (53)
12
Where:
k = bending moment influence coefficient, based on the panel breadth and base width of

the stiffener
Additionally, if the panel aspect ratio (Ag) is less than two, LR allows the reduction of the rule

bending by the following factor:
Kar = 0.56 + 0.631In(4g) = 0.56 (54)
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While missing in the design pressure definition, LR SSC allows the reduction of slamming
pressure by introducing the factor K;, which is defined as:

1.8

a
16 (f”) +1.1 (55)
rf

Where:
A,, =areaof plate laminate = s x [ < 2(s/1000)?

Ay =reference impact pressure area, = 0.7A/T

The tensile stress, a;;, and the compressive stress, o,; at the outer fibre of a single ply are cal-
culated using eg. (56) and (57).

oo = 0.1 EtiJ’iM 55
o = 0.1 ECiyiM 57
“ T TIEL) 7

The resulting tensile and compressive stresses shall comply with the limiting stress criteria. The
limiting stress criteria for local loading for the bottom shell envelope are given in Table 32.

Table 32 Limiting stress criteria for local loading

Item Limiting stress fraction
Bottom shell laminate | Tensile | Compressive | Shear
Slamming zone 0.28 0.28
elsewhere 0.25 0.25 B
PVC — 0.45

Deflection control of a shell sandwich construction is to be checked by the span/deflection ratio
being not less than fs = 100. The deflection for a known Poisson’s ratio for a facing laminate

is calculated as:

p2 (b2(1-v%) 1 _
5 = ”T( L ks + G—tckds) x 10-3 [mm] (58)

Where:
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kq,  =bending deflection aspect ratio factor = 1.5 — 1/A4 (Ag < 2)
kqs = shear deflection aspect ratio factor = 1.2 — 0.6 /A (Ag < 3)

D = flexural rigidity of the sandwich panel per unit mm width

— EpitinnerEpotouter

(t. + tg)?> Nmm

Epitinner+Epotouter

For this panel, the span/deflection ratio is fs = 51.6, which means that the panel does not pass
this check. If the Poisson’s ratio is not known, the following formula shall be used:

s=PE( L L Vw103
=8 \a8D, W TGy, s [mm] (59)

5.3. Comparison of the formulations

In this section, the comparison of some considerations of the above-stated formulations are
compared.

5.3.1.  Minimum thickness requirements

In the world of aluminium and steel scantling, it is of major importance to determine the mini-
mum thickness requirements. Meanwhile, for composites, the importance is not at that same
level. In the considered rules, only ABS and LR have given minimum thickness requirements
for sandwich panels, while ISO gives a minimum thickness for single-skin hulls.

Table 33 Minimum skin thickness requirements

Outer skin | Inner skin
ABS 491 351
LR 5.58 4.18
Offered 3.74 3.81

The two formulas are inherently different. On the one hand, the ABS formula is wholly based
on possible experience and empirical studies, while the formula offered by LR includes the

effect of pressure, aspect ratio and tensile elastic modulus.
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5.3.2.  Minimum skin mass requirements

Three of the five considered rules give a minimum mass requirement for the skins of sandwich
constructions, ISO giving it as a “good practice” and not a requirement for vessels other than
“heavy duty.” The minimum mass requirements checks for the selected panel are given in Table
34.

Table 34 Minimum required mass [g/m?] for sandwich skins

1SO DNV | LR

Inner skin Required | 1725.9 or 2416.3 | 1642.8 | 2850
Offered 3700

.| Required 3451.9 | 2523.6 | 3650
Outer skin 1= Sttered 4000

DNV only considers the panel's location and the boat's length in the formulation, which is sim-
ilar to LR SSC, with the exception of boat type and fibre volume content. On the other hand, it
considers several unnamed factors, which are the results of the empirical analysis, but it in-
cludes the mass of the whole boat, the speed of the vessel, the longitudinal location of the panel,
the vertical location of the panel, fibre mass, design category and type of craft. There is no
formula to calculate the inner skin’s required mass, but it gives a recommendation stating that

the weight might be taken as 50% to 70% of that of the outer skin.

5.3.3. Core shear check
One of the main properties of using a core is its capability to carry the shear load for the panel,
while the skins carry the bending loads (tension and compression). [36]

ISO requirements for the shear check, both for Simplified and Enhanced, are technically the
same, except with the value of the safety factor. The shear force capacity is calculated as in eq.

(60), and the minimum design shear stress is defined in (61). These requirements

to+ti F
ts = e+ ‘zrdio (60)
Where:
(N O = thicknesses of the inner skin, outer skin, and core, respectively
F, = design shear force, defined in eq. (45) and (46)

55



5. SCANTLINGS

Taco = design shear stress of the core (c.f. ISO 12215-5 Table 17)
Tgco = Min[max(0.7 — 0.12 X Ly, ; 0.3); 0.58] (61)

ABS, except for the minimum thickness requirement for the core as shown in the section above,

has a shear core check, which is similar to ISO’s formula and is given in the equation below:

d, +d. vps

2 = 1000t (62)
Where:
v = coefficient varying with plate panel ratio
T = design shear stress, taken as 0.4t,, for cross-linked PVC, or 0.557,, when sheer elon-
gation is more than 40%
p = design pressure
d, = overall thickness of the sandwich
d. = thickness of the core

DNV considers the maximum core shear stress and compressive stress as the failure criteria for

core materials. The design core shear stress is to be greater than t., given in eq. (63).

o

te = t 63
te+ t§—1 + (63)
According to LR, the direct core shear stress, 7., at the edges of a sandwich panel subjected to

lateral pressure is to be determined from:
x 1073 (64)

BV on the other hand, does not give a simple formula for core shear check, but requires the
core to be analysed under the laminate theory. In Table 35, the comparison of the core shear
check is given. The main factors affecting these results are the design load, which determines
the shear force, and the safety factor of the design shear stress, which are given in the next

section.
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Table 35 Core shear check comparison [mm]

Offered ¢t, + 22 Required F/t | Ratio | Comply?
ABS 55.46 0.60 No
ISO 29.14 1.15 Yes
DNV 33.46 58.48 0.57 No
LR 63.34 0.53 No
BV 19.81 1.69 Yes

5.3.4. Safety factors
The safety factors for the design stresses in the laminates and the core of the selected panel are
given in Table 36. The lower the safety factor is, more conservative it is, thus leading to lower

design stresses.

Table 36 Safety factors for the selected panel components

Rule _ Laminate_ _ Core _
Compressive | Tensile | Shear Compressive Tensile Shear
ISO Simplified 0.45 0.45 0.495 0.495
ISO Enhanced 0.475 0.475 0.5225 | 0.5225
BV (/) 0.43
BV (1) 0.72 0.56 0.54 0.36
DNV 0.351 0.478
ABS 0.33 — — 0.40
LR 0.28 | 028 | — — — 0.45

These safety factor, or better saying reduction factors, are to be multiplied with the stress or the
strain and are considered for this specific case. The formulations are different, thus resulting in
different factors:

e ISO safety factor formula includes the method factor, fabrication factor and a 0.5 fixed
factor for direct stress and 0.55 fixed factor for core (with elongation at break < 35%)
shear stress. Additional fixed factors are given for other material types or structural el-
ements.

e BV safety factor formula includes four partial safety factors, which are related to the
laminate ageing effect, fabrication process, type of fibre and the direction of stress, and
load type.

o DNV safety factor formula includes a 0.33 reserve factor (0.4 for cores), structural co-
efficient and a manufacturing coefficient.

e ABS gives fixed factors depending on the location of the panel, stress being evaluated
(direct or shear) and material (for cores).

e LR gives fixed factors depending on the location of the panel, type of structural element,
stress being evaluated (tensile, compressive or shear).
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6. RESULTS

This chapter presents the scantling check of the panel laminate, which passed the check using
ISO 12215-5 Simplified and Enhanced method. Spreadsheets were created to calculate the me-
chanical properties and scantling checks. Furthermore, the results from ISO have been cross-
checked with Wolfson Hull Scant 2 software, while the results from BV have been cross-
checked with StarBoat and Composel T software. Notable differences were spotted in the cal-
culations. This is explained by the fact that some properties of user-defined materials have been
differently recognized by the software, resulting in the application of slightly different safety
factors or related factors.

6.1. 1SO panel analysis
Using the formulae presented in the previous chapter, the selected panel was checked using ISO
12215-5 Simplified and Enhanced methods. The main inputs are given in Table 37.

Table 37 Panel specification

[ (mm) 2000 | Ap (m») | 2
b (mm) 1000 | kyp 0.454
Aspect ratio 2 k¢ 1
Pressure (kN /m?) | 68.3 kyp, 0.492
ki 1 ky; 0.338

ISO 12215-5 Simplified method requires the laminate to comply with three conditions. The
skins shall pass the minimum section modulus, and the core shall pass the core shear check.
Simplified method results are given in Table 38.

Table 38 Panel analysis according to ISO 12215-5 Simplified method

Core shear SM, SM;

[mm] [cm’] [cm’]

Requirements 29.14 0.67 0.59
Offered 33.46 1.12 0.98
Results 1.15 1.68 1.65
Comply? Yes Yes Yes

More checks are required when the Enhanced method is used. As given in Table 39, 1ISO En-
hanced method requires the panel to comply with seven checks. Four of them require a mini-
mum shear force and bending moment capacity in both panel directions, which is to be checked
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for each ply, and the ply with the lowest load capacity is considered the offered value. Addi-
tionally, the core is checked against shear, strength and compressive stress. As Seen from the
value, the lowest bending moment capacity is at layer 7, which is expected considering that the

layer is made of a double biaxial configuration.

Table 39 Panel analysis according to 1SO 12215-5 Enhanced method

Core Core Core

Fap Fa Map Ma shear | strength | OMP-

stress

[N/mm] [N/mm] [Nm/mm] | [Nm/mm] [mm] | [N/mm?] | [N/mm?]
Rﬁq‘ltr‘]'trse' 35.20 31.43 5693.33 | 3837.31 | 29.14 | 0.30 0.55
9232.55 9232.55

Offered 40.41 40.41 (Layer 7) (Layer 7) 33.46 1.21 1.45
Results 1.15 1.29 1.62 2.41 1.15 4.03 2.64
Comply? Yes Yes Yes Yes Yes Yes Yes

6.2. ABS panel analysis

Results and checks for a 1 cm wide strip of the selected sandwich panel according to ABS are
given in Table 40. Similarly, to ISO, ABS requires checking for minimum section modulus and
core check, in addition to the moment of inertia and minimum skin thicknesses. Skin stability

is considered separately, contrary to ISO, which includes the minimum wrinkling stress as part

of design compressive stress.

Table 40 Panel analysis according to ABS Yachts

Section modulus I Shear Skin Skin thickness
Outer Inner strength | stability Outer Inner
[cm3] [cm3] [cm*] [mm] [N/mm?] [mm] [mm]
Require- 1.44 1.28 1.59 55.46 140.53 | 491 3.51
ments
Offered 1.12 0.98 1.93 33.46 224.37 3.74 3.18
Results 0.778 0.766 1.214 0.6 2.74 0.76 0.91
Comply? No No Yes No Yes No No

The selected panel laminate does not comply with ABS rules, which is expected to be, as the
pressure given by ABS is higher than the one given by ISO. Even so, it shall be noted that ABS

is applicable to much larger yachts, and thus considers higher scantling requirements.
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6.3. BV panel analysis

BV requires the plies to comply in two locations: A and B, as mentioned in the previous chapter.
The results for locations A and B are depicted in Appendix G.1 and Appendix G.2, respectively.
In Table 41, the main results of each individual ply are given. In the columns a;, o, and 7;, the
value of SF over a;,,/0 40t OF Tpr/Tact-1S given, which shows the capacity used by the actual

ply. The letters A and B beside the values represent where most of this capacity was used.

Table 41 Panel analysis according to BV Yachts and BV Composite rules

Layer Ply Angle 04 o, T12
1 UD 600 0 B | 0231 | A | 0237 | A | 0001
Inner 2 UD 600 90 A | 0332 | B | 0156 | A | 0001
3 UD 225 0 B | 022 | A | 0226 | A | 0.001
4 UD 225 45 B | 0171 | B | 0142 | A | 0238
8 5 UD 225 90 A | 0319 | B | 016 | A | 0001
6 UD 225 45 B | 0169 | B | 0138 | A | 0233
7 UD 200 0 B | 0211 | A | 0217 | A | 0.001
8 UD 200 45 B | 0164 | B | 0136 | A | 0228
! 9 UD 200 90 A | 0306 | B | 0143 | A | 0001
10 UD 200 45 B | 0162 | B | 0132 | A | 0224
11 UD 400 45 B | 0158 | B | 0131 | A | 022
6 12 UD 400 45 B | 0157 | B | 0127 | A | 0216
13Top | PVC130 0 B | 0103 | A | 0149 | A 0
5 13Bot | PVC130 0 B | 0068 | A | 0098 | A 0
14 UD 400 45 B | 0092 | B | 033 | A | 0191
4 15 UD 400 45 B | 0094 | B | 034 | A | 019
16 UD 200 0 B | 0124 | B | 0546 | A | 0001
17 UD 200 45 A | 0097 | B | 0348 | A | 0202
3 18 UD 200 90 B | 0184 | B | 0387 | A | 0.001
19 UD 200 45 B | 0099 | A | 0358 | A | 0206
20 UD 225 0 B | 013 | B | 0574 | A | 0.001
21 UD 225 45 A | 0102 | B | 0365 | A | 0211
2 22 UD 225 90 B | 0193 | B | 0405 | A | 0.001
23 UD 225 45 B | 0104 | A | 0376 | A | 0216
24 UD 600 0 A | 0138 | A | 0607 | A | 0001
! 25 UD 600 90 B | 0206 | B | 0432 | A | 0.001
Outer 26 CSM 300 0 B | 0279 | A | 024 | A | 0.001
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From the results using BV rules, it is noticeable that the low design pressure will lead to lower
requirements, and thus to compete compliance of the laminate. Additionally, the core is checked
by the ratio of the largest of the two permissible interlaminar shear stresses t,,;, and t;;,, as

shown below:

IL2pyle __ 2.44
SF 220

T
T2y = 0.65 MPa < = 1.109 MPa (65)

6.4. LR panel analysis
Using eq. (57), the minimum required thicknesses are found, which do not comply with ISO
results, except the core.

Table 42 Thicknesses, in [mm]

Outer skin | Core | Inner skin
Required 5.68 28.37 4.18
Offered 3.74 30 3.18
Comply? No Yes No

The formulae given by LR SSC, as shown in Table 43 were used for calculating the mechanical
properties. Table 43 shows the check of tensile and compressive stresses, where a value of more
than one means the ply failed, which is the case for all plies. The complete results are given in
Appendix G.4.

Table 43 Panel analysis according to LR SSC rules

Layer Ply 0. Check

Inner BD+ 1200 2.53
9 Qx% 900 2.39
8 Qx 800 2.29
7 DBx 800 2.20
6 PVC130 0.81
5 DBx 800 1.39
4 Qx 800 1.46
3 Q%900 1.53
2 BD+ 1200 1.63

Outer CSM 300 1.61
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6.5. DNV panel analysis

In similar manner to BV calculations, DNV requires the usage of CLT to calculate the stresses
on each ply. The maximum moment and in-plane shear force, given by the rules and explained
din the previous chapter, are applied to compute the strains, which bring us to the final stresses.
Each ply has a failure, which is explained by the high applied bending moment which can be
seen in Table 44.

Table 44 Panel analysis according to DNV rules

Layer Ply Angle 04 oy T12

Inner 1 UD 600 0 0.07 1.50 0.01

2 uUD 600 90 1.46 0.35 0.01

3 UD 225 0 0.07 1.43 0.01

4 UD 225 45 0.73 0.88 1.41

8 5 UD 225 90 1.40 0.34 0.01

6 UD 225 -45 0.73 0.86 1.37

7 uD 200 0 0.06 1.37 0.01

7 8 UD 200 45 0.71 0.84 1.34

9 uD 200 90 1.34 0.33 0.01

10 uD 200 -45 0.70 0.82 1.32

6 11 uUD 400 45 0.68 0.81 1.30

12 uUD 400 -45 0.67 0.79 1.27

5 13 Top PVC130 0 0.29 1.12 0.00

13 Bot PVC130 0 0.24 0.99 0.00

4 14 uUD 400 45 0.60 0.70 1.13

15 UD 400 -45 0.60 0.72 1.16

16 uD 200 0 0.05 1.18 0.01

17 uD 200 45 0.63 0.74 1.18

3 18 uD 200 90 1.21 0.29 0.01

19 UD 200 -45 0.64 0.76 1.22

20 UD 225 0 0.05 1.24 0.01

’ 21 UD 225 45 0.66 0.78 1.25

22 UD 225 90 1.27 0.31 0.01

23 UD 225 -45 0.67 0.80 1.27

1 24 UD 600 0 0.06 1.31 0.01

25 UD 600 90 1.35 0.33 0.01

Outer 26 CSM 300 0 0.45 151 0.01
Represents failing plies
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To ease the checking of the failing plies, they have been coloured in light orange, and the ex-
tended values are given in Appendix G.3.

6.6. Comparison

Results of the selected panel analysis show a large variety of differences. Initial differences can
be traced to the definition of the materials and their mechanical properties, as well as the break-
ing strains or stresses. Two of the considered rules, BV and DNV, utilize the Classical Lami-
nation Theory to define the material and laminate characteristics and to calculate the strains.
The computation procedures are the same, including the definition of bending moment and
shear force. There is one difference as DNV considers one maximum bending moment to be
considered on the calculation, while BV requires two, one primary and one secondary for each
middle point of the panel boundary. Results between BV and DNV are expectedly different, as

DNV required a 3-times higher design slamming pressure.

On the other hand, ISO Simplified method is similar to ABS. Both do not require ply-by-ply
check, but 1ISO Enhanced method in the other hand is more similar to LR SSC, which includes
ply-by-ply computation, but without CLT. Considering that the selected panel was an iterative
work of complying with ISO Simplified method, it is expected that it will fail with ABS, as
ABS required a 1.6 times higher design pressure and I1SO safety factors (in the inverse scale)
for the design stresses are higher: 0.45 to 0.33 for laminate, and 0.495 to 0.40 for core. LR panel
analysis shows that all the plies will fail, except the core for bending, but not against shear. This
is expected for the selected panel because of the high input slamming pressure and much higher

safety factors than 1SO.

It is noted that the plies failing with higher stress are in the inner skin due to compressive
strength, which is lower than the tensile one. Additionally, as expected from theory, Double
biaxial (+45°) plies are prone to higher shear stress due to bending but give good results in
direct stresses. Moreover, all rules require specific material test to be made, which might differ

from the estimated values given by the rules, thus leading in different but realistic results.
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6.7. Discussion

The objective of this study was verifying if there is a natural structural continuity between a
24m yacht designed with ISO and other ones designed with Classification society rules by con-
sidering comparable operation conditions. This verification partially failed to be proven, as the
bottom panel designed with ISO did not pass nor it was close to pass when considered under

class rules.

The influence stemming from the definition of design vertical acceleration largely affects the
value of the design pressure for planing crafts. Thus, the design vertical acceleration, in the
context of operational limits, could be supressed by introducing navigation envelopes, which

combine vessel speed and significant wave heights.

This design pressure is the main factor influencing the compliance of a selected panel under the
considered structural rules. In the context of scantling definitions, rules which have less com-
plex calculation require higher safety factors compared to rules with more complex calcula-
tions. This might be an important point for the designer to decide which rule to use for classifi-

cation, especially for small boatyards.

In the context of bottom scantling, sandwich panel might not be the perfect choice for high load
cases, considering that the skins are far from each other, and higher bending stress might be
expected. Achieving optimum load resistance is closely related to the placing of different ply
configurations on the skins. As the number of configurations is high, coupled with different
materials for fibres and resins, and the combination fractions with the two, a designer has to

choose wisely, by introducing specific objective and constraints.

In general, scantling a yacht with composite shall be a compromise between objectives and
constraints, like minimizing weight and cost, but maximizing stiffness, strength and toughness

of the hull, under the constraints imposed by rules and by the environment itself.
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7. CONCLUSION

Nowadays, a particular yacht can be classified according to multiple class rules. For example,
a designer might classify and certify a yacht with a rule length of around the 24-meter using
ISO 12215-5 rules (as part of the EU recreational craft directive) or Classification Societies
rules. In today’s competitive market, using rules which give a lighter structure can be an ad-
vantage. The lower structural requirement means lower weight, which indeed means lower con-
struction costs. Additionally, a lightweight yacht consumes less fuel, lowering operational

costs.

A test case was used to determine the differences and similarities to examine if a designer de-
signing a yacht around a rule of 24 meters shall use Classification Societies rules or 1ISO 1221-
5 Structural rules. In this test case, a bottom panel made of a sandwich composite was checked
to see if it complies with scantling rules of 1ISO and class rules. In this study, the limits of the
application of ISO structural rules and four class rules, namely ABS Yachts, BV Yachts, DNV
Yachts (and DNV HSLC), and LR SSC, were studied and compared.

As this yacht was considered navigation in planing regime and without restriction, different
rules resulted in different slamming design pressures. Slamming pressure is closely related to
vertical acceleration. Therefore, even though the design acceleration formula of all the consid-
ered rules resembles a semi-empirical 70s procedure, the results were quite different. Generally,
ISO, BV Yachts, and ABS Yachts rules resulted in lower design vertical accelerations, while
DNV HSLC and LR SSC rules gave much higher values. This is explained by the fact that the
two later rules apply to many boats and ship types, while BV and ABS rules are limited to

yachts, and ISO is limited to small crafts.

Similarly to the definition of vertical design acceleration, design pressure calculation formulae
due to impact loads are based on previous literature. Vertical design acceleration is the main
factor in calculating design slamming pressure, followed by the longitudinal distribution factor,
design area factor, and deadrise angle. The longitudinal distribution factor and area factor fol-
low similar trends. Deadrise angle affects the design pressure more if it is considered locally,

like in the case of DNV HSLC and BV Yachts. In the case of BV rules, slamming pressure is
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nullified for angles over 50 degrees, and in the case of DNV rules, the value of design slamming
pressure gets lowered by a third when angles are over 30 degrees.

Contrary to other rules, LR SSC considers support girth at LCG to calculate the design slam-
ming pressure. As a result, DNV and LR require higher design pressure for the selected speed
than the other three rules. Conversely, ISO and BV require the lowest pressures, while ABS is

midway between the two.

To check the scantling requirements, a sandwich panel was defined. Initially, a sandwich con-
struction consisting of E-glass and polyester plies of different combinations and a PVC core
was checked against 1ISO 12215-5 Simplified and Enhanced scantling rules until a passing lam-
inate was constructed. After that, this laminate was tested against the scantling rules of the four
classification societies. There is a wider variety in scantling definitions than design loads defi-
nitions. 1SO 12215, on the one hand, proposes five different methods to determine the scant-
lings, starting from more straightforward methods but more conservative ones to more complex
(like CLT and FEM) and less conservative ones. On the other hand, BV Yachts and DNV
Yachts require the usage of Laminate Theory to calculate ply-by-ply the strains and stresses
against breaking strains and stresses restricted by safety factors. LR SSC also requires checking
for each ply but does not give CLT as a requirement. ABS Yachts do not require ply-by-ply
analysis but similarly to 1ISO require the check for skins and core separately.

The results conclude that the sandwich laminate constructed to pass 1ISO 12215-5 Simplified
and Enhanced scantling methods easily complies with BV rules due to the lower design pressure
definition, which is the result of the vertical acceleration cap. Checking with ABS rules, which
is similar to the 1ISO Simplified method, fails the laminate. As with ABS, the higher design
pressure fails the selected laminate in DNV and LR calculations. These results shall be taken
with reserves, as the operational inputs, like significant wave height and vertical accelerations,
and the practical nature of scantling, like testing the materials for lower safety factors, are sub-

ject to the designer’s decision.
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To conclude, a fast motor yacht with a length of around 24 meters, considering unrestricted
service, should be designed according to ISO 12215-5 Structural rules or unique class rules for
classifications of yachts. More general rules have higher requirements, but the designer is al-
lowed to define the operational limits. Thus, the vertical acceleration might be suppressed, lead-

ing to lower design pressure and scantling requirements.

As this study was limited to evaluating the rules only for the bottom plating of a monohull
motor yacht, the thesis can be expanded. This could be accomplished through the evaluation of
plating at sides, decks, and superstructures, and the scantling of stiffeners, which would lead to

the study of the differences in the weight of the vessel.

Additionally, factors like the effect of change in fibre content in the overall scantling were not
considered. In this context, alternative fibre materials and combinations could be utilized. A
more thorough study on the effects of the methods used to construct the composites, like vac-

uum-assisted resin transfer moulding, could be done.

To advance the general scope of this study, it is recommended the use of FEM to evaluate the
safety factors being utilized on the panel. Likewise, CFD could be utilized to estimate the actual

vertical acceleration and design pressure, which could be further used in the calculations.
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9. APPENDICES

Appendix A.  Physical and mechanical properties of PVC materials
Reference: Gurit PVC
_ Compressive Compressive modu- Shear Shear Shea_r elon- Tensile Tensile
Cores Density strength lus Strength Modulus gation at Strength Modulus
(ASTM D1621-10) | (ASTM D1621-10) break
Units Kg/m? MPa MPa MPa MPa % MPa MPa
PVC40 40 0.52 29 0.47 15 6.00% 0.71 68
PVC48 48 0.62 34 0.52 16 7.00% 0.98 71
PVC60 60 0.98 48 0.79 21 18.00% 1.82 100
PVC80 80 1.6 74 1.2 30 19.00% 2.74 146
PVC100 100.00 2.05 95.00 1.48 36.00 25.00% 3.18 162.00
PVC130 130 3.22 138 2.44 55 32.00% 4.35 227
PVC200 200 5.07 234 3.44 7 35.00% 6.26 358
PVC250 250 6.88 296 4.37 98 35.00% 7.19 439
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Appendix B.

Vertical acceleration values

Appendix B.1. Vertical acceleration due to deadrise angle (at LCG) change
Deadrise angle at LCG [deg] 10 15 20 25 30
DNV 4.96 4.34 3.72 3.1 2.48
ISO 151 1.32 1.13 0.94 0.75
ABS 3.06 2.68 2.30 191 1.53
BV (information) Lg] 2.38 2.08 1.79 1.49 1.19
BV (capped) 1 1 1 1 1
LR 3.26 2.85 2.44 2.04 1.63
Appendix B.2. Comparison of vertical acceleration due to change in speed
Speed [knots] 25 30 35 40 45
DNV 3.71 5.34 6.00 6.00 6.00
ISO 1.19 1.71 2.32 3.00 3.20
ABS 2.29 3.30 4.49 5.86 7.00
BV (information) [a] 1.78 256 3.49 456 5.77
BV (capped) 1.00 1.00 1.00 1.00 1.00
LR 2.44 3.51 4.77 6.24 7.89
Note: Underlined values show the capped values.
Appendix B.3. Running trim angle effect on vertical acceleration
Running trim [deg] 3 4 5 6 7
ABS 2.29 2.86 3.43 4,01
BV (information) 2.38 1.78 1.89 2.00 2.11
BV (capped) (o] 1 1 1 1 1
LR 1.83 2.44 3.04 3.65 4.26
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Appendix C.

Design pressures

Appendix C.1. Slamming distribution factor
x/L 0 0102 03|04, 05|06 |07 )|08] 09 1
ABS 025|039 | 052 | 0.66 | 0.79 | 0.93 | 1.00 | 1.00 | 1.00 | 0.95 | 0.50
BV 0.60 | 0.60 | 0.60 | 0.90 | 0.90 | 0.90 | 0.90 | 1.00 | 1.00 | 0.75 | 0.75
DNV HSLC 0.50 | 0.60 | 0.70 | 0.80 | 0.90 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
ISO (kpyy =3) | 0.40 | 050 | 0.60 | 0.70 | 0.80 | 0.90 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
ISO (kpyy =3) | 0.80 | 0.83 [ 0.87 | 0.90 | 0.93 | 0.97 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
LR 0.50 | 0.60 | 0.70 | 0.80 | 0.90 | 1.00 | 1.00 | 1.00 | 0.90 | 0.70 | 0.50
Appendix C.2. Design pressures
x/L 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
DNV | 102.0 | 122.4 | 142.8 | 163.2 | 183.5 | 175.3 | 136.4 | 136.4 | 136.4 | 136.4 | 1364
ISO | 273 | 341 | 409 | 478 | 546 | 615 | 683 | 683 | 683 | 683 | 68.3
ABS | 383 | 417 | 56.3 | 71.0 | 85.6 | 100.2 | 108.3 | 108.3 | 108.3 | 103.3 | 54.1
BV | 604 | 604 | 604 | 90.7 | 90.7 | 779 | 603 | 424 | 317 | 349 | 349
LR 69.6 | 835 | 974 | 111.3 | 1252 | 139.1 | 139.1 | 139.1 | 125.2 | 974 | 715

Values are in kPa.

Appendix D.
Appendix D.1.

Plate Panel Aspect Ratio {/s v
>2.0 0.500
2.0 0.500
1.9 0.499
1.8 0.499
1.7 0.494
1.6 0.490
1.5 0.484
14 0.478
1.3 0.466
1.2 0.455
1.1 0.437
1.0 0.420
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Appendix D.2. ISO panel aspect ratio factors
Transverse Longitudinal
. factor factor Factor kSHb Factor kSH1
PZQ;:;{ ff;,:i':e k2b kZI. _ fqr sh_ear f_orce_ inb fo_r she_ar fqrce !n I
Ao for transverse | for longitudi- | direction (in middle | direction (in mid-
RE bending mo- nal bending of side I) dle of side b
ment moment
>2.0 0,500 0,337 0,520 0,460
2,0 0,494 0,337 0,516 0,460
19 0,490 0,339 0,516 0,459
18 0,484 0,339 0,516 0,459
17 0,476 0,339 0,515 0,458
1,6 0,465 0,339 0,515 0,458
15 0,451 0,339 0,512 0,458
14 0,432 0,337 0,506 0,457
13 0,409 0,335 0,496 0,457
1.2 0,380 0,329 0,482 0,454 7
11 0,345 0,320 0,462 0,447
1,0 0,305 0,305 0,436 0,436

a

ARE = (1/b) x (El,/EI)"%%5

Appendix D.3.

ISO approached panel aspect ratio factors

Approached value of these factors with formula:

ki = A(/b)5 + B(I/b)4 + C(I/b)3 + D(/b)2 + E(l/b) + F

A B C D E F
k,, | —0,0103 | 0,0790 | —0,1441 | —0,2780 | 1,1645 | —0,5065 | with kyp = 0,5 for I/b>2
ky,, | 0,0227 | —0,2497 | 1,0846 | —2,3255 | 2,4592 | —0,6860 | with k,,= 0,337 for I/b>2
Ksup | —0,0032 | —0,0104 | 0,3325 | —1,2586 | 1,9183 | —0,5339 | with kgy= 0,52 for /b>2
ke | 00372 | —0,3841 | 1,5530 | —3,0725 | 2,9792 | —0,6767 | with kgyy,= 0,46 for I/b>2
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Appendix E.  Theoretical breaking strains

Appendix E.1. Theoretical breaking strains — 1SO [%]

Breaking strains (ultimate strength/initial E modulus) in %

Type of fibre & resin E Glass & polyester HS Carbon & epoxy
sutl 1.9 1
sut2 0.5 0.5
o eucl 1.4 0.7
UnldlLrJeIgtlonaI cuc2 14 19
eufl 2.02 1.21
guf2 0.92 1.16
yul2 1.7 1.5
gut 1.35
Choppeg ;R;Iand mat 21:; 11..878 Not applicable
yul2 2
gut 1.55 1
WR/bidirectional 0/90° guc 14 0.7
BD+ guf 1.84 1.21
yu 1.7 14
eut 1.06 0.77
guc 1.02 0.75
Double bias +45°
DBx euf 1.3 1.12
yu 1.8 1.02
eut 1.3 0.92
Quadriaxial 0/45/90/-45° gut 12 0.74
Qx euf 1.56 1.21
yu 1.7 1.02
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Appendix E.2. Theoretical breaking strains — BV [%)]
Reinforcement fibre type
Strains HS IM HM Para-
E Glass | R Glass Carbon | Carbon | Carbon | aramid
. €prtl 2,70 3,10 1,20 1,15 0,70 1,70
Tensile
€brt2 0,53 0,44 1,00 0,80 0,50 0,80
‘_é Compres- €prcl 1,80 1,80 0,85 0,65 0,45 0,35
.g sion epre2 1,55 1,10 2,30 2,30 2,10 2,00
é Ybrl2 1,80 1,50 1,60 1,70 1,80 2,00
©
Z orid. |\ 180 | 150 | 160 | 170 | 1.80 | 2,00
> Shear YboriL2
r23, 550 | 180 | 100 | 185 | 1.80 | 2,90
YoriL1
] €prtl 1,80 2,30 1,00 0,80 0,45 1,40
L Tensile
> €bri2 1,80 2,30 1,00 0,80 0,45 1,40
é > | Compres- €brcl 1,80 2,50 0,85 0,80 0,50 0,42
S 'g sion €brc2 1,80 2,50 0,85 0,80 0,50 0,42
é % Ybrl2 1,50 1,50 1,55 1,60 1,85 2,30
>
S| 2 ™rid 1 180 | 180 | 1,55 | 1,60 | 185 2,90
L Shear YbriL2
c
8 vr23, 1 980 | 180 | 155 | 160 | 185 | 290
YoriL1
] €prtl 1,55 NA NA NA NA NA
Tensile
% €prt2 1,55 NA NA NA NA NA
©
e Compres- €brel 1,55 NA NA NA NA NA
I sion ebrc2 | 1,55 NA NA NA NA NA
17 Ybr12 2,00 NA NA NA NA NA
o
D
oy vbri3, 2,15 NA NA NA NA NA
S Shear YoriL2
O
vbr2s, 2,15 NA NA NA NA NA
YbriL1
Note 1:

NA = Not applicable.
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Appendix F.

Selected laminated exploded into single plies

Layer Type Label Angle | Thickness
1 Unidirectional UD600 @64%(M) E Glass Polyester 0.00 0.51
2 Unidirectional UD600 @64%(M) E Glass Polyester 90.00 0.51
3 Unidirectional UD225 @64%(M) E Glass Polyester 0.00 0.19
4 Unidirectional UD225 @64%(M) E Glass Polyester 45.00 0.19
5 Unidirectional UD225 @64%(M) E Glass Polyester 90.00 0.19
6 Unidirectional UD225 @64%(M) E Glass Polyester -45.00 0.19
7 Unidirectional UD200 @64%(M) E Glass Polyester 0.00 0.17
8 Unidirectional UD200 @64%(M) E Glass Polyester 45.00 0.17
9 Unidirectional UD200 @64%(M) E Glass Polyester 90.00 0.17
10 Unidirectional UD200 @64%(M) E Glass Polyester -45.00 0.17
11 Unidirectional UD400 @64%(M) E Glass Polyester 45.00 0.34
12 Unidirectional UD400 @64%(M) E Glass Polyester -45.00 0.34
13 Core Foam PVC Cross Linked, 130 kg/m® 0.00 30.00
14 Unidirectional UD400 @64%(M) E Glass Polyester -45.00 0.34
15 Unidirectional UD400 @64%(M) E Glass Polyester 45.00 0.34
16 Unidirectional UD200 @64%(M) E Glass Polyester -45.00 0.17
17 Unidirectional UD200 @64%(M) E Glass Polyester 90.00 0.17
18 Unidirectional UD200 @64%(M) E Glass Polyester 45.00 0.17
19 Unidirectional UD200 @64%(M) E Glass Polyester 0.00 0.17
20 Unidirectional UD225 @64%(M) E Glass Polyester -45.00 0.19
21 Unidirectional UD225 @64%(M) E Glass Polyester 90.00 0.19
22 Unidirectional UD225 @64%(M) E Glass Polyester 45.00 0.19
23 Unidirectional UD225 @64%(M) E Glass Polyester 0.00 0.19
24 Unidirectional UD600 @64%(M) E Glass Polyester 90.00 0.51
25 Unidirectional UD600 @64%(M) E Glass Polyester 0.00 0.51
26 Mat Mat300 @36%(M) E Glass Polyester 0.56
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Appendix G.

Appendix G.1.

Panel analysis

BV panel analysis for location A

cl c2 T12 Combined TIL1 TIL2

Layer Act | Rule | Ratio | SF | Act | Rule | Ratio | SF | Act | Rule | Ratio | SF | Ratio | SF | Act | Rule | Ratio | SF | Act | Rule | Ratio | SF

1 UDG600 | O | 504 | 504 | >20 | 2.32 | -15 | 87.2 | 581 | 1.38 | 003 | 38.7 | >20 | 1.77 | 58 | 1.88 | 0 | -37.6 | >20 | 1.77 | 023 | 38.7 | >20 | 1.77
2 UD600 | 90 | -72.2 | 504 | 7.0 | 2.32 | -3.84 | 87.2 | >20 | 1.38 | -0.03 | 387 | >20 | 1.77 | 839 | 1.88 | 027 | 376 | >20 | 1.77 | 0 | 387 | >20 | 1.77
3 UD225 | 0 | -48L | 504 | >20 | 2.32 | -143 | -87.2 | 611 | 1.38 | 0.03 | 38.7 | >20 | 1.77 | 608 | 1.88 | 0 | -37.6 | >20 | 1.77 | 035 | 38.7 | >20 | 1.77
4 UD225 | 45 | -37.2 | 504 | 135 | 2.32 | -8.96 | -87.2 | 9.74 | 1.38 | 5.21 | -38.7 | 742 | 1.77 | 6.37 | 1.88 | 0.3 | 376 | >20 | 1.77 | 025 | 38.7 | >20 | 1.77
5 UD225 | 90 | 69.3 | 504 | 7.3 | 2.32 | -3.60 | 87.2 | >20 | 1.38 | -0.03 | 387 | >20 | 1.77 | 8.74 | 1.88 | 04 | 376 | >20 | 1.77 | -0.05 | -38.7 | >20 | 1.77
6 UD 225 | -45 | -36.8 | 504 | 13.7 | 2.32 | 87 | -87.2 | 10 | 138 | 51 | 387 | 759 | 1.77 | 652 | 1.88 | 0.3 | -37.6 | >20 | 1.77 | 031 | 38.7 | >20 | 1.77
7 UD200 | 0 | -461 | 504 | >20 | 2.32 | -13.7 | -87.2 | 6.38 | 1.38 | 0.03 | 38.7 | >20 | 1.77 | 6.35 | 1.88 | 0 | -37.6 | >20 | 1.77 | 049 | 38.7 | >20 | 1.77
8 UD200 | 45 | -356 | 504 | 142 | 2.32 | -850 | -87.2 | 10.2 | 1.38 | -4.99 | -38.7 | 7.75 | 1.77 | 6.65 | 1.88 | 04 | 376 | >20 | 1.77 | 035 | 38.7 | >20 | 1.77
9 UD200 | 90 | 664 | 504 | 7.6 | 2.32 | -354 | 87.2 | >20 | 1.38 | -0.03 | 387 | >20 | 1.77 | 911 | 1.88 | 053 | 376 | >20 | 1.77 | -0.04 | -38.7 | >20 | 1.77
10 UD 200 | -45 | -35.3 | -504 | 143 | 2.32 | -8.35 | -87.2 | 104 | 1.38 | 489 | 38.7 | 791 | 1.77 | 68 | 1.88 | -0.39 | -37.6 | >20 | 1.77 | 04 | 38.7 | >20 | 1.77
11 UD400 | 45 | -344 | 504 | 147 | 2.32 | -8.28 | -87.2 | 105 | 1.38 | -4.82 | -38.7 | 8.03 | 1.77 | 69 | 1.88 | 048 | 376 | >20 | 1.77 | 039 | 38.7 | >20 | 1.77
12 UD400 | -45 | -34 | 504 | 148 | 2.32 | -8.05 | -87.2 | 10.8 | 1.38 | 472 | 38.7 | 82 | 1.77 | 7.05 | 1.88 | -0.45 | -37.6 | >20 | 1.77 | 0.48 | 38.7 | >20 | 1.77
13Top | PVC130 | 0 | -007 | -3.22 | >20 | 1.85 | 026 | -3.22 | 123 | 1.85 | 0 | 244 | >20 | 220 | 129 | 1.88 | 0 | -2.44 | >20 | 2.20 | 0.64 | 244 | 3.79 | 2.20
13Bot | PVCI30 | O | 006 | 435 | >20 | 185 | 023 | 435 | 188 | 1.85 | 0 | 244 | >20 | 220 | >20 | 1.88 | O | -2.44 | >20 | 2.20 | 0.65 | 2.44 | 3.78 | 2.20
14 UD400 | 45 | 301 | 756 | >20 | 2.32 | 713 | 298 | 418 | 1.38 | 418 | 38.7 | 925 | 1.77 | 38 | 1.88 | 046 | 376 | >20 | 1.77 | 048 | 38.7 | >20 | 1.77
15 UD400 | 45 | 305 | 756 | >20 | 2.32 | 7.35 | 298 | 406 | 1.38 | -4.28 | -38.7 | 9.03 | 1.77 | 3.60 | 1.88 | -0.48 | -37.6 | >20 | 1.77 | 04 | 38.7 | >20 | 1.77
16 UD200 | O | 394 | 756 | >20 | 232 | 11.8 | 29.8 | 253 | 1.38 | 0.02 | 38.7 | >20 | 1.77 | 254 | 188 | 0 | 376 | >20 | 1.77 | 056 | 38.7 | >20 | 1.77
17 UD200 | 45 | 317 | 756 | >20 | 2.32 | 752 | 298 | 397 | 1.38 | 441 | 387 | 8.78 | 1.77 | 361 | 1.88 | 0.36 | 37.6 | >20 | 1.77 | 037 | 38.7 | >20 | 1.77
18 UD200 | 90 | 599 | 756 | 126 | 2.32 | 3.18 | 298 | 9.38 | 1.38 | -0.02 | 387 | >20 | 1.77 | 7.73 | 1.88 | 048 | 376 | >20 | 1.77 | 004 | 38.7 | >20 | 1.77
19 UD200 | 45 | 322 | 756 | >20 | 232 | 7.74 | 29.8 | 3.85 | 1.38 | -451 | -38.7 | 858 | 1.77 | 351 | 1.88 | -0.36 | -37.6 | >20 | 1.77 | 032 | 38.7 | >20 | 1.77
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20 uD 225 0 4.12 756 >20 | 232 | 124 | 298 | 241 | 138 | 0.02 | 387 >20 | 177 | 243 | 1.88 0 37.6 >20 | 1.77 | 045 | 38.7 >20 | 1.77
21 UD225 | 45 | 332 | 756 | >20 | 232 | 7.88 | 298 | 3.78 | 1.38 | 462 | 387 | 838 | 1.77 | 344 | 188 | 027 | 376 | >20 | 1.77 | 028 | 38.7 | >20 | 177
22 uD 225 90 | 62.8 | 756 120 | 232 | 333 | 298 | 894 | 138 | -0.02 | -38.7 | >20 | 1.77 | 737 | 1.88 | 0.35 | 37.6 >20 | 1.77 | 0.04 | 38.7 >20 | 1.77
23 UD225 | -45 | 33.8 | 756 >20 | 232 | 812 | 298 | 367 | 138 | -473 | -38.7 | 817 | 177 | 3.34 | 1.88 | -0.27 | -376 | >20 | 1.77 | 0.22 | 387 >20 | 1.77
24 ubD600 | O | 437 | 756 | >20 | 232 | 131 | 298 | 228 | 1.38 | 0.02 | 387 | >20 | 1.77 | 229 | 1.88 0 376 | >20 | 177 | 031 | 387 | >20 | 177
25 UD600 | 90 | 67 756 | 113 | 232 | 356 | 298 | 838 | 1.38 | -0.02 | -38.7 | >20 | 1.77 | 69 | 188 | 01 | 376 | >20 | 177 0 -38.7 | >20 | 1.77
26 CSM300 | O 6.26 114 182 | 232 | 198 114 | 576 | 1.38 | 0.03 | 56.7 >20 | 177 6.5 1.88 0 195 >20 | 1.77 | 0.06 | 195 >20 | 177
Appendix G.2. BV panel analysis for location B
¢l G2 T12 Combined TIL1 TtIL2
Layer Act | Rule | Ratio | SF | Act | Rule | Ratio | SF | Act | Rule | Ratio | SF | Ratio | SF | Act | Rule | Ratio | SF Act | Rule | Ratio | SF
1 UD 600 0 | -50.2 | -504 | 10.0 | 232 | -2.7 | -87.2 | >20 | 1.38 | 0.02 | 387 >20 | 177 | 121 | 1.88 | 0.01 | 376 >20 | 177 0 -38.7 | >20 | 1.77
2 UD 600 90 | -347 | -504 | >20 | 232 | -985 | -872 | 885 | 138 | -0.02 | -38.7 | >20 | 1.77 | 8.81 | 1.88 0 -376 | >20 | 1.77 | -0.03 | -38.7 | >20 | 1.77
3 uD 225 0 |-479 | -504 | 105 | 232 | -258 | -87.2 | >20 | 1.38 | 0.02 | 387 >20 | 1.77 | 126 | 1.88 | 0.04 | 376 >20 | 177 0 -38.7 | >20 | 177
4 uD 225 45 | -252 | -504 | 200 | 232 | -6.07 | -87.2 | 144 | 138 | 351 | 387 11 177 | 943 | 188 | 0.03 | 37.6 >20 | 177 | -0.03 | -38.7 | >20 | 177
5 uD 225 90 | -3.34 | -504 | >20 | 232 | -945 | -87.2 | 923 | 138 | -0.02 | -38.7 | >20 | 1.77 | 9.19 | 1.88 | 0.01 | 37.6 >20 | 177 | 005 | -38.7 | >20 | 177
6 ub225 | -45 | -249 | -504 | >20 | 232 | -59 | -872 | 148 | 138 | -343 | -38.7 | 11.3 | 1.77 | 9.66 | 1.88 | 0.04 | 376 >20 | 1.77 | 0.04 | 387 >20 | 177
uD 200 0 | -458 | -504 | 110 | 232 | -247 | -87.2 | >20 | 1.38 | 0.02 | 387 >20 | 1.77 | 132 | 1.88 | 0.05 | 37.6 >20 | 177 0 -38.7 | >20 | 177
uD 200 45 | -242 | -504 | >20 | 232 | -5.82 | -87.2 15 138 | 336 | 387 | 115 | 1.77 | 9.85 | 1.88 | 0.04 | 37.6 >20 | 177 | -0.04 | -38.7 | >20 | 1L.77
9 uD 200 90 | -3.21 | -504 | >20 | 232 | -9.06 | -87.2 | 9.63 | 1.38 | -0.02 | -38.7 | >20 | 1.77 | 959 | 1.88 | 0.01 | 37.6 >20 | 177 | -0.07 | -38.7 | >20 | 1L.77
10 ub200 | -45 | -239 | -504 | >20 | 232 | -5.66 | -87.2 | 154 | 138 | -3.29 | -38.7 | 118 | 1.77 | 10.1 | 1.88 | 0.05 | 37.6 >20 | 1.77 | 0.05 | 387 >20 | 1.77
11 UD 400 45 | -233 | -504 | >20 | 232 | -561 | -87.2 | 1565 | 138 | 3.24 | 387 | 119 | 1.77 | 102 | 1.88 | 0.06 | 37.6 >20 | 1.77 | 005 | -38.7 | >20 | 177
12 UD400 | -45 | -23.1 | -504 | >20 | 2.32 | -5.45 | -87.2 16 138 | -317 | -38.7 | 122 | 1.77 | 104 | 1.88 | 0.06 | 37.6 >20 | 1.77 | 0.06 | 387 >20 | 177
13Top | PVC130 | O | -018 | -3.22 | 182 | 1.85 | -0.05 | -3.22 | >20 | 1.85 0 244 | >20 | 220 | 191 | 1.88 | 0.08 | 244 | >20 | 2.20 0 244 | >20 | 2.20
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13Bot | PVC130 | O [ 016 | 435 | >20 [ 1.85 [ 004 | 435 [ >20 [ 185 | 0 [ 244 [ >20 [ 220 [ >20 [ 188 ][ 008 [ 244 [ >20 [ 220 0 [ 244 >20 [ 220
14 UD400 | 45 | 208 | 756 | >20 | 232 | 492 | 298 | 6.06 | 1.38 | 291 | 387 | 133 | 177 | 55 | 1.88 | 0.06 | 37.6 | >20 | 1.77 | -0.06 | -38.7 | >20 | 1.77
15 UD400 | 45 | 211 | 756 | >20 | 232 | 507 | 298 | 588 | 1.38 | 298 | 387 | 13 | 1.77 | 534 | 1.88 | 0.06 | 37.6 | >20 | 1.77 | 005 | 387 | >20 | 1.77
16 UD200 | O | 405 | 756 | 187 | 232 | 212 | 298 | 141 | 1.38 | 0.02 | 387 | >20 | 1.77 | 115 | 1.88 | 007 | 376 | >20 | 1.77 | 0 | 387 | >20 | 1.77
17 UD200 | 45 | 219 | 756 | >20 | 232 | 518 | 298 | 575 | 1.38 | -3.06 | 387 | 126 | 1.77 | 522 | 1.88 | 0.05 | 37.6 | >20 | 1.77 | -0.05 | -38.7 | >20 | 1.77
18 UD200 | 90 | 262 | 756 | >20 | 232 | 835 | 29.8 | 357 | 1.38 | 002 | 387 | >20 | 1.77 | 359 | 1.88 | 0 | -37.6 | >20 | 1.77 | -0.07 | -38.7 | >20 | 1.77
19 UD200 | 45| 222 | 756 | >20 | 232 | 533 | 298 | 559 | 138 | 313 | 387 | 123 | 177 | 508 | 1.88 | 0.04 | 376 | >20 | 1.77 | 0.04 | 387 | >20 [ 1.77
20 UD225 | O | 424 | 756 | 17.8 | 232 | 222 | 298 | 134 | 138 [ 002 | 387 | >20 | 177 | 11 | 188 | 006 | 376 | >20 | 177 | 0 | 387 | >20 | 1.77
21 UD225 | 45 | 229 | 756 | >20 | 232 | 543 | 298 | 549 | 138 | 321 | 387 | 121 | 177 | 498 | 1.88 [ 0.04 | 376 | >20 | 1.77 | -0.04 | -38.7 | >20 | 1.77
22 UD225 | 90 | 2.76 | 756 | >20 | 232 | 875 | 29.8 | 341 | 1.38 | -0.02 | -387 | >20 | 1.77 | 342 | 188 | 0 | -376 | >20 | 1.77 | -0.05 | -38.7 | >20 | 1.77
23 UD225 | 45| 233 | 756 | >20 | 232 | 56 | 298 | 533 | 138 | 328 | 387 | 118 | 1.77 | 484 | 188 [ 0.03 | 376 | >20 | 1.77 | 003 | 387 | >20 [ 1.77
24 UD600 | O | 449 | 756 | 168 | 232 | 235 | 29.8 | 127 | 1.38 | 002 | 387 | >20 | 1.77 | 104 | 1.88 | 0.04 | 376 | >20 | 1.77 | 0 | 387 | »20 | 1.77
25 UD600 | 90 | 295 | 756 | >20 | 232 | 933 | 298 | 32 | 138 | 002 | 387 | >20 | 1.77 | 321 | 188 | 0 | 376 | >20 | 1.77 | -0.03 | -38.7 | >20 | 1.77
26 | CSM300 | O | 137 | 114 | 83 [ 232 | 428 | 114 | >20 | 138 | 002 | 667 | >20 | 177 | 942 [ 188 [ 001 | 195 | >20 [ 177 | 0 | 195 | >20 | 177
Appendix G.3. DNV panel analysis

Layer ol _ c2 _ 712 _
Act Rule Ratio SF Act Rule Ratio SF Act Rule Ratio SF
1 UD 600 0 -10.1 | 419.784 >20 2.85 -44.4 | 84.396 1.90081081 2.85 0.09 32.232 >20 2.85
2 UD 600 90 -215 | 419.784 1.952483721 2.85 -10.5 | 84.396 8.03771429 2.85 -0.09 32.232 >20 2.85
3 uD 225 0 -0.61 | 419.784 >20 2.85 -42.3 | 84.396 1.9951773 2.85 0.09 32.232 >20 2.85
4 uD 225 45 -108 | 419.784 3.886888889 2.85 -26.1 | 84.396 3.23356322 2.85 -15.9 32.232 2.02717 2.85
5 uD 225 90 -206 | 419.784 2.037786408 2.85 -10.1 | 84.396 8.3560396 2.85 -0.09 32.232 >20 2.85
6 UD 225 -45 -107 | 419.784 3.923214953 2.85 -25.4 | 84.396 3.32267717 2.85 15.5 32.232 | 2.079484 2.85
7 UD 200 0 -9.2 419.784 >20 2.85 -40.5 | 84.396 2.08385185 2.85 0.09 32.232 >20 2.85
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uDb 200 45 -104 | 419.784 | 4.036384615 2.85 -25 84.396 3.37584 2.85 -15.2 32.232 | 2.120526 2.85

uDb 200 90 -198 | 419.784 2.120121212 285 | -9.65 | 84.396 | 8.74569948 2.85 -0.09 32.232 >20 2.85

10 uDb 200 -45 -103 | 419.784 | 4.075572816 285 | -24.3 | 84.396 | 3.47308642 2.85 14.9 32.232 | 2.163221 2.85
11 uUD 400 45 -100 | 419.784 4.19784 285 | -24.1 | 84.396 | 3.50190871 2.85 -14.7 32.232 | 2.192653 2.85
12 uUD 400 -45 -99.2 | 419.784 | 4.231693548 285 | -23.5 | 84.396 | 3.59131915 2.85 144 32.232 | 2.238333 2.85
13 Top PVC130 0 -0.2 1.656 8.28 2.375 | -0.78 1.656 2.12307692 | 2.375 0.0001 0.66 >20 2.375
13 Bot PVC130 0 0.17 1.656 0.741176471 | 2.375 | 0.69 1.656 2.4 2.375 | 0.00001 0.66 >20 2.375
14 UD 400 45 87.7 | 419.784 4.78659065 2.85 20.8 | 84.396 4.0575 2.85 12.8 32.232 | 2.518125 2.85
15 UD 400 -45 89 419.784 | 4.716674157 2.85 214 | 84.396 | 3.94373832 2.85 -13.1 32.232 | 2.460458 2.85
16 uUD 200 0 7.73 | 419.784 >20 2.85 35 84.396 | 2.41131429 2.85 0.07 32.232 >20 2.85
17 uUD 200 45 925 | 419.784 | 4.538205405 2.85 219 | 84.396 | 3.85369863 2.85 13.4 32.232 | 2.405373 2.85
18 uDb 200 90 178 419.784 2.358337079 2.85 8.65 | 84.396 | 9.75676301 2.85 -0.07 32.232 >20 2.85
19 uDb 200 -45 93.7 | 419.784 | 4.480085379 2.85 225 | 84.396 | 3.75093333 2.85 -13.8 32.232 | 2.335652 2.85
20 ub 225 0 8.1 419.784 >20 2.85 36.6 | 84.396 | 2.30590164 2.85 0.07 32.232 >20 2.85
21 ub 225 45 96.9 | 419.784 | 4.332136223 2.85 23 84.396 3.6693913 2.85 141 32.232 | 2.285957 2.85
22 ub 225 90 187 419.784 2.244834225 2.85 9.08 | 84.396 | 9.29471366 2.85 -0.07 32.232 >20 2.85
23 ub 225 -45 98.4 | 419.784 | 4.266097561 2.85 23.7 | 84.396 | 3.56101266 2.85 -14.4 32.232 | 2.238333 2.85
24 UD 600 0 8.59 | 419.784 >20 2.85 38.8 | 84.396 | 2.17515464 2.85 0.07 32.232 >20 2.85
25 UD 600 90 199 419.784 2.109467337 2.85 0.68 | 84.396 | 8.71859504 2.85 -0.07 32.232 >20 2.85
26 CSM 300 0 17.3 110.52 6.388439306 2.85 58.7 | 110.52 | 1.88279387 2.85 0.09 42.504 >20 2.85
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Appendix G.4. LR panel analysis

No Ply fe (mtm) Lever(r?n?)ase, * (N /nlimz) (N /ﬁw?nz) Etx | @ base | El @ base Leve{rg@ml)\lA, *| Acte | Rules | Check
1 BIAXIAL 1200 | 0.64 1.031 36.41 18700.00 | 1.93E+04 | 7.02E+05 13668 2.56E+08 19.13 118.81 47.0 2.53
2 QUAD 900 0.64 0.773 35.50 18700.00 | 1.45E+04 | 5.13E+05 9749 1.82E+08 18.10 112.41 47.0 2.39
3 QUAD 800 0.64 0.687 34.77 18700.00 | 1.29E+04 | 4.47E+05 8313 1.55E+08 17.33 107.60 47.0 2.29
4 DB 800 0.64 0.687 34.09 18700.00 | 1.29E+04 | 4.38E+05 7987 1.49E+08 16.64 103.34 47.0 2.20
6 PVC130 - 30 18.74 138.00 | 4.14E+03 | 7.76E+04 | 105371 1.45E+07 15.95 0.73 0.9 0.81
7 DB 800 0.64 0.687 3.40 19600.00 | 1.35E+04 | 4.58E+04 79 1.56E+06 -14.73 -95.88 68.9 1.39
8 QUAD 800 0.64 0.687 2.71 19600.00 | 1.35E+04 | 3.65E+04 50 9.90E+05 -15.42 -100.36 | 68.9 1.46
9 QUAD 900 0.64 0.773 1.98 19600.00 | 1.52E+04 | 3.00E+04 30 5.94E+05 -16.19 -105.39 | 68.9 1.53
10 | BIAXIAL 1200 | 0.64 1.031 1.08 19600.00 | 2.02E+04 | 2.18E+04 12 2.35E+05 -17.22 -112.10 | 68.9 1.63
11 CSM 300 0.36 | 0.561631682 0.28 7400.00 | 4.16E+03 | 1.17E+03 0 3.28E+03 -17.79 -43.70 27.2 1.61
Sum: 36.92 1.30E+05 | 2.31E+06 7.61E+08

Inner skin in compression/outer skin in tension.
Position of neutral axis above base = 17.79 mm
Tensile modulus of elasticity of section = 18196.50 N /mm?

Stiffness El about neutral axis = 34910.50 N cm*/mm? per 1 cm wide strip
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