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ABSTRACT

’ This work investigates the fundamental relationships of wave loading on cross deck
structures for trimaran vessels. In contrast with a monohull ship, trimaran vessels experience

- several possible structural loading cases including: longitudinal bending, transverse bending,

torsional bending, spreading and squeezing of hulls, inner and outer hull slam pressures, wet

~ deck slam pressures, loading from ship’s motions, and whipping of slender hulls. This work

investigates wave loading cases that result in transverse and torsional bending of the cross deck
structure.

The wave loadmg cases 1nvest1gated include: side hull troughing and cresting in
longitudinal waves, side hull torsion in longitudinal waves, and transverse hogging and sagging.
For each of these load cases, a design load using a fully statistical sea state was derived using an

. analytical model of a trimaran represented by rigidly connected box barges. The design loadings

with a reliability index of 5 for almost 500 trimaran configurations were calculated varying main
hull length, side hull length, side hull transverse placement, and side hull longitudinal placement.
The design loadin gs were curve fit to a fourth order polynomial in the three independent
variables.

The load predlctlons of the analytical box model of a trimaran were applied to a trimaran
vessel with a realistic hull form using the finite element ship structural analysis program
MAESTRO. Given the number of approximations and assumptions in the analytical model, the
forces predicted by analytical model agreed closely with the finite element model’s results.

The fitted curve of design loadings allows an initial design stage loading estimate for
cross deck structural loading, given general characteristics of length and spacing of a trimaran’s
hulls. This estimate of structural loading combined with other characteristics of good trimaran

design including stability, roll, and resistance charactensncs will aid in optimizing an overall
trimaran ship design.

Thesis Supervisor: David V. Burke
Title: Senior Lecturer, Department of Ocean Engineering

Thesis Reader: Jerome J. Connor
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Chapter 1 Introduction

Over recent decades a growing demand for higher speed ships has led to the developmént
of several new hull form concepts. These hull forms include catamarans surface effects (SES)
ships, small waterplane twin-hull (SWATH) ships, pentamaran, and trimaran ships to name a
few. Of these ‘new’ hull forms the multi-hull vessel’s origins can be traced to back several
centuries to many seagoing peoples with outrigger canoes. In more recent times the multi-hull
ships have been used in several racing, pleasure, and commercial vessels.

The benefits of the trimaran hull form have been studied extensively over the past several
years at the University College London (UCL) [1]. In 2000 the RV TRITON, Figure 1 below,a

trimaran demonstrator project for the United Kingdom’s Royal Navy, was launched to test the
trimaran hull form [2].

Figure 1 - RV Triton [2]

While much work in the area of trimaran hull form design has been accomphshed by the
UCL studies, the structural loading experienced by the cross-deck structure of the trimaran hull
form is still largely unknown. Clas51flcat10n societies such as the Amencan Bureau of Shipping
(ABS) [3] or Det Norske Veritas (DNV) [4] currently have design codes for a traditional
monohull S de31gn loadings in terms of the ship’s relevant dimensions and a sea-state coefﬁ01ent

dependent on ships dimensions to provide sufficient design margin for the life of a ship.
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However, currentiy no such éeszgn codes exists for trimarans in genera} or specxﬁcaﬁy thexr

cross-deck structures. The goal ef this work isto be. ab}e to state sxmﬁar des;gn ioadmgs i}aseé
on the relevant garameters ofa tnmaran shxp o o .
The trimaran s stmctnrai loaémg wﬁi éepend stfongly on the iengxtnémai extent as weﬁ as
. the Ieng;tndmai and transverse location of the euter huﬁs Tiaese parameters ef the auter huiis »
by necessﬁy, depend on the aperatmnai reqmrements and uses of the sinp In centrast thh a |

“conventional mom—huﬁ shlg, the struciurai k}admg of the tﬁmaran potentiaﬁy mvefves severai

- additional ieaémg cas,es not expenenced by mene-huﬁ ships '.{’hese ieaémg cases may mcinde o

longitudinal bendmg, transverse benémg, tersmna} bendmg, spreaémg and squeezmg of hsﬁs

~ inner and outer hull siam gressures wet éeck siam gressures Icadmg fr(}m sh;p s matmns ané ‘

- wthpmg of slender hulls.
1.1 Thesis and genéra} appreaéh B

- Of the abeve-mentxeneé iaaémg cases this werk WQE focus on the stmcturai Iaaémg m the

§eng1tu€lma§ transverse, and torsxenal wave loading cases that affect the: cress—stmcture between e

the main and outer huﬂs of a tnmaran As i}revzeusiy menueﬁed the }oadmg of the cress
structure between the hniis ef a tnmaran will depend strcmgiy on the iengztudma} extent and

- location of the tnmaran ] szde huiis Tins work will quan&fy the effects of va.rmus outer hull

, giacements and sizes on the tﬁmaran s crass—éeck structural Ieaémg Gnce the sirucmrai loading -

‘as functions of piacement and s;za are detemnned this mfmmatxen cenié be used in canjnnctmn o

with other trimaran demgn parameters such as stabzhty, roll, anci remstance charactensncs to -

optimize an overall tnmaraﬁ ship desxgr;
The apgraach for this s{udy will be’ to ﬁrst detemne anaiy’{xcai approxzmatiens tothe

trimaran cross-deck stmctnra} icadmg usmg szmple and symmetﬂc bt}x-type huﬂ shapes for each o

- of the three hulls. These anaiyticai saiutzcns will account for werst—case statistical sea state for =~

various outer hull glacement and size. Next these analytical apprexxmaticns wﬁ} be compareé
with quasz-ﬁmte eiement sciutlans obtained using the Ship stmcturai demgn pragram Metheé for
f\na}yszs Evaiuatzen and Stmcmra§ 0§3t1m;zatian (MAESTRO) on haﬂ farms more ciesely

resembling actual huﬁs ef mmarans Campanson of {hese twe appreaches Wlli provide an

estimate the vahc%zty of the analytical appmxxmatmns far various cambmatmns of sea sta‘ie ané -

different trimaran cenfi gurat;ens of piacement and size of the euter huﬂs |

It}




1.2 Background

The openly available pre\}ious work in the area of trimaran structural design to date has
been fairly limited in scope. In general, the previous studies have assumed a worst case
deterministic loading level in a few loading cases for specific designs of trimarans. The foci of
these studies have been to investigate the cross-structure contribution to primary hull bending
and transverse cross-structure bending in rolling conditions. The results of these studies are
included in references [5] through [10].

The first of these studies examined the contribution from the side hull and cross deck
structure to overall ship structural performance in longitudinal bendihg for both hogging and
sagging [5]. The next study involving trimaran structures focused on performing a detailed
structural point design including scantling sizes to estimate the structural weight fraction of a
specific frigate-sized trimaran as compared to a monohull [6]. The third study again investigated
the contribution of side hull and cross deck structure to the resistance of primary hull bending in |
hogging and sagging [7]. The next study [8] involved a reevaluation of the contribution to
primary bending resistance from the side hulls and cross structure contained in references [5]
and [7] with a more refined model of the tﬁmaran hull form. : |

While referénces [5] through [8] dealt primarily with longitudinal loading in primary

bending, reference [9] investigated the trimaran’s structural behavior under transverse loading

due to rolling the trimaran’s side hulls to complete submergence or broach. The last study in

trimaran structural design [10] investigates low weight alternatives to cross structure in loading
condition cause by é ship rolling its hulls to complete submergence or broach.

The previoils work on trimaran structural design to this point has only scratched the
surface of the poésible relevant structural design issues of this new hull form. While the
previous work haé SOught to characterize a few deterministic loading scenarios for a small range
of ships, this Work will characterize the structural wave loading of the trimaran’s cross-deck

structure subjected to a statistical sea state for a variety of trimaran configurations and sizes.
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Chapter 2 General Trimaran‘CharaCteﬁstics o

The trimaran huii ferm has been studlefi extenszveiy over the past severai years at the

- University College Lomien The resuits of these studies have preduced several vanants of the

trimaran ship. Seme ef the relevant charactens&cs of those deszgns are shown bei{;w in 'fa‘nie 1.

Table i Prinelpai eharacter;stms of UCL trimaran stufkes tl}

Small |Offshore| - - I ;
Support} Patrol RV | Fast [Canadian] ASW | ASW | AAW |[Cruise] Small
] Vessel | Vessel ITRITON; Ferry | Ferry “{Corvette! Frigate | FrigateDestroyer] Liner | LPH {Carrier
IDisptacement (tonne) | 234 | 514 [1117.611130] 1350 | 1777 | 4200 | 4300 | 4978 | 9050 | 11850 16657
Emme Length (m} 6104 | 788 | 9 {105} 120 112 | 154.7 | 1568 | 168.6 | 192 | 1915|2316 |
reme Beam (m) 1085 | 137 | 225 i1192| 25 20 275 {25961 25 ‘| 28 1 40 | 43
: my 43 85 {9 85 8 885 {10231 121§ 111 1132|2335} 235
ﬁmmx LWL {m) 508 | 768 g1 99 | 115 | 1067 | 1487 | 149.8| 151.3 [178.3| 177.2] 220
: ;{Maia Hull Beam WL {m} 4.2 42 168481 68 8.5 8.5 104 1 1081 108 1 43 ] 135 ] 145
. {Main Hull Draft WL mi 241 3.4 32 {34} 32 | 425 | 52 53 | 48 184 18741 8
ide Hull Displacement | 4.20% | 3.10% | 3.70% [4.00%! 3.80% | 4.30% | 5.50% |3.70% | 4.70% |3.00%]5.00% | 6.80% |
~_isa¢e Hull LWL fm) 19.8 28 | 342 { 35 | 30 | 50 | 36 |569| 65 |713|es2| &
lside Hull Beam WL {myl 106 | 074 | 145 | 151 2 27 3 2 | 25 | 281|365 4
Side Hull Draft (m) 09 1 21 231 { 21 15 135 { 36 | 28| 27 26 | 437 | 85
{Max Speed {knols) 25 25 20 | 38 | 36 30 28 | 28 | 28 | 26| 18 | 27
iI;;s{ms}‘ 2.14 43 4 26 1 20 20 24 | 26 | 23 315|168} 70

The generai f{}rm of the trimaran in these baianced tnmaran sh;p ées; gns is éeternnneé by .

- several factors including stabﬁzty, re§ and resistance charac:enstics of a tnmaran shlp En

general the length of the szde hulls is determined by intact and éamaged stabﬁ;ty requirements

[1]. The motion characteustzcs for tr;marans have been exarmneé {1} Another stndy zn&cates

that outer hull waterpiane area strongly affects r{)}i motion 1 1} Faverabie reszstance

characteristics of trimaran outer hull piacament have also been stucked fi2].

12



From the trimaran characteristics of the UCL designs in Table 1, other important

characteristics of balanced trimaran ship designs were calculated or derived with the results

shown below in Table 2.

Table 2 — Additional characteristics of UCL trimaran studies

Small |Offshore .

Support} Patrol RV | Fast |Canadian ASW | ASW | AAW |[Cruise Small

Vessel | Vessel |TRITON| Ferry | Ferry [Corvette| Frigate | Frigate{Destroyer| Liner | LPH |Carrier
Main Hull Relations
[Main Hull L/B 1424 | 1829 | 13.29 |14.56] 1769 | 1255 | 14.30 | 13.87 | 14.01 |13.72]13.13] 15.17
ﬁ\llain Hull B/T 2.00 1.24 2.14 | 2.00 2.03 2.00 2.00 | 2.04 2.25 2.03 | 154 | 1.81
IMain Hull D/T 2.05 2.50 281 | 250 | 250 208 | 1.97 | 2.28 2.31 206 | 267 | 294
Main-Side Hull Relations ’
Side/Main Hull L/L 0.33 0.36 0.38 | 035]| 0.26 0.47 0.24 | 0.38 0.43 0.40 | 0.37 { 0.37
Side/Main Hull T/T 0.43 0.62 0.72 | 059 | 047 0.32 | 0.69 | 053 0.56 | 0.41 | 0.50 | 0.81
Side/Main Hull B/B 0.25 0.18 021 [022] 031 032 | 0.29 | 0.19 023 |0.22] 027 | 0.28
Side /Main hull y/B 1.17 1.54 1.54 | 1.30 1.77 1.02 118 | 1.11 1.04 097 ] 135 { 1.34
Side Huil Relations ’ . .
Side HUIL/B - 18.77 | 37.84 | 2359 123.33| 15.00 | 18,52 | 12.00 | 28.45| 26.00 |25.46{17.86 | 20.50
Side Hull B/T 1.18 0.35 063 | 075] 133 200 | 0.83 | 0.7 093 |1.08] 084 | 0.62

The trimaran characteristics shown in Table 2 will be used later in section 4.1 for

development of the analytical trimaran model to set prdper limits governing the range of

characteristics for investigation of the applicable trimaran design space.
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Chapter 3 T‘heory

The most accurate way to determme a shfp s s%mcturai k)admg is to perfezm a fuﬁy

dynaxmc analysis of the ship in a compieteiy statlsﬁczﬁ sea state acceuntmg for aédeé mass ané w

dampmg of the ocean m reiatmn with the shxp s motiens with pr0v1310ns to add the effects of the
ship’ s forward speed and heaémg chever even wzth teciay s advanced cemputatmnai
capabilities, th:s level of analysis is prahzbztwe for an mvesﬁgatmn of the basic stmctural foadm g
atmf}utes of a new huﬁ form such as the tr;maran Therefore the emphasxs of t}ns work will
stuéy a statlc anaiyms of the wave 1eacfmg ef a tnmaran Which ofteﬁ is sufﬁment asa ﬁrst
B estimate of structural iaaémg [13]. ‘ o :

“The cross-deck stmct&rai wave Ieadmg af the tnmaran is affected by twa ma_;or o
censxésratiens the iangitudmai and transverse piacement af the outer hulls, and the wateipiane
area (length ami beam) of the outer han Haw each of these outer huﬁ charactenst:cs affect ‘

each ieaézng case is éetaxied beiow

-3.1 Wave Loaéing Ca;ses

3.1.1 Leng;t&dmaf Bendmg o

The §engitud1na§ bendin g }eaémg ofa tfaéztxonai monehu}i sh;p is gez;eraﬁy characteﬁzed
by two loading cases: hogging and sagging. Simﬁariy, the }{mg;tudmai bendmg }eaés exerteé |

on the trimaran’s crass—éeck sf;mctﬁre m1ght be exgected to be descrxheé in terms of the hogging |

and saggmg cases. Hawever m the case ef a trimaran there can be two cases of heggmg or

| sagging. These cases mc}uée haggmg or saggmg of the mam hull as weii as thaz of the {mter

hulls. Longitudinal bendmg ieads in hegging and saggmg of the side imﬁs was mvestx gatedin

[8] and found to be Virtuaﬂy 1n31gn1ﬁcant While haggmg and saggmg of the mam huii must be |

designed for in the overall structural éemgn of a i:rimaran the primary bendmg conémans of the : |

main hull of a trimaran 1s not significantly different than that of a conventional m{)nehuii ship.-

Additionally, the canmbutmn to resistance of pnmary bending of the sinp due te the adéztlon {}f '

the trimaran’s cross—stmcture was mvesugated with the resuits in references {S} thraugh {8}, and o

hence the main hull iongﬁaémai h{}ggmg and : saggmg prabiem is not further mvestlgated in
depth in this work. '
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3.1.2 Coincident Side Hull Troughing and Cresting in Longitudinal Waves

A While the longitudinal bending forces incurred from the side hulls experiencing a wave
of a wavelength that can produce hogging or sagging on the side hulls are not significant [8], the
possibility of the wave crest or trough coinciding with the side hull length can cfeate asi gniﬁcént
vertical structural loading. This loading is due to the coincidence of location of the side hulls
‘with a trough or a'crest of a wave. While specific wavelengths can create a significant vertical
force on the side hulls due to broaching or iminersing the side hulls, the overall structural
response of the entire ship is minimal compared with the wavelengths associated with primary
bending in the trimaran’s main hull hogging or sagging. These conditions are shown below in

Figure 2 through Figure 5 with the hulls of the trimaran represented by box barges.

Figure 2 — Longitudinal Cresting with Side Hulls Aft

Figure 2 through Figure 5 show profile views of various possible configurations of
coincident side hull troughing and cresting for a trimaran of typical proportions as determined
from Table 2. The dotted lines show the still water position of the trimaran and waterline, the

dashed line shows the wave, and the solid lines show the trimaran’s response to the wave.
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Figure 3 — Longitudinal Cresting with Side Hulls Ainidshibs
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Figure 5- Longit’udiaai Traughing with Side Huils Anﬁdships

In contrast with the {radﬁienal pnmary bending of hoggmg ané saggmg, ccmcztient s;de
hull troughing and crestmg creates a vertical Eeadmg that increases and éecreases the
contribution of side huii buoyancy For exampie as can be seen in Fzgure 5 abave the main hull -
experiences a partial sagging condition, Whﬁe the trough of the wave drops eut from beneath the

side hulls creating a vertical downward force on the cross-structure due to the iass'of ‘buayaﬂcy |

of ihe side hulls. The tr{mghmg situation is especzaﬁy relevant i in the case where the outer hulls - |

are relatively short compared to the mam hull. The situation 13 51n11§ar fer a crestmg wave
creating an upward vertical force on the ou{er hulls due to mcreaseé zmmersmn and buoyancy

The coincident szde hull treughmg and crestmg cendﬁzens anse from the conﬁgaratxen {}f

the tnmaran s side hulls not being the same iength as the mam hnii }}egenémg on the length of " :

the main and side hulls, the side hulls could expenence radical changes in their bueyant sapperi o

and contribution while the main hull is reiatweiy unaffected frem the view point ofa ti'aéitlona}

primary bending cendmens.
3.13  Side Hull Torsion in Longitudinal Waves

As with the case (}f side hull troughing and cresting, the unequal Eengthé of the hulls

introduces a torsional structural loading on the side hull and ctossf{ieck cennectién which is not .
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experienced in traditional monohull ship designs. The side hull torsional loading can be seen

below in Figure 6 through Figure 8.

Figure 7 — Positive Phase Twisting with Side Hulls Aft

Figure 6 through Figure 8 show a profile view of various possible configurations of
longitudinal torsional loading for a trimaran of typical proportions as determined from Table 2.
The dotted lines show the still water position of the trimaran and waterline, the dashed line
shows thek wave, and the solid lines show the trimaran’s response to the wave.

- The longitudinal side hull torsion loading arises from similar conditions as that of side
hull troughing and sagging. For certain side hull lengths and corresponding wavelengths
produced by a particular sea-state, the side hull and cross-deck structuré will experience large

torsional forces while the main hull is relatively structurally unaffected when compared to its

worst case loading conditions.

..............................................................
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Figure 8 — Twisting with Side Hulls Amidships
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314 TransverseBenéing~ ‘ : | o R o

A traﬁ;tmna% monohull s ship’s stmcturai ieadmg is pnmaﬁiy charactenzeé by the
longitudinal ber;dmg cases of sagging and haggsng Hewever, the fm‘m ef the tnmaran with I’ES
“outer stabzhzmg hulls necessaniy mveives twe new cases of stmcturai 1eadmg in transverse :
bendmg that is not a concern with a traditional m{mahui} des;gn These could probabiy be best
described as “fransverse hoggmg and “transverse saggmg * The transverse saggmg load case is
shown below in Figure 9, while transverse hoggmg is shown in Fzguse 10. Fxgure 9 ané Figure

10 show an end view of a typical trimaran s?np representeé with box huﬁs
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~ Figure 9 ~ Transverse Sagging

The dotted lines in the ﬁgm‘es shcw the engmai stxll Water pesman af the mmaran ané
the heavy lines show the effect on the shipin a transverse beam wave conéxuen L;i(e the
- loading conditions prevzeusiy mentioned, the t:ansverse beam wave candman gzves rise to a ,
situation where the side hulls are again gammg or k}smg buoyancy as cempareé to the still wéter
case. Tfns change in hueyancy leads to verticai forces apphed to the tﬁmaraa s cross-deck
‘structure. Depending on th_e trimaran’s outer hull piacement and thg waveiengths of the beam

waves encountered, thé side hulls could be completely broached ffom 0rim1§13rseé in the Waier, :
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Figure 10 — Transverse Hogging

The “transverse hogging” case in Figure 10 is in reality an unstable condition, since the
trimaran in this loading condition will most likely roll until one of its outer hulls rests in the
water. However, the transverse hogging has been presented in its unstable condition because it is

equivalent to the limiting load case where the outer hull is completely broached from the water.
3.1.5 Other Possible Loading Cases

The structufal loading conditions outlined in sections 3.1.2, 3.1.3, and 3.1.4 above only
take into account the limited scenarios where the wave front direction is either completely in a
head seas or beam seas orientation. Obviously, the majority of the wave fronts experienced by
any ship in its service life time will in general be at some oblique angle to the ship’s heading.
This oblique angle will contain some of the characteristics of the load cases outline above with
additional hydrodynamic forces tending to squeeze and spread the hulls in the transverse
direction.

In addition to the transverse hydrodynamic forces, other dynamic loading effects due to
the ship’s speed and heading will also need to be accounted for to perform a complete analysis.
While these other structural loadings and effects are important to tﬁe final structural design and

integrity of the completed trimaran ship, the complexity involved in accounting for each effect is

19




staggering. For the scope of this work, mvest;gatmg the bas;c icadmg parameters the stmctﬂrai
loading conditions of coincident side hull troughing and crestmg, side hull 1ong1tuémai torszan

and transverse hoggmgfsaggmg will be studied as to describe the iaadmg ceﬁdﬁzens to wh;ch a

trimaran’s cross-deck stracture is sub;ected



Chapter 4 Analysis Tools

4.1 Analytical Trimaran Model

Over the course of this research almost 40 versions of analytical trimaran models were
developed with each version adding successively more functionality and detail. However, the
core of the analytical thesis model is that it approximates a trimaran as three rigidly connected
“box barges” of abpropriate dimensions obtained from Table 2. The analyticalvmodel then
statically balances the trimaran on a wave and calculates the load forces, as described in section
3.1, applied to the cross-deck structure between the hulls. In this section the details of the final
analytical thesis model will be discussed. Specific equations from the model will be provided in
OAppendix A. While any programming languagé would have been perfectly acceptable
computational tool, thé MathCAD program was used to perform the calculations for the
énalytical modél due to its visually attractive mathematical interface. ‘

Classification societies such as the American Bureau of Shipping (ABS) [3] or Det
'Nbrske Veritas (DNV) [4] often state design codes for ships strengthl in terms of the ship’s
relevant dimensions and a sea-state coefﬁcientbdependent on ships dimensions to provide
sufficient design margin for the life of a ship. The goal of the analytical thesis model is to be
able to stéte similar design loadings based on the relevant parameteré of a trimaran ship. The
design loadings obtained for the load cases d,escribed‘sections 3.1.2,3.1.3, and 3.14 are shown

~ below in Table 3 while the relevant design parameters or the trimaran ship are shown in Table 4.

Table 3 ~Structural Loading from sections 3.1.2, 3.1.3, and 3.1.4

FBy, the vertical force on cross-structure in longitudinal waves (troughing and cresting)
MB,, | the moment on cross-structure in longitudinal waves (longitudinal twisting)
FB, the vertical force in transverse waves (transverse hogging/sagging)

Table 4 — Relevant Trimaran Parameters Affecting Design Loading

the main hull’s beam

the main hull’s length

the main hull’s draft

the main hull’s freeboard (also side hull freeboard)

the side hull’s beam

the side hull’s length

the side hull’s draft -

the longitudinal position of the side hull wrt main hull amidships
the transverse position of the side hull wrt main hull centerline

=]

=]
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4.1.1 Analytical Model Parts

The analytical model useé for this work consmts of two ma;er cemp{ments ’{‘hese are the ;

calculation of the ships motions and forces and the ca%cuiatlan of the representatzve sea states

Each part is described below with its correspondmg equation provzded in Appené;x A

4.1.1.1 Entry of Stétisticai Sea State

A joint frequency table in both wave penod and sxgmﬁcant wave he;ght for the northem ,
North Atlantic Ocean was ebtamed from {14] This table was ccmerted toa ;omt prababiy tabie |
whose results are shewz} below in Table 5 and Tabie 6. This jomt prebablhty tabie ef wave
i}exght and period Was used for a statls’ﬂcai representatleﬁ of the most severe sea state in whzch
the trimaran hull form would be sub}ecteci The data represen‘{eé in Tabie 5and Table 6is eften |

apprammatﬁd wr{h well known distributions such as the Brentschnelder or other spectra o

However, these s;:cctra aften described in only a few parameters and do not’ always fully ca;_}mre RIS .

" the true nature of the jemt prebabiiity of the sea state in the wave hei ght anei waveiength

garameters Ti}erefore the cbserved tabuiar data was utilized.

Tabie 5 — Joint Probabﬁlty Mass Table of S:gmﬁcant Wave He:ght and Permd
] _ Spectral Peak Period (s) ‘

3 4 5 | 6 7 -8 9 | 10 nn
0.5 | 0.0006 | 0.004 | 0.0106 | 0.0157 | 0.0163 | 0.0136 | 0.0098 | 0.0064 | 0.0039
- | 15 | 9E-05 | 0.0021 | 0.0123 { 0.0322 | 0.0511 | 0.0581 | 0.0528 | 0.041 | 0.0285
125 0 8E-05 | 0.0015 | 0.0083 | 0.0229 | 0.039 | 0.0471 | 0.0446 | 0.0353
E| 35 0 0 | 6E-05 | 0.0008 | 0.0048 | 0.0137 | 0.0241 | 0.0296 | 0.028
£]45 0 0 0 4E-05 | 0.0006 | 0.0031 | 0.009 | 0.0156 | 0.0188
2|55 0 0 0 0 | 3E-05 | 0.0004 | 0.0021 | 0.0057 | 0.0095
o | 65 0 0 0 0 0 - | 2E-05 | 0.0003 | 0.0014 | 0.0035
8|75 0 0 0 0 0 0 2E-05 | 0.0002 | 0.0009
§ 851 0 | 0 0o | o o | o 0 | 2E-05 | 0.0001
|95 0 0 0 0 0 0 { 0 | o 2E-05
=l105] o 0 0 0 0 0 0 0 0
Sl1115] 0 | o 0 0 0 0 | 0o | o | o
125] 0 0" 0 0 0 0 0 0 0
13.5 0 0 0 0 0 0 0 o | o
145] 0 0 0 0 0 0 0 0 0

Where each wave height indicated is the center of 2 1 meter raﬂgé of heights
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Table 6 — Joint Probability Mass Table of Significant Wave Height and Period

Spectral Peak Period (s)

12 13 14 15 16 17 18 19 21 22
0.5 | 0.0023 | 0.0013 | 0.0007 | 0.0004 | 0.0002 | 0.0001 [ 7E-05 | 4E-05 | 2E-05 | 2E-05
1.5 10.0182 | 0.011 | 0.0063 | 0.0035 | 0.0019 | 0.001 | 0.0006 | 0.0003 [ 0.0002 | 0.0002
.25 ]0.0245 | 0.0154 | 0.009 | 0.005 | 0.0026 | 0.0013 | 0.0007 | 0.0003 | 0.0002 | 0.0001
£ 135 ]0.0216 | 0.0144 | 0.0085 | 0.0046 | 0.0023 | 0.0011 | 0.0005 | 0.0002 | 1E-04 | 7E-05
% 45 | 0.017 ]0.0123 | 0.0075 | 0.004 | 0.0019 | 0.0008 | 0.0003 | 0.0001 | 5E-05 | 3E-05
g 5.5 10.0107 | 0.0088 | 0.0057 | 0.0031 | 0.0014 | 0.0006 | 0.0002 | 7E-05 | 2E-05 | 1E-05
o | 6.5 ]0.0053 | 0.0053 | 0.0039 | 0.0022 | 0.001 | 0.0004 | 0.0001 | 4E-05 | 1E-05 0
@ | 75 | 0.002 | 0.0026 | 0.0023 | 0.0014 | 0.0006 | 0.0002 | 7E-05 | 2E-05 0 0
i 8.5 | 0.0005 | 0.001 | 0.0011 | 0.0008 | 0.0004 | 0.0001 | 4E-05 | 1E-05 0 0
g | 9.5 [0.0001 | 0.0003 | 0.0004 | 0.0004 | 0.0002 | 8E-05 | 2E-05 | 1E-05 0 0
¥ 110.5 | 2E-05 | 7E-05 | 0.0001 | 0.0002 | 0.0001 [ 5E-05 | 1E-05 0 0 0
v c%’ 115 0 1E-05 | 4E-05 | 6E-05 | 5E-05 | 2E-05 | 1E-056 0 0 0
12.5 0 0 1E-05 | 2E-05 | 2E-05 | 1E-05 0 0 0 0
13.5 0 0 0 0 1E-05 0 0 0 0 0
14.5 0 0 0 0 0 0 0 0 0 0

‘Where each wave height indicated is the center of a 1 meter range of heights ]

4.1.12 Conversi'o_ﬁ of Statistical Sea State

The data represented in Table 5 and Table 6 give the joint probability of a sea state

haVing a giVen significant wave height and peﬂod. However, the data given is for short term

observations of a narrow-banded, fuily developed sea state reportéd in terms of significant wave

heighf. However, significant wave hei ght is a one parameter descriptor of the probability

distribution for a fully déveloped sea state. The probability of the peak values of the actual

wave amplitudes for a fully developed sea state are described by a Rayleigh distribution with

significant wave height as the distribution function parameter. Correspondingly, each entry of

Table 5 and Table 6 actually describes the joint probability of a certain Rayleigh distribution

occurring. Since the limiting design of the trimaran is concerned with an overall probability of

the wave loading conditions encountered, the data in Table 5 and Table 6 was converted to

represent an absolute joint probability of actual wave height verses wave period in lieu of

significant wave height.
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Using [15], eguatzon (1) was denved Equatmn (i is the Raylelgh probabihty
distribution of actual wave height in terms of sxgmﬁcant wave height. o

c 2

b’

(H Sz) |
[+ "

P r&y(h w,t) = 4—

(n)

o

Where: ~ > ‘
Pray — the Rayleigh distribution ;)rababzkty as f&ncﬂens of wave helght &nd the mdex t

h,, — the actual wave height
H, - the observed significant wave height ‘
t—the ;aéex of the observed szgnzficaﬁt wave height in Table 5 and T&bie 6

Using the Raylei gh probabiiity distributibn in eqaaﬁoﬁ (i) : fer eéch \signiﬁcant ei)sér\'feé E

wave helght the pmhabxhty of being in each wave hexght range of Ta%ie 5 and Tabie 6 was
calculated by miegratmg the Raylei gh {Izstnhatxen in one meter segments ‘The resnit of the ;
integral was muitlgized by the joint ;}r{}babﬁzty shown in Tabie 5 and Tabie 6 and then adéed ta -

the other associated prebabzht;es affectmg that wave hezght regzen The resuit is shawg m beiew o

“in Table 7 and Table 8

-
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Significant Wave Height (m)

~ Table 7 - Joint Probability of True Wave Height and Period (3-11 second periods)

Spectral Peak Period (s)

4 5 6 7 8 9 10 11
0.5 | 0.0006 | 0.0053 | 0.0183 | 0.0371 | 0.0535 | 0.0609 | 0.0584 | 0.0492 | 0.0372
1.5 | 3E-05 | 0.0008 | 0.0054 | 0.0163 | 0.0315 | 0.045 | 0.0517 | 0.0502 | 0.0424
25 | 3E-06 | 8E-05 | 0.0007 | 0.003 | 0.0081 | 0.0152 | 0.0218 | 0.0252 | 0.0245
3.5 | 3E-08 | 5E-06 | 9E-05 | 0.0006 | 0.002 | 0.0049 | 0.0085 { 0.0115 | 0.0128
45 0 5E-07 | 1E-05 | 1E-04 | 0.0005 | 0.0014 | 0.0031 | 0.005 | 0.0063
5.5 0 3E-08 | 1E-06 | 2E-05 | 0.0001 | 0.0004 | 0.0011 | 0.0021 | 0.003
6.5 0 0 1E-07 | 3E-06 | 3E-05 | 0.0001 | 0.0004 | 0.0008 | 0.0014
7.5 0 0 2E-08 | 5E-07 | 6E-06 | 3E-05 | 0.0001 | 0.0003 | 0.0006
8.5 0 0 0 6E-08 | 1E-06 | 9E-06 | 4E-05 | 0.0001 | 0.0003
9.5 0 0 0 1E-08 | 3E-07 | 2E-06 | 1E-05 | 5E-05 | 0.0001
05| 0 0 0 0 3E-08 | 5E-07 | 4E-06 | 2E-05 | 5E-05
115 0 0 0 0 8E-09 | 1E-07 | 1E-06 | 6E-06 | 2E-05
125 0 0 0 0 0 2E-08 | 3E-07 | 2E-06 | 7E-06
13.5 0 0 0 0 0 5E-09 | 1E-07 | 7E-07 | 3E-06
145 0 0 0 0 0 0 1E-08 | 2E-07 | 1E-06
15.5 0 0 0 0 0 0 AE-09 | 7E-08 | 4E-07
16.5 0 0 0 0 0 0 0 1E-08 | 1E-07
17.5 0 0 0 0 0 0 0 4E-09 | 5E-08
18.5 0 0 0 0 0 0 0 0 9E-09
19.5 0 0 0 0 0 0 0 0 4E-09
205 0 0 0 0 0 0 0 0 0
215 0 0 0 0 0 0 0 0 0
225 0 0 0 0 0 0 0 0 0
235 0 0 0 0 0 0 0 0 0
24.5 0 0 0 0 0 0 0 0 0
255 0 0 0 0 0 0 0 0 0
26.5 0 0 0 0 0 0 0 0 0
275 0 0 0 0 0 0 0 0 0
285 0 0 0 0 0 0 0 0 0
295 0 0 0 0 0 0 0 0 0
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Table 8 - Joint Probability of True Wave Height and Period (12-22 second periods)

- - Spectral Peak Period (s) T ,
12 | 13 14 | 15 16 | 17 | 18 19 | 21 | 22
0.5 |0.0256 | 0.0163 | 0.0096 | 0.0053 | 0.0028 | 0.0014 | 0.0007 | 0.0004 | 0.0002 | 0.0002
1.5 | 0.0317 | 0.0212 | 0.0128 | 0.007 | 0.0036 | 0.0018 | 0.0008 | 0.0004 | 0.0002 | 0.0002
25 |0.0203 | 0.0145 | 0.009 | 0.005 | 0.0025 | 0.0011 | 0.0005 | 0.0002 | 9E-05 | 7E-05
3.5 | 0.0117 | 0.0089 | 0.0058 | 0.0032 | 0.0016 | 0.0007 | 0.0003 | 0.0001 | 4E-05 | 3E-05
45 |0.0063 | 0.0052 | 0.0035 | 0.002 | 0.001 |0.0004 | 0.0001 | 5E-05 | 2E-05 | 1E-05
55 | 0.0033 | 0.003 | 0.0021 | 0.0012 | 0.0006 | 0.0002 | 8E-05 | 3E-05 | 7E-06 | 4E-06
6.5 | 0.0017 | 0.0016 | 0.0012 | 0.0007 | 0.0004 | 0.0001 | 5E-05 | 1E-05 | 3E-06 | 1E-06
7.5 |0.0008 | 0.0009 | 0.0007 | 0.0004 | 0.0002 | 8E-05 | 3E-05 | 8E-06 | 1E-06 | 5E-07
8.5 | 0.0004 | 0.0005 | 0.0004 | 0.0003 | 0.0001 | 5E-05 | 1E-05 | 4E-06 | 5E-07 | 1E-07
9.5 |0.0002 | 0.0002 | 0.0002 | 0.0002 | 8E-05 | 3E-05 | 9E-06 | 2E-06 | 2E-07 | 4E-08
10.5 | 9E-05 | 0.0001 | 0.0001 | 9E-05 | 5E-05 | 2E-05 | 5E-06 | 1E-06 | 8E-08 | 1E-08
115 | 4E-05 | 6E-05 | 7E-05 | 5E-05 | 3E-05 | 1E-05 | 3E-06 | 7E-07 | 3E-08 | 3E-09
12,5 | 2E-05 | 3E-05 | 3E-05 | 3E-05 | 2E-05 | 6E-06 | 2E-06 | 4E-07 | 8E-09 |
13.5 | 8E-06 | 1E-05 | 2E-05 | 2E-05 | 1E-05 | 4E-06 | 1E-06 | 2E-07 | 2E-0
145 | 3E-06 | 7E-06 | 1E-05 | 9E-06 | 6E-06 | 2E-06 | 6E-07 | 1E-07
15.5 | 2E-06 | 3E-06 | 5E-06 | 5E-06 | 3E-06 | 1E-06 | 3E-07 | 5E-08
165 | 6E-07 | 1E-06 | 2E-06 | 3E-06 | 2E-06 | 7E-07 | 2E-07 | 2E-08 |
175 | 3E-07 | 7E-07 | 1E-06 | 1E-06 | 1E-06 | 4E-07 | 1E-07 | 1E-08
18.5 | 7E-08 | 3E-07 | 6E-07 | 7E-07 | 6E-07 | 2E-07 | 5E-08 | 4E-09
195 | 4E-08 | 1E-07 | 3E-07 | 4E-07 | 4E-07 | 1E-07 | 3E-08 | 2E-09
20.5 | 7E-09 | 4E-08 | 1E-07 | 2E-07 | 2E-07 | 6E-08 | 1E-08
21.5| 4E-09 | 2E-08 | 7E-08 | 1E-07 | 1E-07 | 4E-08 | 8E-09
2251 3E-09 | 2E-08 | 4E-08 | 5E-08 | 2E-08 | 3E-09
235 2E-09 | 1E-08 | 2E-08 | 3E-08 | 9E-09 | 2E-09
245 3E-09 | 6E-09 | 1E-08 | 3E-09 | 0 |
1255 2E-09 | 3E-09 | 8E-09 | 2E-09
265 o | o 3E-09| 0
275 0 | o |2E09| o
285 0 0 0 0
29.5 0 0 0 0

Signific:ant‘WaVG Height (m)
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4113 Equations of Applied Waves

- To creaté the iéaéing conditions discussé%i above in seétidné 3.1.2, 3.1;3, and 3.1.4 from ,
the wave height and period data in Tab}é 7 and Table 8, the waves were applied asdescribed )
below. - | o | R |
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First the deep-water wavelength approximation was made by equation (2) for each period

in Table 7 and Table 8.

)
Where:

A — the wavelength of the wave
g — the gravitational constant
T — the wave period from Table 7 and Table 8

Equation (2) applied to each indicated wave period yielded the wavelengths indicated in
below Table 9.

Table 9 - Deep Water Wavelengths

Period | Wavelength
(s ~(m)
3 14.05
4 24.97
5 39.02
6 56.19
7 76.48
8 99.89
9 126.42
10 156.08
11 188.85
12 224.75 -
13 263.77
14 305.91
15 351.17
16 399.56
17 451.06
18 505.69
19 563.44
21 688.30
22 755.42

Next the following wave equations for the longitudinal and transverse directions were
applied with the proper phasing to apply the loading conditions described in sections 3.1.2, 3.1.3,
and 3.1.4. The coordinate system used for the analytical model was those of traditional ship
coordinate systems of x-longitudinal, y-transverse, and z-yeftical. The coordinate system of the

analytical model is shown below in Figure 11.
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‘Figure 11 - Anaiyficai Meée! Coordinate Sjgte:n‘ '

The wave equa’aans useﬁ te create the speczﬁc i{}admg cenchtmns are show E}eiew in

‘equations (3) and (4). o ‘
| o a 0 o (' pos_twist
S ‘ 9 | | trough
 h, - b= |deg - b=
W, . Ig (S Plg .
- p T : 180 s neg_twist
S T e R
« L. , o\ s -
L ' ,‘ o 3
w « B ;
p 2 B o 0 - . {hog
H (y.p.q,0) = ——-cos| () - ¢ | = deg -
tr = eg = ,
e 2 i |  ¢“ 180 ) fé*’f \ sag

= {4),};
Where:

Huyave s —is the §eng;tudm&l wave amplitude as functieﬁs of the showu \:ar;ables
Hyave_« — i the transverse wave amplitude as functions of the shown Vanab}es
h,, — the actual wave height from Table 7 and Table § o

x — the longitudinal position - ) o

X, — the longitudinal position of the side htﬂ} wrt main h&ll am;dsh;ps o

'y — the transverse position ; : o

* — the wavelength of the wave

¢ — the phase of the wave applied for each loading condition

p — the index of the wave height Table 7 and Table 8

q — the index of the wa\fsiength from Tabie 9

Equatlons (3) ané @) éefine the wave amph{nde in tI}e Eong;tuémai and traz}sverse

directions resgectweiy Both equamens are fnnctzens of the index p wh;ch refereaces the wave
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heights in Table 7 and Table 8. The wave definition equations are also functions of the index q
referencing the wavelengths in Table 9. Additionally equation (3) is defined so that the origin of
the wave is lbngitudinally offset to coincide with thé longitudinal center of the side hull, X;.
Equations (3) and (4) are also defined as a function of applied phase angle so that each phase
angle can be easily applied to generate the load cases defined in sections 3.1.2, 3.1.3, and 3.14.
Finally, sinusoidal waves were used to approximate the wave functions rather than trochoidal
waves, which moré truly represent water waves, since the difference between sinusoidal and

- trochoidal waves for the wavelengths of concern is relatively small.
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41.14 Calculation of Motion due to A;ipiied Waves

After the waves applied to the trimaran hull foi‘:n were defiﬁéé asin éqziatians (3) and (4) ‘
above, the next step in finding the load forces on the trimarans cross-structare was to performa
static balance of the sth for a particular wave. For the 1engr£udmai wave cases the static |
balance required smaitageeuﬁy solving for the pitch and heave of the shlg Whﬂe seEvmg
simultaneously e{}uatzcns for heave and ;}ﬁch ofa shlp is cenceptuaﬁy snnp%e the ;}ractzce of
executing this concept is sernewhat cumberseme To perform the statxc balance, the un&erwater
volume and the first moment of ihat veitzme sub;ected to the wave must balance with the
displacement and moment of the shig in the pltched and heaved cendltian ThIS precess mvsiveé -

iteratively solving equations (5) and (6) below using a madzﬁed Newtsn s methed Equatmn (S) SN

is the heave equation.
Vit =B {H wave ig(x’ ) AT - (K X f) S‘R(S pztch}} dx
-L m :
2
+2B.|  [H wave_Ig(%®) — AT - (x - X of)sin(® ﬁ{ch)}ax :

s 2 - . ) o

O

Where: —

AT —the change in heave of the ship due to the iongamdmai wave

Oy — the change in pitch of the ship due to the longitudinal wave

Hyave 1g — is the longitudinal wave hezght as faacnans of §(}S!ti{)§l and pi}ase frem {3}*
* % — the longitudinal position ( ,

@ — the phase of the wave applied for each loading condition

B, —the main hnii s beam :

L., — the main hull’s length

B, — the side hull’s beam

1, - the side hull’s length - 1

X, — the longitudinal position of the side hull wrt main hull aamdshzgs '

X.¢— the longitudinal position of the entire ship’s center of ﬂaatatmn o

Vs — the original still water displacement -

Trimggy — the original still water trim (assumed to be zero) : oo :

* For simplicity the wave height here is only shown as fnnctzeas of pesatzen aad phase wﬁk wave he;ght

aad wavelength indices omitted. : :
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Equation (6) is the heave equation.

Lm
2
Trimgyy = By | [Hwave_lg(x’ ¢) - AT - (x -X cf)'Sin(e pitch)]'(x -X cf) dx...
- Lm
2
Xt
+2Bg I:H wave_lg(x’ ¢) ~ AT ~ (x - ch)-sin(e pitch)]'(x -X cf) dx
x 2
2

©
Where:
The definitions of terms from equation (5) apply.

As with the longitudinal case above, the heave of the trimaran due to transverse waves
‘'was calculated in a similar manner. However, since this work does not deal with the affects of
roll on the ship and takes as a worst case the “transverse hogging and sagging” described in

‘section 3.1.4, only one integral equation was needed to solve for the ship’s heave in transverse

waves.

Bm : By

SE—— Y S+.._—
2 . 2

Vstin = L (H wave_tr (v.0) - AT) dy + 2L (H wave_tr (v.0) - AT) dy

-Bn : B .

2 S 2
| M
Where:

AT - the change in heave of the ship due to the transverse wave

Hyave_« — is the transverse wave height as functions of position and phase from (4)*

y — the transverse position '

¢ — the phase of the wave applied for each loading condition

B, — the main hull’s beam

L, — the main hull’s length

B, — the side hull’s beam

L, — the side hull’s length

Y, — the transverse position of the side hull wrt main hull centerline

Vg — the original still water displacement » .
* For simplicity the wave height here is only shown as functions of position and phase with wave height
and wavelength indices omitted.
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- While equations (5), (6), and (7) display the conditions for a static balance on i#aves, the

motion parameters of heave and pitch (AT and @pecn) were solved for m terms of a change from

the initial still water conditions that were assumed to be zero. The m{}tién paramétérs of heave
and pitch in the analytical model were left as functions of several variables that defined the
general characteristics of the trimarans dimensions, so that the motion of several different

variations of trimarans could be computed.
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4.1.1.5 Calculation of Forces due to Motion in Waves

Once the motions of the trimaran due to the static balance were found as explained
section 4.1.1.4, the forces due to those motions were calculated. The motion parameters of the
ship in waves in section 4.1.1.4 were determined in reference to the still water condition.
Consequently, the force calculation was performed as a change from the still water waterline
position of the trimaran’s side hulls. For example, if the side hull is more immersed than the still -
water position as in the “transverse sagging” case‘ shown in Figure 12, then the buoyancy of the |

water provides an upward force on the cross-structure.

4 T T ¥ ¥ T T T T 1 L 1 T T T 1 T T

3}

2'_

1k
Ofeemaipeis ieea ..;...V..v....-a..a';'a .

=+

-3}

-4

2l i 1 ] i 1 i i i T 4 i 1 i i i

Figure 12 — Transverse Sagging Applying Upward Buoyant Force on Cross Structure

The force calculations for transverse hogging and longitudinal cresting or troughing are
similar. In these cases the particular wave height and phase that the trimaran encounters either
provides more or less buoyancy to the side hulls and consequently cantilevered type vertical

-forces are applied to the cross structure. ’

The twisting force applied to the cross structure of the trimaran was calculated in a
similar manner as the vertical forces. The ship was statically balanced on the wave at phases of
maximum twisting forces on the cross structure, and then the twisting moment due to the wave

- was calculated as a change from the still water cohdition. A case of this twisting situation is

shown in Figure 13 which causes a positive twisting moment to be applied to the cross structure.
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The position of the calculation of the twisting mamentééoinciée‘d with the Iengifuéinéj
center of the side hull. The vertical posmen of the twisting memeni Was assumed to be at the
original vertical pesztien of side hull draft whzch is an apgremmate ;}esmon ch}e the ships

heaving and pztchmg motions.

Figure 13 - Pesitiﬁfe Phase Twisting with Side Hulls Aft

The anaiyt;ca% model calculated ihe vertzcai forces and thsang ferces appiieé to the side
hull due to the metz{m in waves. The maée§ was generahzed such that these ferces Were
calculated as functions of many vanables S0 that the madei cau}d be use& to repennve}y
calculated farces fer different wave states and tnmaran cofzﬁguratiens These parameters
included those of wave height, waveiength ami wave phase from the wave eqaatmns of (3) and
(4). The pertinent parameters cf the tmnaran such as length beam draft huﬂ spacmg and

freeboard were also mciuded in the ferce caiculatlens
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The dependent.forces variables and there independent variables are shown below in
equations (8), (9), and (10) with position of application shown in Figure 14 their full definition of

calculation shown in Appendix A.

-FBlg(p’q’q)’Xssch7TsaLS’B55Fm’Tm’Bm’Lm)

®)
MB lg(p’q’q”Xs’ch’Ts’Ls’Bs’Fm’Tm’Bm’Lm)
9)
FBn‘(p’q’q’,Ys,TssLs’BS,Fm9Tm,B m9Ln])
' (10)

Where:

FB,, — the vertical force on cross-structure in longxtudmal waves (troughing and cresting)
MB,, — the moment on cross-structure in longitudinal waves (longitudinal twisting)
FB,, — the vertical force in transverse waves (transverse hogging/sagging)

p — the index of the wave height Table 7 and Table 8

q — the index of the wavelength from Table 9

¢ — the phase of the wave applied for each loading condition

X_ ¢ — the longitudinal position of the entire ship’s center of floatation

X, — the longitudinal position of the side hull wrt main hull amidships

T — the main hull’s draft

B, — the main hull’s beam

Ly, — the main hull’s length

F,, — the main hull’s freeboard (also side hull freeboard)

T, — the side hull’s draft

B; — the side hull’s beam

L, - the side hull’s length

Y, — the transverse position of the side hull wrt main hul] centerline

X - axis

Figure 14 - Analytical Model Position of Calculated Forces
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One main assumption for the calculation of forces and moments in the ana%jztica% model

was that the initial still water position of the side hulls previded a'{}entraiiy ‘bueyent '

displacement. This neutrally bueyaﬁt eenéitzen enforces a condition that there are no appi;ed

forces to the cross structure due to still Water bueyaﬁcy conditions. While tius weuiﬁ seem to be |

a reasonable {§€SIg§} cenémen it would not be a necessary cendltxen and any ;mbaiance inthe

still water forces Wetﬁd require acceunted for. For the pm‘pese of thls wark hewever ihe stﬂi

water loading was assumed to be zero so that the nature of the structural ieaémg in waves ceaié o

be determined by equatmns (8), (9), ané. (10).

Another simplification in the analytical moéei was that wet dec:k siamnnng of waves with
large wave heights into the trimaran eress—deck structure was not taken mte acceum: Wh1§e this

assumpn{}n will eventually nee{i to be restored to fuliy calculate the structﬂrai effects ef sea state

on trimarans, the effects were not found t{} be extremeiy reievani gzven the scope ofthis

investigation. For example, for a 100m long tz‘imaran of representatwe éxmenszans frem Tabie i B

to obtain 1mpact ef waves with the trimarans Cross deck stmcture weuid reqmre szgniﬁcan{ wave B

hezghts on the order of 6 meters This wave hez ght cerrespen{is to sea states of 6 or7 {ié} Not.

only are these sea states very high fora Shi{j of 100 meters, but also these sea states are reiatxve}y )

unlikely prebahﬁ;sﬁcaiiy as can be seen in Table 5 and Tabie 6. Therefere dascetmtmg the

cross-deck slamming for this azzalyszs can be Justxfied for this Weﬁ(

4.1.1.6 Calcuiatien ef Desigﬂ Ferees due to a Full Sea Spet:ti'um

Once the functiens used to calculate the forces on the 'CreSs deck stiﬁcture were éeﬁned EEET

in equations (8), (9) and (10), it was then gesszbie to éefine a desi gn ioaé that the cross ‘deck

structure of a trimaran must withstand. Deszgn loads are often stateé in terms of safety factors or R
design margms But at the root of a statistical éeszgn process desxgn 1eads can aise be stated in “ R
terms of the reliability index, which is what was used in thzs wark The rehabzilty méex used for e

this investigation was 5, thch is suggested for naval war sths in [ié} in the strictest sense, the -

reliability index must take into account the prebabzhty distributions of beth the load and the
~ strength factors of a éesxgn However, for the purpese of this work mﬁy the preba‘elhty

distribution of the sea-state and ﬁms wave loading was 'used in the caicaiatzen of the reha%iiity o

index. {}m;{&ng the prebabﬁlst;c nature of the sirength curves eeiuates to keawmg the falklre

strength detemmstlcaﬂy, which is a reasenabie mmphﬁeatmn when censzdenng steel
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manufacturing quality assurance techniques. Once the design loading for a trimaran of general
dimensions is determined, the partial safety factors for each possible failure mode could then be
calculated if desired [16].

~ In addition to the reliability index, the other information need to determine the design
loading for each load case of defined in sections 3.1.2, 3.1.3, and 3.1.4, was the susceptible
wavelength for trimaran of particular dimensions. For example, the United States Naval design

standard [17] and [18] for pﬁmaxy hull bending of a monohull ship has been to design for a

trochoidal wave as shown in (11).
hy= 11Ty A=L,,
( 11)

While equation (11) approximates the loadings of a fully statistical sea-state relatively
well for traditional naval ships, the formulation does not work well for a trimaran due to the
varying lengths and spacing of the trimaran hulls. Therefore, the susceptible wave length for
each load case described in sections 3.1.2, 3.1.3, and 3.1.4 was determined by finding the
wavelength in which the maximum forces were produced from equations (8), (9), and (10) when
considering the fully statistical sea state as described in Table 7 and Table 8.

However, computing the forces produced for each entry in Table 7 and Table 8 requires
statically rebalancing the trimaran for each wavelength ﬁnd wave height in Table 7 and Table 8.
The amount of computational effort to solve the static motion balance for all the entries ir; the
statistical sea state is extremely large and essentially unnecessary since the low wave height
waves will not produce high forces regardless of wave length. Therefore, to determine the
waveléngths to which a trimaran of particular dimensions were susceptible, the forces
encountered for each entry of a statistical sea state described in Table 7 and Table 8 were
effectively searched for the highest Vforces. To alleviate the need for calculating every force
produced at every possible sea state described in Table 7 and Table 8, two simplifications were
made. First, only wavelengths that would have the ability to produce a rﬁaximum force were
considered. For example, the structural response of a trimaran with 2 main hull length of 100
meters is minimal on a wave of with a wavelength of 755 métefs‘ from Table 9. This situétion

can be seen in Figure 15. In the case where the wavelength encountered is much longer than the
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length of the Shil} the ship gentiy rides the wave w1theut exgenencmg iarge s{mcmmi Iaadmgs ek

This concept is also the basis for the Naval des;gg rules in (1 1).

.

-

Figure 15 - Profile View of It}(}m *i‘rimara:t Saiance& ona ’Wav:e‘ of Leng'Waveyi"eBg'th |

The second metheci utﬂized to reéuce the cemputatzanai effaft of ﬁncfmg '{he susceptxble

wavelengths of a trimaran was to only caicaiate the forces preéaced frem the maximum wave o - ‘

height for each respective Waveieﬁgﬂm which had a nan—zero statlsncai yr‘}bablhty in Table 7 and ST

Table 8. Once the forces for the maximum wave helght for each waveiength were calculated, the . E |

 forces were compared and the susceptibie wavek-,ngth was determined from the corresponding

maximum force. For exampie for the wave periods of 4 and 5 secez}ds the ferces preéuce{i for C . L

55 and 7.5 meter wave heights were calculated and cempare{i ‘

' {Esmg these methaés the forces for each ieadmg case in sections 3. I 2,3. 1 3 ané 314
were calculated when sa%;ected to apphcabie pertzcsns of the staﬂs&cal sea state in 'fabie 7 and ?
Table 8. From thase ca}cuiatmns the susceptxbie waveiength mdex was set to the waveiength
for the cerresgenémg maxzmﬁm force ebtamecf Once the susceptlbie wavelength fer a given :
ieafimg condition was éetemne{i the desxgn }oadmg for that moée of loading ceuid be |

caicuiated

To determine the design loading fér the sizscepﬁbie Wa’\%eiyezi}gth the jéin{ §ra§aéii§ties in . g

‘ ’i‘abie 7 and Tabie 8 were converted toa marginal 9rebab1kty distribution at the suscegtzbie

wavelength. Next the farce éeveiaped at each wave height in Table 7 and Tab%e 8 at the

uscegtx&k Wave}ength Was found. Finally, nsmg the margmai prebabﬁzty and the éeveiageé
forces at one meter wave hei ght mcrements the mean and standarei deviation of the force
ézs{ﬁi}ut:en at the s&sceptzbic waveiength was deiemned From there the deszgn Ieadmg for
each load case was éetermmed using the reliability mdex of 5 SO that the éeSI gﬁ andmg would
be 5 standard deviations from the mean iead;ng B

This methodology of determmmg deszgn ioadmg was baseé on the }{}m{ ;}rebabzhty mass

function of Table 7 and Table 8. While this method ceftam}y lenés ms1ght into the structural
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loading of trimarans due to wave motions, the tabular nature of the probability distributions in
Table 7 and Table 8 leaves the evaluation of the forces experienced in waves somewhat granular.
A more in depth investigation of this subject could be performed using a continuous functions to
describe the sea-state probability distribution as in [13], but for the purposes of this WOrk’S
investigation into the basic structural loading attributes of a trimaran hull for would be

unnecessary.

4.1.1.7 Calculation of Design Forces for Varying Sizes of Trimarans

Once the design forces as functions of the relevant parameters of the trimaran could be
determined using the methods in section 4.1. 1. 6, the final component of the analytlcal thesis
model computed the design forces for 468 dlfferent variations of trimaran sizes and placement ,
- configurations to investigate the possible demgn space of trimaran hull forms. The inputs that
~were allowed to vary were main hull length, side hull length, side hull x-location, side hull y-

location these are shown in Table 10.

' Table 10 - Parameters varied for Trimaran Design Space

Ly (main hull’s length) ‘ 60 - 300 meters in 20meter increments
Ls (side hull’s length) : 1 0.25 - 0.50 in increments of 0.05 of L, (mam
hull’s length)

Xs (longitudinal position of the side hull with | Five equally spaced position from aligned

respect to main hull amidships) amidships to where aft perpendiculars of side
: and main hulls are aligned

Y (transverse position of the side hull with 1 - 1.5 of By, (main hull’s beam) in increments

respect to main hull centerline) - |of0.1

The other relevant parameters needed for the computations, for example side hull beam,
‘were calculated from fixed relations from Table 2 and reference [1]'these are shown below in
Table 11. |

Table 11 — Parameters Held in Fixed Relations for Trimaran Design Space

Bn (main hull’s béam) Maintain L, / By, = 14

Twm (main hull’s draft) Maintain By, / Ty, =2

Dy (main hull’s depth) Maintain Dy, / T = 2.4

Required to find (Fy, , main hull’s freeboard) :

Vs (side hull volume) Maintain at 4% V, (main hull volume)

B; (side hull’s beam) Maintain B = T; (side hull’s draft)

Ts (side hull’s draft) \ Fixed by above constraintson Vg Ly B
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The results of the required ciesigh f{}i‘ce caiéﬂiatiensf(}r thek’deSi £n space are shaim in

OAppendix B with an explanation of the:aﬁaiysis of the data prévi(ied in section 5.1. .



4.2 Finite Element/ MAESTRO Analysis

Once the results from the analytical thesis model were obtained, a more refined model of
a trimaran was made. The program used to create a more realistic model of a trimaran was the
ship structural design program called Method for Analysis Evaluation and Structural
Optimization (MAEéTRO). The MAESTRO program, distributed by Proteus Engineering, was
developed to analyze ship structures in a quasi-finite element analysie, with large stiffened panels
as the elements between the finite element nodes. The utility of using a ship structural program
such as MAESTRO is that it alloWs the ability to automatically balance a floating ship’s
structure in water utilizing linear wave theory. Naturally, the ability to include all the relevant
hydrodynamicy forces in the structural design of a ship is critical to accurate and safe ship design.
In this case, MAESTRO ohly performs a static balance of a ship 1n Waves, rather than a full
dynamic analysis of the structure interacting wibth‘ the ocean. However, allowing a static analysis
that includes corrections for linear wave theory makes MAESTRO's results that much closer to

reality.
4.2.1 Reﬁned Finite Element MAESTRO Model

The complexity of building the MAESTRO model to the individual scantling of each
component of the trirnaran would be prohibitive for an initial investigation of the previous design - |
space performed in 4.1.1.7. Therefore, one MAESTRO mode] was made to test the validity of
the prediction of the anal)?tical model presented in section 4.1. The particulars of the niodel in

MAESTRO were obtained from [19] and are shown below in Table 12.

Table 12 — Particular Dlmensmns of Real Shlp Model Used

parameter meters
Ly, 106
Bm 9
Tm 5.2
Dy, 11.9
L, 35
B, 1.8
T 1
Xs -35.5 from

amidships

Y, 9
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Using the relations in the analytical theszs model deveiapeé in sec:%;{)n 4. i the éesxgn

loadings for longitudinal crestmgftfeughmg, iengtuéma% thstmg, ané transverse

hogging/sagging from sections 3.1.2, 3. i 3 aﬁd 3.1 4, were feund The resu}ts of these desxgn |

values are shown be%aw in Table 13.

'fabie 13 — Analytical Model Predictions for Cémparise:} to MAESTRO

~LoadCase =~ | Force/Moment | Susceptible
- R Waveiength(m)
Longitudinal Troughing | -549x10°N [ 765
Longitudinal Cresting | 5.72x 10°N - 76.5
Positive Longitudinal Twist | 9.12 x 10° Nm 56.2
| Negative Longitudinal Twist | -1.16 X 10'Nm | 999
Transverse Sagging | 1.09x10°N | 250
~ Transverse Ht}ggmg -522x 105N 4 0 '

A representatwe MAESTRO modeI frem {19} usmg the parameters af Table i2 was
simulated using the MAESTR(} program. This madei is shown below in Fzgure 16 thr{mgh

- Figure 18. The input ﬁle of the MAESTRO medel is apprax;mately 6(} pages of text fﬂes and o |

hence has not been mciadeé as an ap;aendlx to thzs werk

Figure 16 — Starboard Bow Perspeétive ofa MAESTRO Trﬁnaran‘ﬂéif Model
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Figure 18 — Port Bow Perspective of a MAESTRO Trimaran Half Model
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422 Statistically Significant Waves fér the MAESTRO Modei -

As menneﬁed previously i in section 4 I 1 6a relxabzhty index cf 5 was used in i:he :
calculation of the éeszgn forces that a tnmaran s cress stmcture shouid be able te wzthstand

. under the various loading cases defined in secticns 3.12,3.1. 3 and 3 1 4. The use of the

- reliability index impixes that the sinp s Response Amg}hmde Operatcr (RAO) toa given sea state R -

is known so that the forces produced by a gart;tcuiar sea state on the trimaran structure m

particular failure m(}des can be ca%cuiated Aitematzveiy, asin the case of the anaiyﬁcai medei in o

section 4.1, the forces produced ceuid be caicu%ated d:rectiy to response of the fﬁﬁy statzstzcai
sea state input without specxﬁcaﬁy imowmg the RA(} However t{) aéequate}y com§are the
design fafces preiiictefi by the anaiytacai meéei te the fmite elemen{ mode} in MAESTR{} the

RAO of the MAESTRO model wauid have to be kncwn er appremmateci Hawever caica}atmg R

the RAO of a new sI“n;J such as the i‘nmaran would reqmre a fuiiy éynatmc ana}yszs mchz{img
hy{ireéynamm effects which is the chfﬁcuit and largely unknown task in the ﬁrst place

~ This uni(ﬁewn RAO for the trzmafan Ieads to the questien ef which wave hezght -
corresponds to greducmg a force that has a rehabzhty mdex of 5, giving a deszgn force of 5
standard deviations over the mean force for the fully siai:stzcai sea states descnheé in ’}‘ab}e ?
and Table 8. 'Wheﬁ déa}ing with ship réspénse to Wavés often mstion RAO’S are tmitjf xn the
low freqnency limit [15], which is exactiy the static baiance ;_)effarme& by MSTRO

Therefore, the assumpﬁan was made that asmg wave he;ghts that were five stanfiard devxatzons

above the mean wave hex ght for each Wave iengﬁ} would preduce a , force respanse in the vamms

Joad cases described in sections 3.1,2, 3.1.3, and 3.1.4 that are five standard dewaaez}s over the

mean.
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Using the data from Table 7 and Table 8, the wave height to produce a response
equivalent to the reliability index of 5 was calculated using the algorithm shown in Appendix C

with the results shown below in Table 14.

Table 14 — Equivalent Wave Height for Reliability Index of 5

Wave Period Wave Length | Mean + 5SD Wave
(sec) (m) Height (m)
3 14.05 1.81

4 24.97 2.71
5 39.02 3.48
6 56.19 4.24
7 76.48 5.07
8 99.89 5.98
9 126.42 7.00 -
10 - 156.08 8.10
11 - 188.85 9.26
12 224.75 10.40
13 263.77 11.45
14 305.91 12.32
15 351.17 . 12.85
16 ~ 399.56 12.97
17 451.06 12.30
18 505.69 11.10
19 563.44 9.91
21 ~ 688.30 8.13
22 755.42 7.08
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The values in Table 14 are also pietteci in Figm'e 19. The shaye and magmtude in Figare -

19 raugiﬁy carrespand to the wave coefficient vahzes in the ruie based fommias for Iongltudma}

bending in references [3] and [4]. The fact that F1gure 19is se snmiar ta current rule based

classification societies wave coefﬁc;ents m}phes that the szm;;hfication of appiymg a wave wzth |

a wave height that i zs 5 standard éevzatxens over the mean fora given waveiength is mest i:tkeiy a

valid szmphficatien and concurs with cnrrent ciassxficatzan semety prac%zces R

Mean -}- 5SD Wave Height (m) o

14.00

12.00

10.00

8.00

6.00

Wave Height (m)

4.00

2.00

0.00 * I' l:"‘l = ‘ 1“,‘ ‘! i ’ —

000 10000 20000 30000 40000 50000 60000 70000 80000

Wa\feteagth {m}

F:gure 19 - Relsabxhty Iﬁdex Wave He;ghts of 5 verses Waveiength ‘

Using the wave height and Iengtiz data frem Table 14 m csn}unctlen wzth the iaafi cases

defined above in sections 3.1.2, 3. 1 3, and 3.1.4, the MAESTRO program was nsed to cemi}are ‘ '

how well the pxedlcted values of farces from the anaiytxcal medel match £he wave baianced
forces of the MAESTRO model. ' "
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4.2.3 MAESTRO Structural Failure Modes

The specific failure modes analyzed by MAESTRO from reference [20] are shown below
in Table 15 through Table 17. These failure modes are specific to frame stiffened structures such

as ships. The theoretical background behind these failure modes is detailed in [13].

Table 15 - Panel Failure Modes

PCSF Panel Collapse, Stiffener Failure

PCCB Panel Collapse, Combined Buckling

PCMY Panel Collapse, Membrane Yield

PCSB Panel Collapse, Stiffener Flexural/Torsional Buckling
PYTF - | Panel Yield, Tension in Flange

PYTP : Panel Yield, Tension in Plate

PYCF . Panel Yield, Compression in Flange

PYCP Panel Yield, Compression in Plate

PSPB (2 modes) | Panel Serviceability, Plate Bending

PFLB Panel Failure Local Buckling

'Table 16 — Frame Failure Modes

FCPH (3 modes) | Frame Collapse, Plastic Hinge
FYCF (3 modes) | Frame Yield, Compression in Flange
FYTF (3 modes) | Frame Yield, Tension in Flange
FYCP (3 modes) | Frame Yield, Compression in Plate
FYTP (3 modes) | Frame Yield, Tension in Plate

Table 17 — Girder Failure Modes

GCT ‘ Girder Collapse, Tripping

GCCF Girder Collapse, Compression in Flange
GCCP Girder Collapse, Compression in Plate
GYCF Girder Yield, Compression in Flange
GYCP Girder Yield, Compression in Plate
GYTF Girder Yield, Tension in Flange

GYTP Girder Yield, Tension in Plate

MAESTRO measures the structural adequacy of each limiting failure mode using an
adequacy parameter g(R) shown in (12).

1-yR
1+yR

g(R) =
(12)
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Instead of using partial safety factors (y) of 1.25 and 1.5 for the ser\?iéeabifity ar:x&\
collapse falim*e modes respectively, whzch are ccnmstent with Sh1§3 struciurai des;gn practlce

partial safety facters ef 1 were useci Usmg safety factars of one is knewn as MAESTR{}’

Farensxt: Meée ﬁsmg MAESTRO inits Farensm Mode allowed the anaiytxca} ané MAESTR{} o e

results to be cemgared on an ﬁquai basis. Where R i is the strength ratm éefineé as. the fractzez} of -
loading compared to the: ieadmg im}it as shewn in ( 13) ‘ .

;R=-k-Q—-

QL

For each failure mode to be sat;sﬁed in each iaadmg candztxen the adequacy parameter

must be above 0 to he abave the faziuze criteria far that g;ven faﬁare mode :

a8

(13); e



4.24 MAESTRO Model Organization

The organizational tree structure of a general MAESTRO Model is shown below in
Figure 20.

l Model Level '

-/ Substructure
Sub 2 Level
Superstructure || J
— -
Mod1 | Module Level
CargoTk 1

pa 4
Compound/ Non-Uniform I Strake Level ' '
Strake { Components

Additional
£ Nodes

Elements
Rod, Beam, Tri, Quad

. Additional
% Tlements

Element Level

Figure 20 — Organizational Structure of a General MAESTRO Model [20]

The overall MAESTRO model is broken up in to substructures, modules, strakes, and
elements. The specific failure modes mentioned above in Table 15 through Table 17 are
analyzed at the strake level. A strake consists of plates, stiffeners, frames, and possibly girders,
in which the stiffeners, frames, and girders are often T-shapes for ship structures. This strake
evaluation of the failure modes is what makes MAESTRO a macro-finite element program.

For the specific model shown in Figure 16 through Figure 18, the cross-deck structure

between the main and side hulls has two substructures and five modules. While the entire
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trimaran ship was modeled in eight substructures and several modules, only the substructure and |

module organization for the cross deck structure is shown below in Figure 21 and ’Figuréfzzk |

Cross Deck

| Substructure1 | = - : - | Substructure 2 R
Module1 | |Module2 | |Modulel | [Module2 | | Module3

7Strakes | | 7 Strakes 5 Strakes | 7Strakes | | 7 Strakes

.

Figure 21 - Organizéﬁen Zf’or the Specific MAESTRO Mé&gi Analyzeﬁ e

- Substructure 1

fModuiez B Sﬁﬁsmcturéi , ;
o Module 1 ‘Substructure 2
T Maéuie&

| 7~ Substructure 2
" Module 2

- S&bs&uctme 2
- Module I

e -

- - . . . e . - A i
-, . . - . . g N
[// | — ~. S
-, . . . ., - ., . :
. ... - ., i g
C e g L -, . T .
: o, . . o o S

.

e
-,
s

Figure 22 - MAESTRO Model Organizatieh of Trimaran Croess-Deck Stf&cturé
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4.2.5 MAESTRO Verification of Analytical Trimaran Model Predicted Forces

Once the analytical force predictions from Table 13 and the wave heights corresponding
to 5 standard deviations above the mean from Table 14 at the applicable susceptible wavelengths
- were obtained, a basis for comparing and testing the analytical model’s results to that obtained

by MAESTRO in a full quasi-static linear theory wave balance was established. This |
comparison was accomplished by applying the analytical model’s predicted forces ffom Table 13
as point forces in the finite element model to the stillwater MAESTRO model of the trimaran
shdwn in Figure 16 through Figure 18, and then meaéuring as an output the failure modes shown
in Table 15 through Table 17. Next, the MAESTRO output using the full quasi-static linear
theory wave balance function pfovided by the MAESTRO program was analyzed. While the full
output files from MAESTRO are over 1800 -pages, excerpts from these output files are provided
-in Appendix E through Appendix J. Appendix E through Appendix J show the adequacy
parameters calculated for both the analytical force predictions and the full MAESTRO quasi-
static linear theory wave balance of the specific strakes from Figure 21 for each possible failure
mode from Table 15 fhrough Table 17 of the cross deck structure for the trimaran model . The
discussion of the comparison of the analytical model to the MAESTRO Modei results is included

- in section 5.2.
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Chapter 5 Results

5.1 Sta%isticai Analysis of Analytit:al Trimaran‘Model Using IMP ﬁ o

The tabular results of the anaiytzcai box shaped trimaran mede} for various main huii o
lengths, side hull lengths, side hull transverse spacing, and side huﬁ iengltuéma} piacement frem  ‘ - B
“section 4.1.1.7 are shawn in Appendix B. To deterrmne the reiatmns between the various = | N
charactenstzcs of tnmarans and the forces and mamen%:s genera{ed 011 a tnmaran s cross B ' o
structﬁre the statisticai discovery pregfam EMP developed by the SAS mstitm:e was used IMP :
~ can be used for virtually any type ef statistical ana%yszs Hewever, in the case of the ana}yt;cai o
trimaran model, JMP was used to ﬁt the force and moment data prociuceé to three méepenéent ; S
variables in iengths and spacmg toa ferth order goiynamlai mciadmg aIE the apphcab§e Cross
terms between the mciependent vanab}es 3 ; i ,’ o ,

For each load case the order of pelyﬁomzai used to fit the gredzcted data was mcreaseé o
until the R—squared ﬁt garameter and the predicted versus actual parameters were aéequate to ;
accurateiy predict the data in OAppez}chx B. The entire fem‘th erder fit equatzens and the curve S
fitting statistics are shown in {)Appendlx D. The mteractzon prcﬁies between the mésgenéent -
variables for each case of iengimaiﬁa; ci‘estingf%reughing, longitudinal side hull mgggg, and
transverse saggmgfheggmg are ShOWI} in the feﬂowmg sec{mns The mteracticn piois s%mw the
interaction of the mdependent varzab}es betweezz each other an»:i thezr csntn‘gutzen to the overall L
 forces. For each polynomial fit ebtame{i an accampanymg equatzeﬁ is stated te hefp predmt what ', ; B

ferces an eariy stage structural desi gner can aiiet to the crass—stmcmre
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5.1.1 Analytical Model Results for Longitudinal Side Hull Troughing

Figure 23 shows the side hull troughing forces as functions of the three independent
variables of main hull length, side hull length as a fraction of main hull length, and side hull

longitudinal placement for amidships as a fraction of main hull length.

.
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Figure 23 — Longitudinal Wave Side Hull Troughing Independant Variable Interaction '

The interaction plot shows that as main hull length increases the vertical forces produced
due to side hull troughing increase. This result is not surprising in view of the rising wave height
versus wavelength characteristic of the statistical sea states described in Table 7 and Table 8,
since as wave length of the encountered waves increases the statistically possii)le wave heights
increase. _

An interesting result from the bottom row of the interaction plot is that as the longitudinal
location of the side hulls is moved aﬁ, the trimaran’s cross structure is not as susceptible to side

hull troughing as when the side hull is placed in the longitudinally symmetric amidships position.
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Another result from the middle row of Figure 23 is that vertical ferces due to iangltudmai

troughing are only mildly sensitive to chan ges m the iength c}f the szde huﬂ but lessen as the

length of the side hull increases. Fmaiiy, the mteracﬁan beiweeﬁ vanab}es can be studied as

well. For exam;}ie having a smaﬁer side huﬁ iength preduces hzgher vemca} forces whe:n the

" side hulls are placed f&ﬁher aft than when the same side hull i 1s piaced amitishlps | ;
One final result from the sade hull troughing datais. the fit eqaatlen pmvzéeé in (ié}

This equation gives the downward force asa functt{m of three méepenéent variabies For cianty

- the equation (14) is ez}Ey shewa to secené eréer with the fuif feur{h order eq&a&e& mc}ucieé in

AppendixD. , , -
FB‘G&gh = 3211000+ {ISiGLm-I- 2225@09? - 29029009? - E?S_Q(Lm - 13(})
+76210 —— —0.375 ’(Lm - ESG) - 136600 — + 0.3125 '(Lm - ;gg)
o Lm o v ‘ ,~Lm S Nm e
—1842{} _—— 3 3’?5 — + {} 3125 24’?500(} _— -!- f} 3i25

-i-thlré eréer terms -i- faurth ercier terms
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5.1.2 Analytical Model Results for Longitudinal Side Hull Cresting

The interaction profiles for the upward vertical forces produced during side hull cresting

.are shown below in Figure 24.

[interaction Profiles
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Figure 24 — Longitudinal Wave Side Hull Cresting Independant Variable Interaction

The interaction plots for side hull cresting is analogous to that of side hull troughing, and
the relationships between the independent variables are essentially the same as that of side hull

troughing.
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The fit equation for the upward force on the side hull cross stmcture is partiaiiy shewn in

equation (15) with the full equation shawn m Appenchx D.

L. X

‘ S , s PR 2
F rest = ~2703000+ 58%90Lm+ —-3(&690()—{:— + 9(}39{}(}5}? + 269{30(Lm - iS{))

+-50870| — —0.375|-(L , - 180) + 118600| — + 0.3125|-(L., — 180) ...
| Lm | | \Lp ) 7

{ Lg N Xs
+19850000f — - 0.375|-| — + 0.3125] ...
,« ‘ Lm Em -

-E-ﬂ}iré_crder_ter'ms + fourth_order_terms
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5.1.3 Analytical Model Results for Longitudinal Positive Phase Twisting

The polynomial equation fit results for the positive phase twisting of the cross structure in

longitudinal waves is shown below in the interaction plot of Figure 25.
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Figure 25 - Lbngitudinal Wave Side Hull Positive Twisting Independant Variable Interaction

L

Like the interaction plots for longitudinal cresting and troughing, the moments produced
in positive phase twisting increases markédly as main hull length increases as s expected from
the wavelengths of the susceptible sea states. From the bottom row of Figure 25 it is observed
that the longitudinal placement of the side hulls has virtually no effect on the positive phase
twisting moments. However, from the second row of the interaction plot, it can be seen that as
the length of the side hull increases the twisting moment increases drastically. This result is not
unreasonable since the length of the side hull increases the length of the moment arm for positive

phase twisting.
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The partial fit equation shown for positive phase twisting is shown equation (16) with the PR

full equation shown in Appendix D.

L, X,

+10620000| — ~ 0.375|-(L , ~ 180) + ~178900| — + 0.3125|-(L ; ~ 180) ...

(Ly k Xsk' A
+ 412500000 — - 0.375)-| — + 0.3125| ...
‘ \Lm J{Em )

+ third_order_terms + fourth_order_terms L :
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5.14  Analytical Model Results for Longitudinal Negative Twisting

The polynomial equation fit results for the negative phase twisting of the cross structure

in longitudinal waves is shown below in the interaction plot of Figure 26.
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Figufe 26 — Longitudinal Wave Side Hull Negative.Twisting Independant Variable Interaction

The results for negative phase twisting are analogous to positive phase twisting

maintaining similar trends between the independent variables.
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The partial fit equation shown for posﬁive phase thstmg is shawn equatxen (i’}"} wzth the N

full equation shown in Appendix D.

M g = 470200000+ ~1843000L ; + ~549900000— + 52640006—> + ~15260(L 1, — 180)” ...
g m- ‘ L ‘ m =
. LS :\ o XS“ L ) R
+-10820000| — - 0375|-(L 1, -—}80) + 741500] — + 0.3125 -(Lm— 180) ...
L N (X 2
+842000000{ — — 0.375]-| — + 0.3125} + -43010900 =5 v oa12s| ..
L, J\Lm |

+ third arder terms + faurth erdez' terms
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5.1.5 Analytical Model Results for Transverse Sagging

The results for transverse sagging are shown for the interaction plot below in Figure 27.
For clarity the values in Appendix D were converted to utilize transverse dimensions stated in
main and side hull beams from the fixed relations in Table 11. The interaction plots indicate
that, as suspected, the upward forces on the cross structure due to a transverse sagging condition
increases as the outer hull spacing increases. Another result from the interaction profile is that as
the side hulls beam widens then forces on the cross structure lessens. Finally, as experienced in

the previous loading cases as the size of the overall ship increases the forces experienced

increase due to the statistical nature of the sea states.’

o
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Figure 27 — Transverse Sagging Wave Side Hull Independant Variable Interaction

wg’

sg owlg

SA oeld




The partial fit equatien shown for transverse sagging is shown equatieﬁ (18) with the full
equation shown in Appendix D. |

- By Y,

Fr sa ?051&&0+ 9511008 1, + —z??3eeee——- + 304500e— + sssoe( —'12,85)2
g B T
: m m, B :
B, e B . B 2
+-3537000 — - 0.2357|-(B ,, - 12.86) + 60540000{ — — 0.2357 |
, Y, S B, (Y, Y
+592100(B ;, - 12.86)| — — 1.25 + —10590000] — - 0.2357|-| — - 1.25| .
, B, . B,  J|By

+ third_order _terms + fearth__erder_tegns

(18)
516 Ana%yﬁca} Model Results fer Transverse Heggmg

A gelynemzeﬁ fit equatxen fer the éewnward forces preﬁueeé duﬁng transverse hogging
was unable to be fitted to the data i in Appendlx B even using forth order terms. This s;t&atien
arises from the fact that there is a é}seentmmty in the dewnwar{i force appized in a transverse :
hogging cendltxen When the transverse wave he1gh‘£ is small eneugh that the euter h{ﬁis do net B
leave the water the iess of buoyancy due to wave helght is linear. Hewever when the wave :

helght becemes large enough, the szde hulls leave the water and the iess of bueyancy after that

point regardless of the wave height remams constant. Hence a geed fit for an everaH dewnwarfi o

feree due to tfansverse heggmg over a iarge range of values was net ab}e te be found.

Aitematwe%y, the structural ciesxgaer ofa inmaran should deszgn te the standard of the szde heiis R

completely breachmg the water as is éisezzsseé in references {5} threugh {I{}}
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5.2 Comparison and Discussion of Analytical and MAESTRO Results

An example of the results of the MAESTRO structural analyses of the analytical force
predictions compared to the full quasi-static linear wave theory balance analysis from 4.2.5 is
shown below in Table 18 and Table 19 with the full results for all load cases and modules

included in Appendix E through Appendix J.

Table 18 - Adequacy Parameters with analytically Predicted Forces (Longitudinal Troughing)
INITIAL PANEL ADEQUACY PARAMETER VALUES - MODULE 1 OF SUBSTR. 1

+- - -
STRAKE | PCSF | PccB | PcMy | PCSB | PYTF | PYTP .| PYCF | PYCP | PSPBT | PSPBL | PFLB

1 0.826 0.938 0.927 0.933 1.000 1.000 0.965 0.965 | 1.000 1.000 0.807
2 0.883 0.978 0.939 0.913 1.000 |. 1.000 0.945 0.945 1.000 1.000 0
3 0.971 | 0.996 0.986 0.985 1.000 1.000 0.990 0.990 1.000 1.000 0
4 0.939 0.990 0.955 0.991 0.998 0.998 0.995 0.995 1.000 1.000 0
5 0.979 1.000 0.983 1.000 1.000 1.000 1.000 | 1.000 1.000 1.000 0.979
6 0.957 0.988 0.976 0.994 1.000 1.000 0.996 0.996 1.000 1.000 0
7 0

0.913 0.990 0.940 1.000 1.000 1.000 1.000 1.000 1.000 1.000 |

Table 19 - Adéquacy Parameters with MAESTRO Wave Balance (Longitudinal Troughihg)
INITIAL PANEL ADEQUACY PARAMETER VALUES - MODULE 1 OF SUBSTR. 1

fm e e e ——m e, —————

STRAKE | PCSF | pccs | pcmy | PCsB | PYTF | PYTP | PYCF | pyce | PSPBT | PSPBL | PFLB

0.848 0.943 0.937 0.939 1?000 1.000 | 0.969 0.969 1.000 1.000 0.831
0.944 0.918 1.000 1.000 0.948 | 07948’ 1.000 1.000 0.897
0.988 0.986 1.000 1.000 0.991 / 0.991 1.000 1.000 0.940
0.964 0.991 1.000 1.000 0.995 0.995 1.000 i.OOO 0.944
0.977 1.000 0.983 1.000 1.000 1.000 1.000 1.006 1.000 1.000 0.977
0.983 0.995 1.000 1.000 0.997 0.997 1.000 1.000 0.923
0

Appendix E through Appendix J show the adequacy parameters for the panel and frame
failure modes for each strake in the cross-deck structure from Figure 21. From the way that the
adequacy parameter is defined, a lower adequacy parameter means that the evaluated strake is

closer to failure for the analyzed failure mode.

Since a lower adequacy parameter means closer to failure, for the analytical model to be a

conservative estimate of the cross-deck structural loading of the trimaran, every adequacy
parameter for the analytical model must be less than the corresponding MAESTRO model
adequacy parameter. While the adequacy parameters in Appendix E through Appendix J do
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compare to a first erder the anaIytzca% modei IS ot canmstentiy the censervat;ve estimate for
every failure mode for every strake of the cress—éeck stracture ' o

The fact that the analytical medei does not ccnservat;ve}y preéict the faﬁm‘e adequacy
parameters is not surprising. Many 51mphﬁcat10ns to the ana}ytzcai mectei were made in orderto
make it possible to investigate the basn: nature of gk)bai loading of the cross-deck stracturaE
forces experienced by trimarans overa iarge range of huH sizes and hull spacmg cenﬁ gurations.
The simplification most affectmg the perfannance of the anaiyticai medei cempareé to the fully
wave balanced MAESTRO model was the assumptzen that the hu}is were rigzd and ngtdiy
connected. The hull éeﬂectzcns in the reahst;c fully wave balanceé made}s were ﬁlﬁ przmary

source of the difference between the two mcdeis

While it is unfortunate that the ana!y’acai model is not a tmiy censervatwe estimate of the’ o o

cross-deck stmctnraE ioadmg of trimarans for every k}achng case ané faﬁure made the resuits of .

the two methoés did compare to a ﬁrst order of magnitude with each etherf Smce the analytical

model can predict forces to a first order of magnitude, it can be a useful tool for earlystage

design ﬁstzmates of tnmaran cross deck sﬁ'ﬁcturat ioadmg as functzens of the basm hull

parameters and d;mensxens restated agam in Tahle 2{} and Tab}e 21

Tabie 206 - Stmctufai Laadxag fre;n Sectlans 3.3 2, 3 I 3, aﬁd 3. i r:i

FB, the vertical force on Cross-structure in ongitudinal waves {traugbmg and crestmg)
MB,, | the moment on cross-structure in longitudinal waves (longitudinal twisting)
FB, the vertical force in transverse waves (transverse heggiagfsaggiﬁg}

‘ stle 21 Relevant Tmnaran Parameters Affectxag Bes:gn Laaé:ng f

B, the main hull’s beam

Lo the main hull’s length

Ta the main hull’s draft

F, the main hull’s freeboard (also side hull freebeafé)

B, | theside hull’s beam .

L the side hull’s length

T, | theside hull’s draft ;

X the longitudinal position of the s:de hull wrt main huil 3midsh§ps
1Y the trangverse position of the side hull wrt main hull centerline

Since the goal ef this work was to provzde the tnmaran desi gner wzth a Way to estlmate

the cress—deck structuraj loading, this work is censzdered a quahﬁeé success




Chapter 6 Conclusions

This main product of this work was the curve fits in Appendix D that predict trimaran
cross-deck structure loading in applicable load cases of longitudinal troughing/cresting, |
longitudinal positive/negative twisting, and transverse hogging/sagging. These fitted curve of
design loadings allows an initial design stage loading estimate for cross deck structural loading
given general characteristics of length and spacing of a trimaran’s hulls. The actual equations
derived from the énalytical model are useful for first approximations of loading to the cross-deck
structure of a trimaran but are not necessarily always conservative. Flexuré of the main hull of
the trimaran is the main cause of the analytical model’s un-conservative structural loading
predictions. | |

A concurfent resiﬂt of the foufth order polynomial fitted equations were the interaction '
profile plots shown in Figure 23 through Figure 27. The interaction profile plots show how the
main design variables of the trimaran interact with each other to affect the ci‘oss-deck global
structural loading. These plots are a useful visual qualitative tool to determine which trimaran
configurations experience less cross-deck structural loading.

' The fourth order polynomial curve fitted equations and the interaction profile plots
combined with other characteristics of good trimaran design including stability, roll, and
resistance characteristics will aid the tn'mafan ship designer in optimizing an overall trimaran

ship design.”
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Chapter 7 Recommendations fer Fatﬁre Work

The first and prebabiy most 1mp0rta§t area to continue further werk in the area of

trimaran cross-deck structural desxgn W{}u}d be to have an anaéytzcai modei that accounted for k

forward s;;eed effects of the ship moving through the water. While this i ‘IS ot extremeiy
complicated to perferm it was not included in tﬁis work simply bécéasjé MAESTRO dées not
have the capability verify the resnits and the entire goal of this wark was te éenve an anaiyncai |
model for cross-deck structurai 1oa€img that couié be cempared thh a more ngereus anaiyszs o
such as finite element anaiyszs , ‘ L |
An 1mpravement to the analytical model in this work would be te account fer szde hull -
flare, slamming of waves into the cross deck stmcttzre and mcxdent waves enceuntere& at .
oblique angles. Accounting for ﬁare in the side hulls would be beneﬁczai becanse both {1} and

[19] reference the need to have szée huﬂ flare for stabﬁzty and sea-keepmg reasens Usmg

triangular side huﬁs instead of box barge side hulls would be a reiaﬁve}y szmpie carrectmn tothe

analytical meéei and could be done to make side hull ﬁare angie an a&éztmnai parameter that
could be varied whﬂe caicuiatmg design forces. Wave siammmg of crass—deck struct&res and

obliquely angled Waves encem}ters on the other hand is more cemphcated and W{}uié reqmre - |
extensive merizficatmns to the current anaiytica} model '

Finally, generai recammenda%;tms for study in the area cf tnmaran stmctural demgn in

general would be to determine the cEynamzc wh;gpmg res;;onse of the reiaﬁvely ieng and slender : R

~hulls that are charac{enstlc of ’mmarans An accempany}ng topic to the whippmg respsnse of
slender hulls would be an mvesﬂganon mt{} active structural control te mcluée the cost ané VV

p{}wer reqmremenis for very high speed apgiicatxons
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Appendix A. MathCAD Analytical Model

All the equations and formula required to compIete the analyﬁcal model of the “box” trimaran
are included in this Appendix. The essential explanations of the working of the analytical model
are included in section 4.1.1. Where appropriate, each applicable section refers to the main

text’s explanation.

Explained in section 4.1.1.1

* orig 3 3 AT 75 S A ] T N D i W A AT
3 5 -] 7 8 9 1" 12 14 15 16 17 18 19 21
5910 ~414.03-10 -3 [1.06-10 -2 [1.57-10 -2 {4.63-10 -2[1.36-10 -2 [9.82.10 -3{6.43-10 -3{3.95-10 -3[2.32:10 -3|1.32:10 -3] 7.4-10 -4] 4.4-10 4| 2210 4} 1210 -4 7105 410-5 2105
15 910 -5[2.12.10 -3[1.23-10 2[3.22.10 -25.91-10 -2 [5.81-10 -2 [5.28-10 2| 4.1-10 -2{2.85-10 -21.82-10 -2 1.1-10 -2]6.34-10 -3[3.55-10 3[1.94-10 -3 [1.05-10 -3| 56-10 -4 31041 1810 4
25 0 810 -5[1.46:10 3[8.31:10 -3[2.25-10 2| 3.9-10 -2]4.71-10 -2]4.46-10 23,5310 -2 [2.45-10 2 [1.54-10 -2[9.01-10 -3{4.97-10 3/2.83-10 -3[1.35:10 3| 6.7.10-4| 3310 4| 1610 4
35 0 1] 610 -5} 8510 44.81-10 -3[1.37-10 -2 [2.41.10 -2{2.96:10 -2{ 2.8-10 -2]2.16-10 -21.44-10 -2{8.49-10 -3 {4.58-10 -3[2.31-10 -3| 1.1-10 -3 510 -4| 2210 4] 10105
45 0 1] 4] 410 5| 5.7-10 -43.15-10 -3 [8.98-10 -3{1.56-10 -2[1.88-10 -2{ 1.7-10 -2|1.23-10 -2]7.48-10 -3(3.98-10 -3{1.91-10 3| 8410 4| 3510 4] 1.3104 5105
55 3 o 0 0 310 -5| 3910 -4[2.07-10 -3[5.71-10 -3] 9,5-10 -3]1.07-10 2[8.85-10 -3|5.75-10 -3{3.09-10 -3{1.4210 -3| 5810 -3 2.1-10 4 7105} 2105
6.5 1] ] /] 1] [ 210 -5] 2710 -4[1.36-10 -3{3.47.10 -3{5.28-10 -3|5.33.10 -3[3.87-10 -3[2.17-10 -3] 9.8110 -4 3.7-10 4| 1.2-10 -¢ 4105} 10108
75 0 o 0 V] [ 1] 210 -5 210 4] 8.8-10 -4{1.97-10 -3[2.61-10 3]2.26-10 -3|1.38-10 -3| 6.4-10 4] 2310 4 710-8] 2105 o
85 0 [+] ] D] o 1] 0 2105 1.510 4] 5410 -4[1.01-10 3|1.11-10 -3} 7.8-10 4] 3.990 4| 1.490 4 4105 10108 o
95 o o 0 [ ] 1] 0 o] 210-5{ t.110-4 310-4] 4510 4] 3.910-4| 2210 -4 8105 210-5] 10108 o
105 o ] [ o o Ly 0 o 0 210 -5 710 -5] 1.510 4] 1.6-10 -4} 1.1-10 4 510-5] 10108 0 [+]
1us o V] 0 0 ] [ 0 o of{ 10108 410-5] 6105} 5105 210-5] 10106 0 ]
125 o '] ) 0 o 1] o ] [} 1] o| 10t0-¢ 210-5] 210-5] 10106 V] 0 )
135 0 0 0 [v] o [+] o o 0 [ 0 0 o] 10106 ¢ [1] ) /]
145 ] o "] 0 [ ] 0 0 0 o ) o 0 o [} 1] [}] o
Explained in section 4.1.1.2
B:= (rows(ss ong) 1) D= (cols(ss ong) 1)
t:=1.2B| ' r:=1.D
T, = submatrix{ss (ig,0,0,0,19)"-sec By, =(t=5m

2r

g 2
= (M) o s
2 (This equation explained in Section 4.1.1.3)

2

-9
H
H,t) =4 ——-¢
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$8 = |new, o «—0
g 4 - B . i
for ge 1..D A ' ( A - ®
for pe1.B
if ss . #0
orig :
»q .
for ne l..2p
+.5m ®
n ) ) o o : . o
tmp <« 5§ .- . H,p)dH ~ : : ; s Lo -
p orig P ray(H.P) . . , s :
] h S5m o B ) . . o .
n
new_ ¢ new 4+ tmp
n,q n,q
new
] e e N i 5 .1 ) B K i € 4 ol e
o & & Ei & o 2 L o o & & 8 2 E:d CL B o & o 5] o
3 Gle43104] SR T S IAaTH I 2 ISAS IO B 0RO S AL B4 0210 R IR72 102125810 21830 2 (GSO IO SIS M0 SR VIO T LA 0 F VA0 4] B8O H] 18I0 HLI50E
2 G]54810 S84 10 45350 I LA IB R [ B1510 2] 450 R ST RSO0 A0 2P0 B2 120 2 280 2120840 3] BB IS BN 10 SR ES W R AR ¥ 1 As 104
2 25410 77510 Fl88S 10 F0 0D 8.@-10‘31?&?0‘2 LI R{ZR R 2451 R 200 W2 50 2 B0 I0 S 0810 FI 4B ID R M AR T AR O S EOT IO A 830 B I BR4I0 F
3? GIS0110 147210 S|258 10 5 158010 4 | 2OS 10 FABSIC SIB4T 10 S50 21 1.8 10 2 LT 0 R [ A0S0 S S7G 10 SR 0 S 15610 F 8T 104 sr 41054 3.@-135!25?10'5
\3, o SIASTI THAS IS S 185710 S 4TS 10 #1410 3130810 5 B2610 3183010 F 52310335510 ZI0-3] SEI02308 104 14RO 452 B LTI R] 1S -
B\' o O] 2S00 S0 5] LI E iﬂ-m4i S0P B 280 B IASIG FI s D I 21510 B3 12310 SET O 2R G S BB I0 SR S 7AW BB TID B
’f L <] DHLAB IO TIZpn S ZERI0 S0 4] SRS BT 04 L0 B 1 BD S48 31 2310 3170510 4 ST IO H L300 4 15T S 14810 S 318105 !433-15‘;3
i E:1 k1 GBI BISISI0 T ST CIR0 5110810 %] 3310 B 1104 BL104 278104 707041430104 21810 4| 80810 B 255105 Tﬁ$03¥1.3}1345 451157
£ ¢ o o CISES O A IO R IEST 0 S 141810 S 1200 4 I EAS O S AT 10 £ 483 (04 1308 10 4 2580 4] 1210440010 S 14510 S 2B 10 B ISP T L1420 T
§1_8 o & E SILE1 8 28310 FI24T G Bl L0 S 1HED 4118510 4] ZAIO 220 4] 1S IOHIFAID SIS ID-S 88106230100 2T 42302
11 o E:d o & HIS0310 B ISOL IO TISE00E A7 EIa 0t S 1010 4 100104 88510 5 148010 5 17810 S 145610 S L2810 ST 5s 0 R Lot B
12 o o & & GIFEEID S ITAE 0TI 12810 8 f ARSI RS 85710540510 5] 2810-5[ 10610 5] 25105 {605 0 T I 280108 2A2 0 F
13 £ ] o 1] o ol15210 512 7810-T] L0200 ?AS»!O"I!.H(‘IQ'! B4810-FIZ7510 5116010 F 2P 118210 BR80T TS o
8 =44 & o g L k] SlEB41D S i957 108 73T 312*?3:;&4443* 143G S E70 3 SERIG-SI3TRIOE IS8 THIES O TR o ¥
55 & & & & k] a L1203 LYID T 1009051 54010 S 188 B o TT IO S iERI O RIS IO ztne'ﬂﬁxnovr 28108 o 3
3 O o o ¢ & L] DI 10-F 8750 S 40610 T 1P 0 F A0 6 150010 0] 48 B 3T IO B 1280 B a2e 0T 400102 E: LB
17| Lo o o & & 2 2 & 1B IR TISERIO T 14310 S 24710 SIS0 S 1 W R T I T I B T2 0% o 2 ¢ H
Eis L o o <] L & 1+ Sl4 110 F 481D B 2RO FIFOIDT] 13108] 1A S LIS TN T] L110E o o
$i L) o & ] 1] o [ o9 iSO BRI TANO B EERI0 TS50 T IS 08I0 T IR IBIG T 20010 T IS4 102 40810 5 & E:]
2 R o o £ L] & & ] 13880 R 35010240 TR0 TIAS IO T8 T L2010 T j SO0 R I 1100 o &
Ezi & & o o e 2 o L] o SIFATH RS0 12N T TG THEMID -7 84710 ¥ 140108 2 o o
z o & & & & k] & & & B ET AL F L LR R L TR L R R KR R LT AL R R T & & 2
= L o L L] <] L] & & o & [JEE SR Y-S5 R E R T PR L g PR TR L L AT & & o
& & o 2 o o o & k] o ST 0] 1290320890 2] 21108 SSW0-F LTI R 2 & &
2 & o L o -3 <] & o & 1+ k1 OI2SIG 5850 RI13I0 B 200108 o 2 <3 &
3 & e g o & o R o & & ] GITETO R I0B 771 F 181D % & o k3 [
pif & o o o & 4] E) o o B < o o & $]28510 % 9 L 4 o o
8 ko o 2 o L] o E: & o k1 o 2 oo ole5210 9 k] & o o o
28 & -] L] o g & o 1< o & o o g 4 5 & o 2 o o
pmax:= Jfor g€ 1..D , , , ; o ‘ o S A .
for pe 1.2B
tmpep ifss_ _#0 ‘ ‘ T L
R p.q : , I =
pmaxq <« tmp ‘ :
pmax | T S e

Explained in Section 4.1.1.3 | N : TN

‘ 0 f -~ pos_twist | - o
%0 B trough ‘
deg Plg= neg_twist
20/ o\ crest

h

4H w&v&_§g(x’§,f},§, X s) =
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'@

h

2

W
: e P oo 2y 0 hog
Hwave_tr(y7p’q’¢) = cos[l (y) q{| ¢tr=(180)deg ¢U'= ( )

Explained in Section 4.1.1.4

motion_Ig (p.q,0, X 5. X o, T oL goB g Foyy T By L) =]

sag

AT - 0m
O pitch ¢« 0
AP « l-m4
AVe 1o
count ¢« 0

while (]AVI >10 3'ms)v (IAPI >10" 3-m4)

Ly

2 ,
AVeB Fro if [Hyave 1g(%P.0,6: X ) - AT = (x- Kog)sin(® pien )] >Fpy  Jdxee
T, [H wave_lg (x,p,q,¢,Xs) - AT~ (x- xcf).sin(e phch)] <-Tp
[H wave_tg(%P:9,8: X ) = AT = (x= X (¢ sin(® ey )] otberwise

2 -

+2B Fro i [Hyave 1g(%Pra.0 X ) - AT = (x- K er}sin(® pigen )] > Fry |
“Tg if [Hyaye_g(xP:9,0,X ) - AT - (x- Kg)sin(® pyen)] < T
[H wave_tg (%7:,8: X ) ~ AT = (x = X (¢)-sin(© )] otherwise

AP By Fp if [H wave_lg (x,]S,q,¢,Xs) ~AT- ("‘ xcf)‘Sin(e piu:b)] >Fpy ~(x- xcf) d9x...

Ty if [H wave_lg ("’P'qf‘P’XS) -AT- (x- xcf)'sin(e Pimh)] < Ty
[H wave_lg (x,p,q,¢, xs) - AT - (x- X;f)-sin(e Pﬂch)} otberwise

. Frn i [Hyave 1g (P90 X) = AT - (x= X o) sin(0 i )] > Frn Jx- X of)
T if [Huave g (%P0,0: X ) = AT = (x= X gg) sin(® ey )] < =T
[H wave_lg (x,p,q,'b,x s) —AT - (x- ch).sin(e pit(:h) otherwise

AT « AT + tmpl
e pitch ¢ e pitch * tmp2

count ¢ count + 1

AT
Me| m
4 pitch

if count 2 100

M ¢ motion_Ig (p ~ 14,6, X , X ¢, T 5, LB, Frp, T Boply)
break

st m




motion_tr(p,q,8, Y 5, T, L, B, P T B L) o=

Explained in Section 4.1.1.5

AT « 0m

AVe 1nt
count « 0

while ( [av > it}; 3.0d)

F if (H wave__ts(?fl’sffi;@) - AT) >Fpn
T if (Hyaye o(y.p.0.0) - &T} <-Tp
(ﬁ w&vé_g(yis?;*};f?} - AT) atherw;se

s o
¥sa 2 : .~ . N
*2Ly , 'Fm‘if( wave_ tr(YP §V¢)4QT)>F {I}r
s i (Huave gﬁz@,q ¢) -AT) < —'r
‘ {3wave u-(YsP 9.0 - AT} otherwise
Bs P ‘ ’
?s——-
Yeompt e ——2&Y
- B L +2ZBg L
&T(—Kf-ﬁ-tmgi
Me—£
Iﬂ

count {— count +1 .
if count > Iﬂt}

M ¢ motion_tr{p - 1,,9, YS,TS,LS,BS,Fm,Tm,Bm,Lm) N
| break

ss;g(;;,z;,qz,xs,xcf,a's,zs,ss,?m?nésm;.n):= mot ¢ motion_Ig(p.9.0.X g X o T 5L, B, F Ty Bro L) ;

AT 4 mc{a-m . . ;

Spitch  mot,

Fask—it?-"—; Bel [P if [Huaveg(rpa0.%) - BT - (x~ X ) sin ( pich) | >Fm

el e {me_ig{x,p,q,;@,x o) = 8T - (x= X g} sin(© e <75
E {H wgm_?g{x’i”q’@’ XS) —AT - ( cf) ssn{e gstc}!):} otherwise

Xs—% ) ‘ Coe o

B, ) ‘

7

dx




®

MBlg(p,q,(p,xs,xcf,Ts,Ls,BS,Fm,Tm,Bm,Lm):= mot ¢ motion_Ig(p,q,¢, X, X o, T, L g, B, F T, B Lm)

AT « moto-m

e pitch - mmI

cf>® s st Py

- L, :
XS+T .
MB, 2o g Fp, if [Hwave_lg‘(x,p,q,cb,xs)—AT—(x—ch)-sin(ephch)]>Fm (x- X g) ax
3SR . : .
-Tg if [H wave_lg(x’P’qv¢'xs) —-AT- ("" ch)-sm(e pitch)] <-Tg
[H wm_,g(x,p,q,d;,xs) ~AT - (x— X cf)-sin(e pitch)] otherwise
X2
MBS
FBy(p. 0.0, Y T, LB, F Ty By L) = |mot motion_tr(p,q,0, Y, T, L, B, F T B L)
AT < mot-m
_ B, -
Y b—
Iton R
FBS 3 Ls' Fm if (Hwave_tr(y!prq’¢)_AT)>Fm dy
35ft .
-T s if (Hwavc_tr(y,p9q9¢) - AT) < —TS
(Hwave_u,(y,p,q,cb - AT) otherwise
B s
Y —
| $ 2 J
FB
Explained in Section 4.1.1.6
Bi=5 .
dmax_lg(Lm) = Jdmax« 0
for ne 1.D
dmax<—n if Ay <L,
dmax < dmax + 3
q lg sag FB (X o, X o, T, Lo, Bg,FrTooB oL )= lg o0
E Fe0
for ge 1. dmax_lg(Lm)
P < pmaxq

Ftemp « IFBlg(p,q,tblgl,XS,ch,Ts,Ls,BS,Fm,Tm,Bm,Lm)I
if Ftemp >F

9 max < 9q

F < Ftemp

9 max




design_lg sag FB S{XS’ch’TsthsgssF;gsTHisBm;Lrﬂ} = |mean <0
mie0

q lg hog FB (X, X o, T, Lo, B, F o T B L )=

design « 0 : .
q ¢ q.lg sag FB (X ch*Ts*Ls’Bs*Fm*Tm'Bm’Lm}

pmax,
—
sum Z ssp,q
p=1
for pe l.,;:;m\x{i
ifss =0
CBg .
FPFB;g(ﬁ,fz,d?lgi;Xs,xsf,T LB F T B L}
‘meaa‘t—-meaa-t»f?f- P9
sum -
, nﬂ<—m2+{33 ’“1 ~
desngn &—{meaa-}g«}mz {mea ﬁ}l
dﬁagn )
9 max <0
FeoO

for qe& 1..dmax_Ig(L )
p-(—pmaxq
Ftempi—-iFBlg(pqd}lg ,xs,xcf;r L By, Fp, »T B L )¥

if Fiemg >F !
Tmax€q

}F ¢« Fremp

49 max
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design_lg hog FB (X, X 4, Tg,Lg, B F T B L) = [mean 0

m2 0

design < 0 .

q ¢ q_lg hog FB(X X o, T, L, B, F T B L)
pmaxg

sum ¢— S8

am e 3 g
p=1

for pe 1..pmaxq

if ss 0 .
P.q

F<—FBlg(p,q,¢1g3,xs,xcf,TS,LS,BS,Fm,Tm,Bm,Lm)

ss
p.q
sum

mean ¢ mean + |F}-

2 SS
m2 e m2+ (B*—22
sum

design ¢« mean + Bym2— (mean)2

design
L 0

Fe0

for qe 1..dmax_14LrD)

q_twist MB_pos (X ¢, X o5, Tg,Lg,Bg,F o, Ty B oL )i=

< pmax
PPq

Ftemp « IMBlg(p,q,d)lgo,Xs,ch,TS,LS,BS,Fm,Tm,Bm,Lm)l
if Ftemp >F
9 max¢ 4

F &« Ftenip

4 max
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design_twist MB_pos (X, X o, T, Lg,Bg,Fp T By L) = Jmean -0
: m2¢ 0
ées;gn «0 o :
1a (—-q_tmst MB_pos (X g, X o, T, L,Bg,F T B Lo
o o

sum: ¢ -
) Z ss?rq

p= '
ifss 20

psq . . :
‘ F(—-MSIg(p,q,@Igé,Xs,ch,T LB, F, T B L)
p.9
sum

mean ¢ mean + fFI

m2 e m2+ {P}z ®p.a
sum

- déSiga « mean + By m2— {meaﬁ)2

design

Qa0

Feo ‘

for qe 1..dmax gL )

q twist MB_neg (X ¢, X5, T, Lg,Bg,Frp T B L=

« pmax
PPq

Fiemp(——]MBig(p q,q;ig, cf,T LB, Fo, T B L )l
if Flemp>F ‘ .
Jamaxea

F(—Ftesgp

‘qmax

design_twist_ MB_neg (X, X o, T¢,Lg,Bg,Fn T B L) o= | mean 0
: m2e0
design <0 ‘
q & qtwist | MB _neg (Xs,ch,TS,LS,BS,Fm,Tm,Bm,Lm}

sum & 58
;Z b.g
p=1~

for pe I,.pr‘na:::{§ .

if 55 0
. p:q

B

; IR
| mean « mean + |F.—£3
; sum

ss"
m2(——m2+ {P}

‘ design (——[mem;i—ﬁJmE {mean ;

des:gn

‘?8:

F(——MBlg(p,q,@Igz,X cf,'f L B F Tm,Bm,L)




®

dmax_u(Ys) = ldmax_tr< 0
' for ne 1.D
dmax_tre—n if Ay <2Y

dmax_tr < dmax_tr+ 3

qtr_sag FB(Y(, T, Lo, Bg,F T B Lo )=

design_tr_sag FB (Y, Tg Lo, Bg,F T B L )=

9 max
F«0
for qe 1..dmax_tr(Ys)

‘ Ftemp « IFBu(P’q’%

«0

P ¢ pmax

q .

I’YS’Ts’Ls’Bs’Fm’Tm’Bm’Lm)l

if Ftemp>F

Imax < 4

F « Ftemp

9 max

mean <;0
m2 ¢« 0
design < 0
q ¢ qtrsag FB (Y, T, LB, F o Ty B L)
pmax,
sum ¢«
2 pa
p=1
for pe 1..pmaxq
if ss #0
p,q

F<—FBu(p,q,%l,Ys,TS,LS,BS,Fm,Tm,Bm,Lm)

ss
P.q
sum

mean < mean + |F|

2SS q
m2  m2 + (F)~-—Ed

sum

design « [mean + Bym2- (mean)z:l
design
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qtrhog FB (Y, T, Lo,Bg,F, T B Lo )= q . «0

for g L.dmax_tt(Ys) R oo : B : i ,
- : : . - :

P« pmax, , o R

Ftemp%]FBE(F&,@g Y, T, LB, FryT B oL )] I SRR

F « Ftemp

}9 max

design_tr_hog FB (Yo, T(,Lg,Bo,F T By L) = [ mean &0

: o m2e<o0
des;ga{—é o « : , ;
q{—-q_tr_heg_FB(YS,TS,LS,BS,Fm,Tm,ngLm} | RS o

for pe 1. pmaxq

;fss #0 “
P:q

¥

F{—Fgﬁ(i}qﬁtt,}’ T LB, F T B }_.) B

?aﬁ f : B o :'i;
- e
m2<—-m2+{5 B4
design P{m%ﬁm T
éESign o o ‘ , Y )

1

mean ¢ mean + IFE

Explained in Section 4.1. I a

file_root :="C: ’G)ocmneﬂts 3&& Settmgs\;lrhaads\My Bac&n}ents\rheaés thesis éatai" o o Lo R

ﬁie_base(Lm) = num2sty —— R o BT S
: S m ' ﬁie ext:=" pra E {:{:{a b) -com:&t{s b)l : o T

fullname }g(Lm) ﬁie ﬂ}et cc l:[fiie base(Lm) cc {" Ig“ cc file ext}}}l

fullname E:(Lm) = file_root cc [[ﬁle base(Lm} cc {"_u" ccfile ext)]:”
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\.

"done"

for j€ 0..12

L, (60+20j)-m
Bm(—%n
Tm(—-BTm
D& 24T
FneDn-Tn
data}, (0 000000 0)
data, (0 0 0 0 0 0)
WRITEP] fullnamc_]g(Lm),da!a lg)
WRITEPRN fullname_tr(L ), data .}
for ne0..5

L < L;(025+ n-.05)

LB ;T
s B m Moo
LS
By eTg
for i€ 0..5
L, L
m S
X & — - —
_( 2 2)
X
smax
Xine &
Xg e Xipel
B L 0m+ 2B LoX,
Xgpoer——/———
Bl +2BoLg
L
m
g0
LS
iy
BS
g2
xS
g 3
design_lg_sag FB o(X 5, X of:T g L g, B goF Ty B L)
data «
129,4 N
design_Jg hog FB (X, X o, Tg,L g B, Frp T B L)
data lgo 5 «— N
design_twist_ MB_pos (X ., X ¢, T, Lo, B¢,F T B L
data - (scfsssmmmm)
180_6 N-m
design_twist MB_neg (X g, X ¢, Tg,Lg,B ¢ Fr, Ty B L)
data -
180,7 N-m

APPENDPRN fullname Iz (L .} data Xg)
for i€ 0..5
Y B(1+350.D)

N m
design tr_sag FB (Y, T, Lo,B o FoT B L)
data, &
0,4 N
design_tr_bog FB (Y, To,L,Bo,F T Bl )
N

data «—
%,5

APPENDPRN fullname._tr(L 1), data w
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- Appendix B. MathCAD Analytical Results Tables

M_Ig_pos M_Ig_neg

Lm(m) | Ls(m) | Bs(m) | Xs(m) | F_Ig sag(N) [ F_lg_hog (N) (Nm) (Nm) .
60 15 1.212 0 -2.63E+05 3.22E+05 8.52E+05 -8.52E+05
60 15 1.212 -4.5 -2.54E+05 2.62E+05 8.48E+05 -7.95E+05
60 15 1.212 -9 -2.28E+05 2.32E+05 8.29E+05 -7.84E+05.
60 15 1.212 -13.5 -1.88E+05 1.90E+05 8.05E+05 -7.77E+05
60 15 1.212 -18 -1.48E+05 1.48E+05 7.95E+05 -8.25E+05
60 15 1.212 -22.5 -1.21E+05 1.35E+05 8.02E+05 -8.85E+05
60 18 1.107 0 -2.55E+05 3.31E+05 1.23E+06 -1.23E+06
60 18 1.107 4.2 -2.47E+05 2.59E+05 1.24E+06 -1.04E+06
60 18 1.107 -8.4 -2.23E+05 2.29E+05 1.22E+06 -1.02E+06
60 18 1.107 -12.6 -1.86E+05 1.89E+05 1.18E+06 -1.01E+06
60 18 1.107 -16.8 -1.45E+05 1,46E+05 1.16E+06 | -1.21E+06
60 18 1.107 -21 -1.14E+05 1.21E+05 1.14E+06 -1.32E+06
60 21 1.024 0 -3.09E+05 3.33E+05 1.64E+06 -1.64E+06
60 21 1.024 -3.9 -2.93E+05 -3.09E+05 1.65E+06 . | -1.59E+06
60 21 1.024 -7.8 -2.09E+05 2.19E+05 1.64E+06 -1.19E+06
60 21 1.024 -11.7 -1.76E+05 1.84E+05 1.60E+06 -1.17E+06
60 21 1.024 -15.6 -1.37E+05 1.29E+05 1.56E+06 -1.61E+06
60 21 1.024 -19.5 -1.07E+05 1.08E+05 1.53E+06 -1.79E+06
60 24 0.9583 0 -2.99E+05 3.27E+05 2.04E+06 -2.04E+06
_60 24 0.9583 [  -3.6 -2.84E+05 3.06E+05 2.06E+06 -1.99E+06
60 24 0.9583 7.2 -2.43E+05 2.53E+05 2.06E+06 | -1.92E+06
60 24 | 0.9583 | -10.8 -1.59E+05 1.88E+05 2.02E+06 -1.85E+06
60 24 0.9583 | -144 -1.28E+05 1.29E+05 1.96E+06 -2.00E+06
60 24 0.9583 -18 -9.53E+04 9.63E+04 1.92E+06 -2.24E+06
60 27 0.9035 0 -2.84E+05 3.16E+05 2.42E+06 -2.42E+06
60 27 '0.9035 -3.3 -2.71E+05 2.97E+05 2.45E+06 -2.36E+06
60 27 0.9035 -6.6 -2.34E+05 2.50E+05 2.44E+06 -2.28E+06
60 27 0.9035 -9.9 -1.82E+05 1.10E+05 2.40E+06 -2.20E+06
60 27 0.9035 | -13.2 -1.26E+05 1.30E+05 2.34E+06 -2.36E+06
60 27 0.9035 | -16.5 -1.66E+04 8.86E+04 2.29E+06 -2.65E+06
60 30 0.8571 .0 -8.61E+04 2.99E+05 2.75E+06 -2.75E+06
60 30 0.8571 -3 ~7.52E+04 2.83E+05 2.78E+06 -2.68E+06
60 30 0.8571 -6 -4.98E+04 2.42E+05 2.77E+06 -2.60E+06
60 30 0.8571 -9 -2.70E+04 1.87E+05 2.73E+06 -2.50E+06
60 30 0.8571 -12 ~1.96E+04 1.31E+05 2.66E+06 -2.69E+06
60 30 0.8571 -15 -2.83E+04 8.55E+04 2.59E+06 -3.00E+06
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F_tr_hog {(N)

0.8571

Lm(m)|Lls{(m) | Bs{m) | Ys{(m) | F tr sag (N)

1 60 | 15 | 1212 | 4286 |  1.73E+05 -1.69E+05
60 15 1212 | 4.714 1.97E+05 -1.90E+05
60 15 1.212 | 5143 | 2.19E+05 -2.09E+05
80 15 1.212 | 5.571 2.38E+05 | -2.24E:+05
80 | 15 1.212 6 2.52E+05 -2.37E+05
80 15 1.212 | 6.429 2.62E+05 -2.45E+05
60 18 1.107 | 4.286 | 1.87E+05 | -1.81E+05
60 18 1.107 | 4714 | 2.14E+05 | -2.04E+05
60 18 1.107 | 5.143 | 2.38E+05 -2 24E+05
60 18 1.107 | 5.571 2.58E+05 -2.39E+05
60 18 | 1.107 6 | 2.74E+05 -2 48E+05
60 18 1.107 | 6.429 | 2.84E+05 | -2.49E+05
60 21 1.024 | 4.286 | 2.00E+05 -1.92E+05
60 21 1.024 | 4714 | 229E+05 | -2.16E+05
60 21 1.024 | 5143 | 254E+05 -2.36E+05
60 21 1.024 | 5.571 2.76E+05 | -2.47E+05
60 21 | 1.024 | 6 | 293E+05 -2 49E+05
80 21 1.024 | 6.429 | 3.04E+05 | -2.48E+05
60 24 | 09583 | 4286 | 2.12E+05 | -2.02E+05
60 24 | 0.9583 | 4714 | 242E+05 | -2.27E+05
60 24 | 09583 | 5.143 | 2.69E+05 -2.44E+05
60 | 24 |09583| 5571 | 2.92E+05 -2 49E+05
60 24 | 0.9583 6 3.10E+05 | -2.48E+05
60 24 | 0.9583 | 6.429 | 3.22E+05 | -2.47E+05 -
60 | 27 | 09035 | 4.286 | 2.22E+05 | -2.11E+05.
60 27 | 0.9035 | 4.714 2.55E+05 -2.35E+05
60 27 | 0.9035 | 5.143 | 2.83E+05 -2 47E+05
60 |. 27 10.9035 | 5571 3.07E+05 -2 48E+05
60 27 | 09035] 6 3.26E+05 | -2.47E+05
60 27 | 0.9035 | 6.429 3.38E+05 -2.46E+05
80 30 | 0.8571 | 4.286 | 2.33E+05 -2.20E+05
60 30 | 08571 | 4714 | 2.66E+05 | -2.41E+05
60 30 | 0.8571 | 5143 | 2.96E+05 | -2.48E+05 |
60 30 | 0.8571 | 5.571 3.21E+05 | -2.47E+05
60 30 | 0.8571 6 | 341E+05° | -2.46E+05
60 30 6.429

-2.45E+405

3.54E+05
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M_lg_pos M_lg_neg
Lm(m) | Ls{m) | Bs(m) | Xs(m) | F_lg_sag (N) | F_lg_hog (N) (Nm) - (Nm)
80 20 1.616 0 -6.02E+05 6.17E+05 2.49E+06 -2.49E+06
80 20 1.616 -6 -5.72E+05 5.83E+05 2.24E+06 -2.41E+06
80 20 1.616 -12 -4.93E+05 4.97E+05 2.25E+06 © | -2.22E+06
80 20 1.616 -18 -3.96E+05 3.97E+05 2.26E+06 -1.82E+06
80 20 1.616 -24 -3.23E+05 3.23E+05 2.17E+06 -2.29E+06
80 20 1.616 -30 -2.97E+05 2.97E+05 2.32E+06 -2.47E+06
80 24 1.475 0 -5.97E+05 6.17E+05 3.47E+06 -3.47E+06
80 24 1.475 -5.6 -5.68E+05 5.85E+05 3.31E+06 -3.36E+06
80 24 1475 | -11.2 -4.93E+05 5.01E+05 3.33E+06 -3.08E+06
80 24 1.475 { -16.8 -3.98E+05 4.00E+05 3.35E+06 -2.87E+06
80 24 1475 | 224 | -3.17E+05 3.18E+05 2.93E+06 -3.38E+06
80 24 1.475 -28 -2.78E+05 2.78E+05 3.13E+06 -3.70E+06
.80 28 1.366 0 -5.75E+05 5.98E+05 4.39E+06 -4.39E+06
80 - 28 1.366 -5.2 -6.28E+05 5.69E+05 - 4.48E+06 -4.25E+06
80 28 1.366 | -104 -4.78E+05 4.90E+05 4.53E+06 -3.89E+06
80 28 1.366 | -15.6 -3.87E+05 3.92E+05 4.56E+06 -3.57E+06
80 28 1.366 | -20.8 -3.02E+05 -3.04E+05 4.55E+06 -4.54E+06
80 28 1.366 -26 -2.52E+05 2.17E+05 3.78E+06 -5.04E+06
80 32 1.278 0 -6.51E+05 6.88E+05 5.61E+06 -5.61E+06
80 32 | 1.278 -4.8 -6.16E+05 6.45E+05 5.68E+06 -4.96E+06 -
80 -32 1.278 -9.6 -4.50E+05 4.66E+05 5.76E+06 -4.52E+06
80 32 1.278 | -14.4 -3.64E+05 3.94E+05 5.80E+06 -5.03E+06
80 32 1.278 | -19.2 -2.80E+05 2.67E+05 5.81E+06 -5.71E+06
80 32 1.278 -24 -2.20E+05 1.95E+05 5.76E+06 -6.39E+06
80 36 1.205 0 -6.23E+05 6.65E+05 6.74E+06 -6.74E+06
. 80 36 1.205 | -4.4 -5.92E+05 6.27E+05 6.83E+06 -5.38E+06
80 36 1.205 -8.8 -5.07E+05 5.28E+05 6.93E+06 _ -6.49E+06
80 - 36 1.205 | -18.2 -1.25E+05 3.97E+05 7.00E+06 -6.46E+06
80 36 1.205 | -17.6 -6.85E+04 2.70E+05 - 7.02E+06 -6.80E+06
80 36 1.205 -22 -4.50E+04 1.80E+05 6.99E+06 -7.63E+06
80 40 1.143 0 -5.84E+05 6.31E+05 7.73E+06 -7.73E+06
80 40 1.143 -4 -5.58E+05 . 5.99E+05 7.85E+06 -7.57E+06
80 40 1.143 -8 -4.84E+05 4.90E+05 7.96E+06 -7.44E+06
80 40 1.143 -12 -1.28E+05 3.95E+05 8.06E+06 -7.38E+06
80 40 1.143 -16 -8.05E+04 | -2.74E+05 8.11E+06 -7.75E+06
80 40 1.143 -20 -2.42E+04 1.74E+05 8.10E+06 -8.65E+06




F ir sag{N)

F tr_hog (N)

mimilsim iBs{m! Ys{m
80 20 1616 | 5714 | 4.04E+05 -3.98E+05
80 20 1.616 | 6.286 4.32E+05 -4.21E+05
80 20 1.616 | 6.857 4.45E+05 | -4.32E+05
80 20 1.616 | 7.429 4.66E+05 -4.29E+05
80 20 | 1.616 8 5.17E+05 -4.13E+05
80 20 1.616 | 8571 5.65E+05 | -3.83E+05
80 24 | 1475 | 5714 4.38E+05 | -4.26E+05
80 24 | 1.475 | 6.286 4.69E+05 -4.52E+05
80 24 1.475 | 6.857 | 4.83E+05 | -4.63E+05
80 24 1.475 | 7.429 | 5.04E+05 -4.60E+05
80 24 1.475 8 5.80E+05 | -4.43E+05
80 24 1.475 | 8.571 6.12E+05 -4,12E+05
80 28 | 1.366 | 5714 | 4.68E+05 | -4.51E+05
80 28 1.366 | 6.286 | 5.02E+05 | -4.79E+05 .
80 28 | 1.366 | 6.857 5.17E+05 | -4.92E+05
80 28 | 1.366 | 7.429 | b5.39E+05 -4.88E+05
80 28 1366 | 8 | 5.99E+05 -4.69E+05
80 28 | 1.366 | 8.571 6.54E+05 | -4.36E+05
80 32 1.278 | 5.714 4.96E+05 | -4.75E+05
80 32 1278 | 6.286 | 5.32E+05 | -5.04E+05
80 32 1.278 | 6.857 5.47E+05 | -5.18E+05
80 | 32 1.278 | 7.429 | 5.71E+05 -5.14E+05
80 32 1.278 8 6.34E+05 -4.94E+05 -
80 32 | 1.278 | 8571 6.93E+05 -4.58E+05
80 36 1.205 | 5.714 5.22E+05 -4.96E+05
80 36 1.205 | 6.286 | 5.59E+05 -5.28E+05
80 36 | 1.205 | 6.857 5.76E+05 -5.42E+05
80 36 1.205 | 7.429 6.00E+05 ‘| -5.38E+05
80 36 |1205| 8 | 6.66E+05 -5.16E+05
80 36 | 1.205 | 8571 7.28E+05 -4.79E+05
80 40 1.143 | 5.714 5.46E+05 -5.17E+05
80 40 1.143 | 6.286 5.85E+05 | -5.49E+05
80 40 | 1.143 | 6.857 | 6.02E+05 -5.65E+05
80 40 1.143 | 7429 | 6.27E+05 -5.61E+05
80 40 1.143 '8 | B6.96E+05 | -5.38E+05
80 40 8.571 -4.98E+05

1.143

7.61E+05
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Lm Ls
® {m) (m) | Bs(m) | Xs(m) | F_Ig sag(N) | F_Ig_hog (N) | M_Ig_pos (Nm) | M_lg_neg (Nm)
100 25 2.02 0 -1.14E+06 1.17E+06 5.59E+06 -5.59E+06
100 25 2.02 -7.5 -1.07E+06 1.09E+06 5.43E+06 -4.73E+06
100 25 2.02 -15 -8.95E+05 8.99E+05 4.82E+06 -4.85E+06
100 25 2.02 -22.5 -6.95E+05 6.95E+05 4.70E+06 -4.87E+06
100 25 2.02 -30 -5.74E+05 5.74E+05 4.63E+06 -5.05E+06
L 100 25 2.02 -37.5 -5.80E+05 5.80E+05 4.70E+06 -5.52E+06
100 30 1.844 0 -1.15E+06 | . 1.18E+06 8.03E+06 -8.03E+06
100 30 1.844 -7 -1.09E+06 1.11E+06 7.83E+06 -7.80E+06
100 30 1.844 -14 -9.14E+05 9.22E+05 7.15E+06 -6.16E+06
100 30 1.844 -21 -7.10E+05 7.12E+05 7.47E+06 -6.23E+06
® 100 30 1.844 -28 -5.65E+05 5.66E+05 6.55E+06 -7.44E+06
100 30 1.844 -35 -5.34E+05 5.34E+05 6.76E+06 -8.24E+06
100 35 1.707 0 -1.12E+06 1.16E+06 1.05E+07 -1.05E+07
100 35 1.707 -6.5 -1.07E+06 1.09E+06 1.03E+07 -1.02E+07
100 35 1.707 -13 -9.06E+05 9.20E+05 9.77E+06 -9.51E+06
100 35 | 1.707 | -195 -7.07E+05 7.11E+05 1.02E+07 -6.99E+06
L J 100 35 1.707 -26 -5.45E+05 5.46E+05 8.47E+06 -1.01E+07
100 35 1.707 | -32.5 -4.79E+05 4.79E+05 8.58E+06 -1.13E+07
100 40 1.597 0 -1.19E+06 1.11E+06 1.29E+07 -1.29E+07
100 40 [ 1.597 -6 -1.02E+06 1.05E+06 1.26E+07 -1.25E+07
100 40 | 1.597 -12 -8.75E+05 8.95E+05 1.25E+07 -1.17E+07
@ 100 40 1.597 -18 -6.85E+05 | . 6.94E+05 1.31E+07 -1.25E+07
100 40 1.597 -24 -5.15E+05 5.18E+05 1.35E+07 -1.27E+07
100 40 1.597 -30 -4.18E+05 3.21E+05 1.01E+07 -1.43E+07
100 45 1.506 0 ~1.15E+06 1.05E+06 1.49E+07 -1.49E+07
100 45 1.506 -5.5 -1.09E+06 1.13E+06 1.46E+07 -1.45E+07
100 45 1.506 -11 -8.20E+05 9.51E+05 1.52E+07 -1.35E+07
g . 100 45 1.506 [ -16.5 -6.49E+05 7.22E+05 1.59E+07 -1.50E+07
100 45 | 1.506 -22 -4.77E+05 4.75E+05 1.65E+07 -1.52E+07
100 45 1.506 | -27.5 -3.76E+04 3.03E+05 |’ 1.68E+07 -1.72E+07
100 50 1.429 0 ~1.08E+06 9.57E+05 1.63E+07 -1.63E+07
100 50 1.429 -5 -1.03E+06 1.08E+06 1.70E+07 -1.59E+07
® 100 50 1.429 -10 -2.19E+05 | 9.27E+05 1.76E+07 -1.47E+07
‘ 100 50 1.429 -15 -1.30E+05 6.79E+05 1.84E+07 -1.72E+07
100 50 1.429 -20 -7.48E+04 4.88E+05 -1.91E+07 -1.73E+07
100 50 1.429 -25 -7.57E+04 3.02E+05 1.97E+07 -1.96E+07




Bs(m) | Ys(m) | Ftrsag(N) [ E.tr hog(N)

2.02 7.143 6.58E+05 -6.41E+05
202 | 7.857 | 7.60E+05 | -7.59E+05
202 | 8571 8.54E+05 -8.51E+05
2.02 9.286 | 9.38E+05 | -9.31E+05
2.02 10 1.01E+06 -9.99E+05
202 | 1071 1.06E+06 -1.05E+06
1.844 7143 | 7.13E+05 | -6.96E+05
1.844 7.857 8.23E+05 -6.67E+05
1.844 8.571 9.25E+05 | -9.20E+05
1.844 9.286 | - 1.02E+06 -1.01E+06
1.844 10 | 1.09E+06 -1.08E+06
1.844 10.71 1.15E+06 | -1.13E+06

1707 | 7.143 | 7.62E+05 -7.44E405

1.707 7.857 8.80E+05 -7.14E+05

1.707 8.571 9.89E+05 -9.81E+05

1.767 9.286 1.09E+06 -1.07E+06

1.707 10 1.17E+06 -1.14E+06 _

1.707 10.71 1.23E+06 -1.19E+06

1.597 7.143 8.07E+05 | -7.81E+05

1597 | 7.857 | 9.32E+05 | -7.53E+05

1.587 8.571 1.05E+06 -6.79E+05

1.597 9.286 1.15E+06 -1.12E+06 _

1.597 10 1.24E+06 -1.19E+06

1.597 10.71 1.30E+06 -1.24E+06

1.506 7.143 8.48E+05 | -8.14E+05

- 1506 | 7.857 | 9.80E+05 -7.86E+05

1.506 8.571 _1.10E+06 -7.12E+05

1.506 9286 | 1.21E+06 -1.17E+06

1.506 10 1.30E+08 -1.24E+06

1506 | 13.?? 1.37E+06 -1.28E+06

1 1429 | 7.143 8.87E+05 -8.46E+05

1.429 7.857 | 1.02E+08 -8.17E+05

1.428 8571 | 1.15E+06 -7.42E+05

‘1429 9.286 1.26E+06 -1.21E+08

1.429 10 1.36E+06 | -1.28E+06

1.429 10.71 1.43E+06 | -1.34E+06 |
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M_lg_pos M_lg_neg
Lm{m) [ Ls(m) | Bs(m) | Xs(m) { F_lg sag (N) | F_Ig_hog (N) (Nm) " (Nm)
120 30 2.424 0 -1.56E+06 1.94E+06 1.03E+07 -1.03E+07
120 30 2.424 -9 -1.50E+06 1.51E+06 1.01E+07 -9.99E+06
120 30 2.424 -18 -1.45E+06 1.35E+06 9.79E+06 -9.30E+06
120 30 2.424 -27 -1.11E+06 1.11E+06 9.43E+06 - -8.17E+06
120 30 2.424 -36 -8.82E+05 8.83E+05 9.24E+06 -9.55E+06
120 30 2.424 -45 -9.39E+05 9.38E+05 9.84E+06 -1.06E+07
120 36 2.213 0 -1.95E+06 1.98E+06 - 1.50E+07 -1.50E+07
120 36 2213 | -84 -1.83E+06 1.85E+06 1.49E+07 -1.38E+07
120 36 2.213 | -16.8 -1.51E+06 1.33E+06 1.44E+07 -1.28E+07
120 36 2213 | -25.2 -1.13E+06 1.10E+06 1.39E+07 -1.21E+07
120 36 2213 | -33.6 -8.75E+05 8.75E+05 1.35E+07 -1.41E+07
120 36 2.213 -42 -8.53E+05 8.53E+05 1.34E+07 -1.58E+07
120 42 2.049 0 -1.92E+06 1.97E+06 2.01E+07 -2.01E+07
120 42 2.049 -7.8 -1.81E+06 1.85E+06 2.00E+07 -1.72E+07
120 42 2.049 | -15.6 -1.52E+06 1.53E+06 1.94E+07 -1.58E+07
120 42 2.049 | -234 -1.15E+06 1.15E+06 1.87E+07 -1.48E+07
120 42 2.049 | -31.2 -8.56E+05 8.57E+05 1.81E+07 -1.91E+07
120 | 42 2.049 -39 -7.59E+05 7.59E+05 - 1.79E+07 -2.16E+07
120 48 1.917 0 -1.86E+06 1.92E+06 2.53E+07 -2.53E+07
120 48 1.917 | -7.2 -1.76E+06 1.81E+06 2.51E+07 -2.48E+07
120 48 1.917 | -144 -1.49E+06 1.52E+06 2.45E+07 -2.40E+07
120 48 1.917 | -21.6 -1.14E+06 1.15E+06 2.36E+07 -2.30E+07
120 48 1.917 | -28.8 -8.28E+05 8.30E+05 2.28E+07 -2.60E+07
120 48 1.917 -36 -6.66E+05 6.67E+05 2.23E+07 -2.75E+07
120 54 1.807 0 -1.88E+06 . 1.83E+06 3.00E+07 -3.00E+07
120 54 1.807 [ -6.6 -1.78E+06 1.73E+06 2.99E+07 -2.95E+07
120 54 1.807 | -13.2 |  -1.43E+06 1.47E+06 2.92E+07 -2.85E+07
120 54 | 1.807 | -19.8 -1.11E+06 1.12E+06 2.82E+07 -2.73E+07
120 54 1.807 | -26.4 -7.91E+05 7.97E+05 2.71E+07 -3.12E+07
120 54 1.807 -33 -9.56E+04 5.82E+05 2.64E+07 -3.30E+07
120 60 1.714 0 -1.78E+06 1.70E+06 3.39E+07 -3.39E+07
120 60 1.714 -6 -1.70E+06 1.62E+06 3.38E+07 -3.33E+07
120 60 1.714 -12 -1.34E+06 1.51E+06 3.31E+07 -3.22E+07
120 60 1.714 -18 -3.60E+05 1.16E+06 3.53E+07 -3.09E+07
120 60 1.714 -24 -2.12E+05 7.87E+05 3.79E+07 -3.58E+07
120 60 1.714 -30 -7.88E+04 4.68E+05 4.00E+07 -3.78E+07




F ir sag{N)

Im{m}ils{im} | Bs{m| Ys{m) F ir hog (N}
120 30 | 2424 | 8571 1.1BE+06 | -1.1BE+06
120 30 | 2424 | 9.429 1.32E+08 -1.32E+08
120 30 1 2424 | 1029 | 1.44E+06 -1.43E+06
120 30 2424 | 1114 | 1.52E+06 -1.51E+08
120 30 2.424 12 1.56E+06 | -1.55E+06
120 30 2424 | 12.86 1.56E+08 -1.55E+06
120 36 2.213 | 8.571 1.28E+08 -1.28E+06
120 36 | 2213 | 9.428 1.43E+06 -1.43E+06 |
120 36 2213 | 1028 1.56E+08 -1.55E+06
120 36 2213 1 11.14 | 1.64E+08 -1.63E+06
120 35 2.213 12 | 1.69E+06 -1.68E+08 L
120 36 2213 | 12.86 1.68E+08 -1.68E+06 |
120 42 2.049 | 8.571 1.37E+06 =1.37E+06
120 42 2.049 | 9429 | 1.53E+08 -1.53E+08
120 42 2.049 | 1028 | 1.67E+08 -1.65E+06
120 42 1 2049 | 1114 1.76E+06 -1.74E+08
120 42 1 2.049 12 1.81E+08 -1.79E+08
120 42 2.049 | 12.86 1.81E+08 -1.78E+08
120 48 1.917 | 8571 | 1.45E+06 -1.45E+06
120 48 1.917 | 9.429 1.62E+08 -1.61E+06
120 48 1817 | 10.29 1.76E+08 -1.75E+08
120 43 1.917 § 11.14 1.86E+068 | -1.B4E+08
120 48 1.917 i2 i1 191E+06 -1.89E+06
120 48 1817 | 1286 1.91E+06 -1.9CE+08
120 54 1.807 | 8571 1.53E+06 -1.52E+086
120 54 | 1.807 | 9.429 1.71E+06 | -1.69E+06
120 54 1.807 | 10.29 | 1.85E+06 -1.83E+06
120 54 1.807 | 11.14 | 1.96E+06 -1.92E+06
120 | 54 1.807 12 2.01E+08 -1.87E+086
120 54 | 1.807 | 12.86 | 2.01E+08 -1.97E+06
120 60 | 1714 | 8.571 1.58E+06 -1.58E+08
120 60 1.714 | 9429 | 1.79E+06 -1.77E+08
120 80 1.714 | 1029 | 1.94E+08 -1.91E+06 |
120 60 1714 | 11.14 | 2.05E+06 -1.99E+06
120 80 1.714 12 2.10E+06 -2.03E+08
120 80 12.86 -2.03E+08

1714

2.10E+06
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M_lg_pos M_lg_neg
Lm(m) | Ls(m) | Bs(m) | Xs(m) | F_Ig sag (N) | F_lg_hog (N) (Nm) {(Nm)

140 35 2.828 0 -2.66E+06 2.68E+06 1.87E+07 -1.87E+07
140 - 35 2.828 | -10.5 -2.51E+06 2.52E+06 -1.66E+07 -1.59E+07
140 35 2.828 -21 -2.13E+06 2.14E+06 1.68E+07 -1.60E+07
140 35 2.828 | -31.5 -1.70E+06 1.70E+06 1.70E+07 -1.60E+07
140 35 2.828 -42 -1.39E+06 1.39E+06 1.54E+07 -1.79E+07
140 | 35 2.828 | -52.5 -1.30E+06 1.32E+06 1.63E+07 -1.89E+07
140 42 2.582 0 -2.65E+06 2.68E+06 2.68E+07 . -2.68E+07
140 42 | 2.582 -9.8 -2.52E+06 2.54E+06 2.46E+07 -2.60E+07
140 42 2.582 | -19.6 -2.15E+06 2.16E+06 2.49E+07 -2.06E+07
140 42 2582 | -29.4 | -1.71E+06 1.72E+06 2.52E+07 -2.07E+07
140 42 2582 | -39.2 -1.37E+06 1.37E+06 2.16E+07 -2.66E+07
140 42 2.582 | --49 -1.22E+06 1.18E+06 2.26E+07 -2.72E+07
140 49 2.39 0 -3.00E+06 2.61E+06 3.51E+07 -3.51E+07
140 49 2.39 -9.1 -2.82E+06 2.48E+06 3.35E+07 -3.41E+07 -
140 49 2.39 -18.2 -2.11E+06 2.12E+06 3.39E+07 -3.14E+07
140 49 2.39 -27.3 -1.68E+06 1.69E+06 3.44E+07 -2.35E+07
140 49 2.39 -36.4 -1.31E+06 1.31E+06 3.46E+07 -3.61E+07
140 49 2.39 -45.5 -1.10E+06 1.05E+06 2.83E+07 -3.71E+07
140 56 2.236 0 -2.93E+06 3.00E+06 4.28E+07 -4.28E+07
140 56 2.236 -8.4 -2.76E+06 2.35E+06 4.27E+07 . -4.15E+07
140 56 2.236 | -16.8 -2.32E+06 2.03E+06 4.33E+07 -3.83E+07
140 56 2.236 | -25.2 -1.74E+06 1.61E+06 4.39E+07 -4.27E+07
140 56 2.236 | -33.6 -1.21E+06 [ 1.21E+06 4.43E+07. -4.59E+07
140 56 2.236 -42 -9.65E+05 9.32E+05 4.43E+07 -4.73E+07
140 63 2.108 0 _-2.85E+06 2.88E+06 4.89E+07 -4.89E+07
140 63 2.108 -7.7 -2.65E+06 2.73E+06 5.16E+07 -4.75E+07
140 | 63 2.108 | -154 -2.26E+06 2.30E+06 5.23E+07 -4.38E+07
140 63 2.108 | -23.1 -1.73E+06 -1.72E+06 5.31E+07 -5.13E+07
140 63 2.108 | -30.8 -1.20E+06 1.20E+06 5.37E+07 -5.51E+07"
140 63 2.108 | -38.5 -8.32E+05 8.35E+05 5.39E+07 -6.06E+07
140 70 2 0 -2.71E+06 2.72E+06 5.88E+07 -5.88E+07
140 70 2 -7 -2.59E+06 2.58E+06 5.94E+07 -5.14E+07
140 , 70 2 -14 -2.16E+06 2.22E+06 6.03E+07 -5.85E+07
140 70 2 -21- -1.68E+06. 1.71E+06 6.13E+07 -5.90E+07
140 70 2 -28 -1.28E+05 1.19E+06 . 6.21E+07 -6.33E+07
140 70 2 -35 -1.73E+05 7.69E+05 6.26E+07 -6.97E+07
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i.s‘(r‘n}’ Bs{m) | Ys{m) iF_tr‘_sag (N} | F ir hog {N}

35 2.828 10 1.83E+06 -1.83E+06
35 | 2.828 1 1.97E+06 -1.97E+06
35 | 2.828 12 .2.04E+086 -2.04E+06
35 1 2828 13 - 2.11E+06 -2.04E+06
35 | 2.828 14 | 2.31E+06 -1.97E+086
35 2.828 15 | 2.49E+06 -1.83E+06
42 2.582 ic 1.99E+406 -1.98E+06
42 2.582 11 - 2.14E+06 | -2.13E+06
42 | 2582 12 | 221E+08 | -2.21E+06
42 2.582 13 | 220E406 | -2.21E+06

42 2.582 14 _250E+06 '| -2.13E+06

42 | 2.582 15 | 2.69E+06 -1.98E+06

49 2.39 10 “2.12E+06 -2.12E+06

48 | 239 11 2.29E+06 -2.28E+06

49 | 233 | 12 | 2.37E+08 -2.36E+06

48 | 239 13 2.45E+06 -2.36E+06

49 2.39 i4 - 2.68E+08 -2.28E+06

49 | 238 15 ~ 2.88E+06 -2.12E+06

56 2.236 10 _2.25E+06 -2.24E+06

56 2.236 1 _2.42E+08 -2.41E+06
56 2236 | 12 251E+06 | -2.50E+08
56 2.236 13 _ 2.59E+06 -2.49E+06

56 | 2.236 14 _2.84E+06 | -2.41E+08

56 2.236 15 _3.05E+06 -2.24E+08

63 2.108 10 | 2.37E+06 -2.36E+06
83 2.108 11 _ 2.55E+06 -2.53E+06

- 83 2.108 12 1 2.64E+06 | -2.62E+06
63 | 2108 | 13 | 2.72E+086 -2.62E+06
63 2.108 14 _2.98E+06 -2.53E+06
63 | 2.108 15 3.21E+06 | -2.35E+06
70 | 2 10 | 2.4B8E+06 -2.46E+06
70 2 11 . 2.67E+08 -2.64E+06
70 2 12 2.76E+06 -2.74E+06
70 2 13 2.85E+06 -2.74E+06
70 2 _14 3.12E+06 -2.64E+068

-2

70

15 | : 3.35E+06 -2.46E+06
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Lm M_lg_pos M_lg_neg
(m) Ls(m) | Bs(m) | Xs(m) | F_Ig_sag (N) | F_lg_hog (N) (Nm) (Nm)

160 40 3.232 0 -4.08E+06 4.10E+06 2.93E+07 -2.93E+07
160 40 3.232 -12 -3.81E+06 3.82E+06 . 2.89E+07 ~2.82E+07
160 40 3.232 -24 -3.12E+06 2.83E+06 2.77E+07 -2.49E+07
160 40 3.232 -36 -2.39E+06 2.34E+06 2.65E+07 , -2.46E+07
160 40 3.232 -48 -1.97E+06 1.97E+06 2.57E+07 -2.88E+07
160 40 3.232 -60 -2.03E+06 2.03E+06 2.75E+07 -3.12E+07
160 48 2.951 0 -4.13E+06 4.17E+06 4.30E+07 -4.30E+07
160 48 2.951 -11.2 -3.87E+06 3.90E+06 4.24E+07 -3.92E+07
160 48 | 2.951 -22.4 -3.22E+06 3.23E+06 4.08E+07 -3.62E+07
160 48 2.951 -33.6 -2.46E+06 2.46E+06 3.89E+07 -3.01E+Q7
160 48 2.951 -44.8 -1.94E+06 1.94E+06 3.77E+07 -4.26E+07
160 48 2.951 -56 -1.86E+06 1.86E+06 3.76E+07 -4.67E+07
160 56 2.732 0 -4.06E+06 4.12E+06 5.76E+07 -5.76E+07
160 56 2.732 -10.4 -3.83E+06 3.87E+06 5.70E+07 -4.94E+07
160 56 2.732 -20.8 -3.22E+06 3.24E+06 5.49E+07 -4.53E+07
160 | 56 2.732 -31.2 -2.47E+06 2.47E+06 5.65E+07 -5.18E+07
160 56 2.732 -41.6 -1.88E+06 1.88E+06 5.05E+07 -5.79E+07
160 56 | 2.732 -52 -1.67E+06 1.67E+06 4.99E+07 -6.42E+07
160 64 2.556 0 -4.27E+06 3.98E+06 7.22E+07 -7.22E+07
160 64 2.556 -9.6 -4.03E+06 3.76E+06 7.15E+07 -7.10E+07
160 64 2.556 -19.2 -3.14E+06 3.17E+06 6.91E+07 -6.83E+07
160 64 2.556 -28.8 -2.43E+06 2.44E+06 7.25E+07 -6.50E+07
160 64 2.556 -38.4 -1.80E+06 1.80E+06 7.62E+07 -7.36E+07
160 64 2.556 -48 -1.46E+06 1.46E+06 6.18E+07 -8.22E+07
160 72 2.409 0 -4.11E+06 3.76E+06 8.55E+07 -8.55E+07
160 72 2.409 -8.8 -3.90E+06 | 3.56E+06 8.47E+07 -8.41E+07
160 72 2.409 -17.6 -3.32E+06 3.04E+06 8.21E+07 -8.09E+07
160 72 2.409 -26.4 -2.33E+06 2.35E+06 8.82E+07 -8.53E+07
160 72 2.409 -35.2 -1.69E+06 1.70E+06 9.29E+07 -8.85E+07
160 72 2.409 -44 -1.26E+06 1.10E+06 9.63E+07 -9.93E+07
160 80 2.286 0 -3.87E+06 3.47E+06 9.63E+07 -9.63E+07
160 80 2.286 -8 -3.69E+06 - 3.81E+06 9.55E+07 -9.47E+07
160 80 2.286 -16 -3.20E+06 3.27E+06 9.27E+07 -9.12E+07
160 80 2.286 -24 -2.48E+06 2.51E+06 1.02E+08 ~9.84E+07
160 80 2.286 -32 -3.66E+05 1.72E+06 1.08E+08 -1.02E+08
160 80 2.286 -40 -1.16E+05 1.06E+06 1.13E+08 -1.14E+08
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F_tr_sag {i\i} F_&r_hog {N}

2.51E+06 -2.51E408

2.58E+06 -2.56E+06

2.88E+06 -2.49E+06

3.15E+06 | -3.15E+06

3.37E+08 - -3.37E+06

3.54E+06 -3.53E+06

2.73E+08 | -2.72E+06

2.79E+06 -2.78E+08

3.12E406 -2.70E+06

3.42E+06 | -2.50E+06

_3.66E+06 | -3.64E+06

2.92E+06 -2.92E+06

3.83E:06 | -3.82E+06 |

2.98E+06 -2.98E+06

3.34E+06 -2.90E+06

3.65E+06 | -2.68E+06

3.91E+06 -3.89E+06

4.10E+06 ~4.08E+06

3.09E+06 -3.09E+06

3.16E+06 | -3.16E+06

- 3.54E+06 -3.07E+06

3.87E+06 -2.84E+08

4.14E+06 -4.11E+06

4.34E+06 | -4.30E+06

3.26E+06 | -3.25E+06

3.32E+06 | -3.32E+06

3.72E+08 -3.23E+06

4.07E+06 -2.98E+06

4.35E+06 -2.61E+06

4.56E+06 -4.50E+06

3.41E+06 -3.38E+06 -

3.47E+06 -3.46E+06 _

3.89E+08 -3.37E+06

4.25E406 | -3.12E+06

4.55E+06 | -2.73E+08

4.77E+06 -4.69E+086

o4




: M_Ig_pos M_ig_neg

Lm@m) | Ls(m) | Bs(m) | Xs(m) | F Ig sag (N) | F_lg_hog (N) (Nm) (Nm)
180 45 3.637 0 -5.14E+06 5.82E+06 4.65E+07 -4.65E+07
180 45 3.637 -13.5 -4.86E+06 4.87E+06 4.21E+07 -4.04E+07
. 180 45 -3.637 -27 -4.15E+06 4.15E+06 4.24E+07 -3.93E+07
180 45 3.637 -40.5 -3.31E+06 3.31E+06 4.26E+07 -3.91E+07
180 45 3.637 -54 -2.70E+06 2.70E+06 3.83E+07 -4.29E+07
180 45 3.637 -67.5 -2.48E+06 2.71E+06 4.03E+07 -4.74E+07
180 54 3.32 0 -5.12E+06 5.96E+06 6.69E+07 -6.69E+07
180 54 3.32 -12.6 -5.51E+06 4.88E+06 6.24E+07 -6.49E+07
180 54 3.32 -25.2 -4.18E+06 4.19E+06 6.28E+07 -5.19E+07
180 54 3.32 -37.8 -3.34E+06 3.34E+06 6.31E+07 -5.13E+07
180 54 3.32 -50.4 -2.66E+06 2.66E+06 6.31E+07 -6.33E+07
180 54 332 -63 -2.33E+06 2.45E+06 5.60E+07 -7.09E+07
180 63 3.073 0 -5.88E+06 _5.95E+06 8.81E+07 -8.81E+07
180 63 3.073 -11.7 -5.52E+06 4.75E+06 " 8.49E+07 -8.55E+07
180 63 3.073 -23.4 -4.57E+06 4.10E+06 8.55E+07 -7.92E+07
180 63 3.073 -35.1 -3.40E+06 3.27E+06 8.60E+07 -5.99E+07
180 63 3.073 -46.8 |  -2.54E+06 2.48E+06 8.62E+07 -8.60E+07
180 63 3.073 -58.5 -2.11E+06 2.18E+06 8.57E+07 -9.72E+07
180 72 2.875 0 -5.87E+06 5.81E+06 1.08E+08 -1.08E+08
180 72 2.875 -10.8 -5.40E+06 5.47E+06 1.08E+08 -1.05E+08
180 72 2.875 -21.6 -4.54E+06 3.90E+06 1.09E+08 -9.70E+07
180 72 2.875 -32.4 -3.42E+06 3.43E+06 1.10E+08 -1.08E+08
180 72 2.875 -43.2 -2.43E+06 2.43E+06 1.10E+08 -1.18E+08
180 72 2.875 -54 ~1.92E+06 1.39E+06 -| 1.10E+08 -1.24E+08
180 -~ 81 2711 0 -5.70E+06 5.56E+06 1.30E+08 -1.30E+08
180 81 2.711 -9.9 -5.40E+06 5.26E+06 1.31E+08 -1.21E+08
180 81 2.711 -19.8 -4.40E+06 4.46E+06 1.32E+08 -1.12E+08
180 81 2711 -29.7 -3.37E+06 3.39E+06 1.33E+08 -1.30E+08
180 81 2.711 -39.6 -2.36E+06 2.37E+06 1.33E+08 -1.42E+08
180 81 2.711 -49.5 -1.69E+06 1.69E+06 1.33E+08 -1.50E+08
180 90 2.571 0 -5.21E+06 5.22E+06 1.49E+08 -1.49E+08
180 90 2.571 -9 -5.16E+06 4.96E+06 1.50E+08 -1.31E+08
180 90 2.571 -18 -4.46E+06 4.26E+06 1.52E+08 -1.48E+08
180 90 2.571 -27 -3.25E+06 3.29E+06 1.53E+08 -1.49E+08
180 90 2571 -36 -2.28E+06 2.30E+06 1.54E+08 -1.64E+08
180 90 2.571 -45 -3.27E+05, 1.52E+06 1.54E+08 | -1.73E+08
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F Ir sag{N)

F_ir hog '(?\E} B

Lm {m) Bs{m} | Ys{m)
180 45 3.6837 1286 | 3.27E+08 -3.08E+06
180 45 3.637 14.14 | 3.69E+086 =3.69E+06
180 45 - 3.637 1543 | 4.05E+06 -4.04E+06
180 45 3.637 16.71 | . 4.32E+06 -4.31E+06
180 45 3.837 18 4.49E+06 | -4.49E+06
180 45 3.637 19.29 | 4.48E+08 -4 56E+08 -
180 54 3.32 1288 3.55E+08 -3.35E+06
180 54 3.32 14.14 | 4.00E+08 -4.00E+06
180 - 54 | 332 15.43 | 4.39E+08 -4.38E+06
180 54 | 332 16.71 4.68E+08 -4.67E+06
180 54 3.32 18 ~4.87E+06 -4.86E+08 |
180 54 3.32 19.29 | 4.85E+06 -4.93E+06
180 63 3.073 12.86 | 3.79E+06 -3.58E+06
180 83 3.073 14.14 | 4.28E+06 -341E+06
180 583 3.073 15.43 4.69E+06 -4.68E+06 |-
180 83 3.073 | 1671 | 5.00E+06 | -4.99E+06
180 83 3.073 18 5.21E+08 -5.19E+068
180 83 3.073 19.28 5.19E+06 -5.27E+06
180 72 | 2875 | 1286 | 4.02E+08 -3.80E+06
180 72 2.875 14.14 | 4.53E+08 | -3.81E+06
180 72 2.875 1543 | 4.97E+06 -4.96E+08
180 | 72 2.875 16.71 | '5.30E+06 | -5.28E+08 .
180 72 2.875 .18 551E+06 -5.49E+06
180 .72 2.875 19.29 | . 5.49E+06 -5.58E+06 -
180 81 2711 | 12.86 | 4.22E+06 -4.00E+06 |

180 81 2711 | 1414 | 477E+06 | -3.80E+06 _
180 _B1 2711 15.43 | 5.22E+06 | -5.21E+06
180 81 2711 16.71 5.57E+08 -5.55E+06
180 81 2.71% 18 -5.80E+06 -5.77E+08
180 81 2.711 19.29 | 5.7BE+06 -5.86E+06
180 80 | 2571 1286 | 4.41E+08 -4.18E+08
180 80 2.571 14.14 4,98E+06 | -3.98E+08 |
180 80 2.571 15.43 ‘5.46E+06 | -5.44E+06
180 90 2.571 16.71 ‘5.83E+06 -5.79E+06
180 80 2.571 .18 | 6.06E+06 | -6.02E+06 -
180 - 80 19.29

2.571

6.04E+06
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' - M_lg_pos M_Ig_neg
Lm(m)| Ls{m) [ Bs{m) | Xs(m) [ F_lg sag (N) | F_lg_hog (N) (Nm) (Nm)

200 50 4.041 0 -7.41E+06 7.44E+06 6.70E+07 -6.70E+07
200 50 4.041 -15 -6.92E+06 6.94E+06 6.53E+07 -6.45E407
200 50 4.041 -30 -5.69E+06 5.17E+06 6.29E+07  -5.69E+07
200 50 4.041 -45 -4.37E+06 4.27E+06 6.04E+07 -5.72E+07
200 50 4.041 -60 -3.60E+06 3.60E+06 5.69E+07 -6.64E+07
200 50 4.041 -75 -3.70E+06 3.70E+06 6.12E+07 -7.12E+07
200 60 3.689 0 -7.50E+06 7.54E+06 9.43E+07 ~ | -9.43E+07
200 60 3.689 -14 -7.04E+06 7.07E+06 9.59E+07 -9.09E+07
200 60 3.689 -28 | -5.85E+06 5.86E+06 9.26E+07 -8.33E+07
200 60 3.689 -42 -4.49E+06 4.49E+06 9.44E+07 -7.26E+07
200 60 3.689 -56 -3.55E+06 3.55E+06 8.62E+07 -9.85E+07
200 60 3.689 -70 -3.40E+06 3.40E+06 8.59E+07 -1.07E+08
200 70 3.415 _ 0 -7.97E+406 _ 7.45E+06 1.31E+08 | -1.31E+08
200 70 3.415 -13 -7.46E+06 7.01E+06 1.29E+08 -1.16E+08
200 70 3.415 -26 -5.85E+06 5.87E+06 1.25E+08 -1.06E+08
200 - 70 3.415 -39 -4.50E+06 4.51E+06 1.29E+08 -1.28E+08
200 _70 3.415 -52 -3.44E+06 3.44E+06 1.16E+08 -1.34E+08
200 70 3.415 -65 -3.04E+06 3.04E+06 1.14E+08 -1.47E+08
200 80 3.194 0 -7.67E+06 7.18E+06 1.64E+08 -1.64E+08
200 80 3.194 -12 -7.37E+06 . 6.78E+06 1.62E+08 -1.38E+08
200 80 3.194 -24 -5.71E+06 5.74E+06 1.58E+08 -1.25E+08
200 80 3.194 -36 -4.41E+06 . 4.42E+06 1.66E+08 | -1.63E+08
200 80 3.194 -48 -3.27E+06 3.28E+06 1.74E+08 -1.71E+08
200 80 3.194 -60 -2.66E+06 2.66E+06 ~ 1.42E+08 -1.89E+08
200 90 3.012 0 -7.47E+06 6.76E+06 1.95E+08 -1.95E+08
200 90 3.012 -11 -7.13E+06 - 7.23E+06 1.93E+08 ~1.92E+08
200 90 3.012 -22 -6.05E+06 5.48E+06 1.88E+08 -1.86E+08
200 90 3.012 -33 -4.57E+06 4.25E+06 2.01E+08 -1.97E+08
200 90 3.012 -44 -3.11E+06 3.08E+06 2.12E+08 -2.06E+08
200 90 3.012 -55 -2.29E+06 2.09E+06 2.19E+08 -2.29E+08
200 100 2.857 0 -7.15E+06 6.22E+06 2.20E+08 -2.20E+08
200 100 2.857 -10 -5.65E+06 6.89E+06 2.18E+08 -2.17E+08
200 100 2.857 -20 -4.89E+06 5.91E+06 2.22E+08 -2.10E+08
200 100 2.857 -30 -4.51E+06 4.55E+06 2.34E+08 -2.27E+08
200 100 2.857 -40 -3.10E+06 3.12E+06 2.46E+08 -2.38E+08
200 100 2.857 -50 -3.80E+05 1.97E+06 2.56E+08 -2.65E+08
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F_tr_hog (N)

Lmim)|{ls{m) | Bs{m) | Ys{m} | F {r sag{N)
200 50 4041 | 14.29 4.49E+08 | -4.49E+06 |-
200 50 4.041 | 1571 | 4.96E+06 -4.95E+06 |
200 50 4.041 | 17.14 5.20E+08 | -5.29E+06
200 50 4041 | 1857 5.47E+06 | -5.47E+06
200 50 4.041 20 5.70E+08 -5.50E+06
200 50 4041 | 21.43 6.14E+08 -5.36E+08
200 60 3.689 | 14.28 4.87E+08 -4.87E+086
200 80 3.689 | 15.71 5.37E+06 -5.37E+06
200 &0 3682 | 17.14 | 573E+06 -5.73E+06
200 60 § 3689 | 1857 5.93E+06 -5.83E+08
200 60 | 3.889 20 | 8.17E+08 -5.96E+08
200 860 | 3.68% | 2143 6.65E+06 | -5.81E+06
200 70 1. 3415 1 14.28 5.21E+08 -5.21E+086
200 70 3415 | 1571 5.75E+06 -5.75E+06
200 70 3415 | 17.14 8.13E+06 -6.13E+06
200 70 3.415 | 1857 6.35E+06 -6.34E+06
200 70 3.415 20 6.60E+06 -6.37E+06
200 70 3415 | 2143 711E+08 | -8.22E+06
200 80 3.194 | 14.29 5.52E+08 -5.51E+06
200 80 3.194 | 1571 | 6.09E+06 | -6.08E+06
200 80 | 3194 | 1714 8.50E+08 -6.48E+06
200 80 | 3.194 | 1857 | B6.73E+06 | -6.71E+06
200 80 3.194 20 6.99E+06 -6.74E+06 |
200 80 3194 | 2143 | 7.53E+08 -68.58E+06
200 90 3.012 | 1429 5.80E+06 -5.80E+06 | -
200 80 3.012 | 1571 | 6.40E+06 -6.39E+06
200 S0 3.012 | 1714 8.84E+08 -6.82E+06
200 80 | 3.012 | 1857 7.07E+08 -7.05E+08
200 80 3012 1 20 | 7.35E+08 -7.08E+06
200 90 3.012 | 2143 7.92E+06 -6.91E+06
200 100 2857 | 1429 | 6.07E+06 -8.06E+08
200 100 2.857 | 15.71 6.70E+086 -6.68E+086
200 100 | 2.857 | 17.14 7.15E+06 -7.12E+08
200 100 2.857 | 1857 7.40E+06 | -7.37E+06
200 100 2.857 20 | 7.68E+06 -7.40E+06
200 100 2143 -7.22E+06

2.857

B.27E+06 -



- M_lg_pos | M_lg_neg
Lm(m) | Ls(m) | Bs(m) | Xs(m) | F_lg sag (N) | F_lg_hog (N) (Nm) (Nm)

220 55 4.445 0 -8.92E+06 9.98E+06 9.69E+07 | -9.69E+07
220 55 4445 | -16.5 -8.42E+06 8.43E+06 9.42E+07 | -8.70E+07
220 55 4.445 -33 -7.15E+06 7.16E+06 8.87E+07 | -7.74E+07
220 55 4.445 | -49.5 -5.70E+06 5.70E+06 8.96E+07 | -7.61E+07
220 55 4.445 -66 -4.65E+06 4.65E+06 | 8.23E+07 | -9.10E+07
220 55 4445 | -825 -4.34E+06 4.69E+06 8.36E+07 | -1.00E+08
220 66 4.057 0 -1.02E+07 1.02E+07 1.40E+08 | -1.40E+08
220 66 4.057 | -154 -9.47E+06 8.47E+06 1.30E+08 | -1.19E+08
220 66 4.057 | -30.8 -7.73E+06 7.24E+06 1.32E+08 § -1.11E+08
220 66 4.057 | -46.2 -5.75E+06 5.76E+06 1.33E+08 | -9.25E+07
220 66 4.057 | -61.6 -4.58E+06 4.58E+06 1.33E+08 | -1.35E+08
220 66 4.057 -77 -4.06E+06 4.25E+06 1.17E+08 | -1.50E+08
220 | 77 3.756 0 -1.01E+07 1.02E+07 1.86E+08 | -1.86E+08
220 77 3.756 | -14.3 -9.48E+06 8.26E+06 1.77E+08 [ -1.81E+08
220 77 3.756 | -28.6 -7.85E+06 7.10E+06 1.79E+08 [ -1.36E+08
220 77 3.756 | -42.9 .-5.85E+06 5.65E+06 1.81E+08 | -1.80E+08
220 77 3.756 | -57.2 | -4.38E+06 4.39E+06 1.82E+08 [ -1.83E+08
220 77 3.756 | -71.5 -3.67E+06 3.78E+06 | 1.82E+08 | -2.05E+08
220 88 3.514 0 -1.01E+07 9.94E+06 2.30E+08 | -2.30E+08
220. 88 3514 | -13.2 -9.27E+06 9.36E+06 2.26E+08 | -2.24E+08
220 88 3514 | -264 -7.79E+06 7.83E+06 2.29E+08 | -2.10E+08
220 88 3514 | -39.6 -5.87E+06 5.39E+06 | 2.32E+08 | -2.28E+08
220 88 3514 | -52.8 -4.19E+06 4.19E+06 2.33E+08 | -2.4BE+08
220 88 3.514 -66 -3.32E+06 3.32E+06 2.33E+08 | -2.63E+08
220 99 3.313 0 -9.35E+06 9.50E+06 2.67E+08 | -2.67E+08
220 99 3.313 | -12.1 -9.28E+06 8.99E+06 2.74E+08 | -2.60E+08
220 99 3313 | -24.2 -7.56E+06 7.62E+06 2.77E+08 | -2.44E+08
220 99 3.313 | -36.3 -5.78E+06 - 5.80E+06 2.80E+08 | -2.75E+08
220 99 3313 | -484 -4.07E+06 4.07E+06 2.83E+08 | -3.00E+08
220 99 3.313 | -60.5 -2.92E+06 2.93E+06 2.84E+08 | -3.19E+08
220 110 3.143 0 -8.98E+06 - 8.90E+06 - | 3.13E+08 | -3.13E+08
220 110 3.143 -11 -7.78E+06 8.46E+06 3.15E+08 | -2.87E+08
220 110 3.143 -22 -6.72E+08 7.73E+06 3.19E+08 | -2.69E+08
220 110 3.143 -33 -5.89E+06 5.62E+06 3.23E+08 | -3.16E+08
220 110 3.143 -44 -3.99E+06 3.93E+06 3.27E+08 | -3.47E+08
220 110 3.143 -55 -4.37E+05 2.61E+06 3.29E+08 | -3.68E+08




Lm(m){Ls(m) | Bs(m) | Ys{m) | F tr sag(N) | F_tr hog (N)
220 55 ' 4.445 | 15.71 5.84E+06 -5.84E+06
220 55 4.445 17.29 8.27E+056 -8.27E+086
220 55 4445 | 18.86 ‘8.32E+06 -6.48E+08
220 55 4445 | 2043 | 8.98E+08 -6.46E+06
220 55 4.445 22 .| 7.52E+08 -6.21E+06
220 55 4445 | 23.57 7.96E+06 _ -7.96E+06
220 68 4057 | 15.71 6.33E+06 -6.33E+06
220 66 4057 | 17.28 .6.B0E+08 -6.80E+06
220 66 4057 | 18.88 6.85E+06 -7.03E+086
220 88 4.057 | 2043 7.55E+08 -7.01E+06 |
220 66 4.057 22 8.14E+08 -8.73E+06

220 86 4,057 | 2357 8.63E+086 -6.23E+06
220 77 | 3756 | 1571 8.77E+06 -8.77E+08
220 77 3.756 | 17.29 7.27E+06 -7.27E+08
220 77 3.756 | 18.88 7.32E+08 - -7.52E+06 .
220 77 3.756 | 20.43 8.07E+06 -7.50E+06
220 77 3.758 22 8.71E+06 -7.20E+06
220 77 3.758 | 2357 8.22E+06 -8.866E+06
220 88 3514 | 15.71 7.18E+086 -7.17E+06
220 88 3514 | 17.29 7.71E+06 -7.71E+06
220 88 3514 18.86 7.75E+06 -7.97E+08
220 88 3514 | 2043 | B54E+06 | -7.94E+08
220 88 3.514 22 9.22E+06 | -7.63E+08
220 88 3514 | 2357 9.77E+06 -7.06E+06
220 99 3313 | 1571 7.55E+08 ~7.54E+06
220 98 3313 | 17.29 | B.11E+08 -8.10E+08
220 99 3.313 | 1886 8.15E+06 -8.38E+06
220 99 '3.313 | 20.43 8.98E+06 -8.35E+08
220 99 3.313 22 1 8.70E+08 -8.03E+068
220 99 3.313 | 2357 1.03E+07 | -7A2E+08
220 110 3.143 15.71 7.89E+06 --7.89E+06
220 110 | 3143 | 17.29 8.4BE+06 -8.47E+06
220 110 3.143 18.86 8.52E+08 -8.75E+06
220 110 3.143 | 20.43 9.39E+08 -8.73E+06
220 110 3.143 22 1 1.01E+07 -B.38E+068
220 110 3.143 | 2357 1.07E+07 | -7.76E+068
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-6.92E+05

M_lg_pos M_Ig_neg
Lm(m) [ Ls(m) | Bs(m) | Xs(m) | F_Ig sag(N) | F_Ig hog (N) (Nm) (Nm)

240 60 4.849 0 -1.22E+07 1.22E+07 1.33E+08 -1.33E+08
240 60 4.849 -18 -1.14E+07 1.14E+07 1.27E+08 -1.28E+08
240 60 4.849 -36 -9.33E+06 8.63E+06 1.24E+08 -1.11E+08
240 60 4.849 -54 -7.13E+06 7.07E+06 1.20E+08 -1.11E+08
240 60 4.849 -72 -5.87E+06 5.87E+06 1.18E+08 -1.30E+08
240 60 4.849 -90 -6.06E+06 - 6.06E+06 1.18E+08 -1.39E+08
240 72 4.426 0 -1.24E+07 1.24E+07 1.90E+08 -1.90E+08
240 72 4.426 -16.8 -1.16E+07 1.16E+07 1.87E+08 -1.83E+08
240 72 4.426 -33.6 -9.61E+06 9.61E+06 1.82E+08 -1.46E+08
240 72 4.426 -50.4 -7.34E+06 7.34E+06 1.77E+08 -1.45E+08
240 72 4.426 -67.2 -5.80E+06 5.80E+06 1.73E+08 -1.93E+08
240 72 4.426 -84 -5.56E+06 5.56E+06 1.61E+08 -2.09E+08
240 84 4.098 0 -1.30E+07 1.23E+07 2.54E+08 -2.54E+08
240 84 4.098 -15.6 -1.22E+07 1.15E+07 2.53E+08 -2.38E+08
240 84 4.098 -31.2 -9.63E+06 9.64E+06 2.47E+08 -2.18E+08
240 84 4.098 -46.8 -7.38E+06 7.38E+06 2.53E+08 -2.51E+08
240 84 4.098 -62.4 -5.62E+06 5.62E+06 2.34E+08 -2.63E+08
240 84 4.098 -78 -4.97E+06 4.97E+06 2.31E+08 «2.88E+08
240 96 3.833 0 -1.25E+07 1.18E+07 3.21E+08 -3.21E+08
240 96 3.833 -14.4 -1.20E+07 1.12E+07  3.19E+08 -2.87E+08
240 96 3.833 -28.8 -1.00E+07 9.44E+06 3.13E+08 -2.63E+08
240 96 3.833 -43.2 -7.41E+06 7.26E+06 3.25E+08 -3.21E+08
240 96 3.833 -57.6 -5.36E+06 5.36E+06 3.42E+08 -3.36E+08
240 96 3.833 -72 -4.35E+06 4.35E+06 2.90E+08 -3.70E+08
240 108 3.614 0 -1.21E+07 1.12E+07 3.83E+08 -3.83E+08
240 108 3.614 -13.2 -1.15E+07 1.18E+07 3.81E+08 -3.79E+08
240 108 3.614 -26.4 -9.86E+06 9.03E+06 3.74E+08 -3.71E+08
240 108 3.614 -39.6 -7.44E+06 6.99E+06 3.95E+08 -3.88E+08
- 240 108 3.614 -52.8 -5.07E+06 5.05E+06 4.17E+08 -4.07E+08
240 108 3.614 -66 -3.75E+06 3.42E+06 4.33E+08 -4.18E+08
240 120 3.429 0 -9.46E+06 1.18E+07 4.35E+08 -4.35E+08
240 120 3.429 -12 -1.03E+07 1.12E+07 4.34E+08 -4.31E+08
240 120 3.429 -24 -7.81E+06 9.59E+06 4.26E+08 -4.22E+08
240 120 3.429 -36 -7.33E+06 7.38E+06 4.59E+08 -4.49E+08
240 120 3.429 -48 -5.05E+06 5.07E+06 4.85E+08 | -4.70E+08
240 120 3.429 -60 3.21E+06 5.07E+08 -5.21E+08
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F_tr_hog (N)

Lm(m) | Ls(m) | Bs(m) | Ys(m) | F_ir sag(N)
240 80 4848 | 1714 7.22E+06 -7.22E+06
240 60 4.848 | 18.86 7.39E+08 -7.50E+06
240 80 4.849 | 2057 | 8.22E+06 -7.46E+06
240 80 4848 | 22.29 8.92E+06 | -8.92E+06
240 60 4.849 24 - 8.46E+06 -9.46E+06
240 60 4.849 | 25.71 9.82E+06 -9.82E+06
240 72 4428 | 17.14 | 7.83E+08 -7.83E+08
240 72 4.426 | 18.86 8.01E+06 | -8.14E+08
240 | 72 4426 | 20.57 B.91E+06 -8.10E+06
240 72 4428 | 22.2%9 8.67E+08 -7.71E+08
240 72 | 4.428 24 4.03E+07 -1.03E+07
240 72 1.4426 | 25.71 3.07E+07 |  -1.08E+07
240 84 | 4098 | 17.14 8.38E+08 -8.38E+086
240 84 4.088 | 18.88 8.57E+08 -8.72E+06
240 84 4098 | 2057 9.53E+06 -8.67E+06
240 84 4.088 | 2228 | 1.03E+07 -8.25E+06
240 84 4.098 24 1.10E+07 | -1.10E+07
240 84 4.098 | 25.71 1.14E+07 -1.14E+07
240 96 3.833 | 17.14 8.89E+08 -8.88E+08
240 96 3833 | 1886 | 9.07E+08 -9.24E+08
240 96 3.833 | 2057 1.01E+07 -9.19E+06
240 96 3.833 | 22.29 1.10E+07 -B.74E+06
240 96 3.833 24 1.16E+07 -7.92E+06 | -
240 96 3833 | 25.71 1.21E+07 -1.20E+07 -
240 108 3814 | 17.14 | 9.35E+08 -8.34E+06
240 108 3.614 | 1888 9.54E+06 | -9.72E+08
240 108 3.614 | 2057 | 1.08E+07 -9.67E+06
240 108 | 3814 | 2229 1.15E+07 -9.20E+06
240 108 3.614 24 | 1.22E+07 | -8.34E+08 | -
240 108 3614 | 2571 | 1.27E+07 -1.27E+07 |
240 120 | 3429 | 1714.| 978E+06 | -9.77E+06
240 120 3429 | 1886 9.97E+06 -1.02E+07
240 120 3.428 | 2057 1.11E+07 -1.01E+07
240 120 3.429 | 22.29 1.20E+07 -0.62E+06
240 120 3.429 24 1.28E+407 -8.72E+08
240 120 25.71

3.429

 1.33E+07
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M_lg_pos M_lg_neg

Lm(m) | Ls(m) | Bs(m) | Xs(m) | F_lg_sag (N) | F_lg_hog (N) (Nm) {Nm)
260 65 5.253 0 -1.43E+07 1.56E+07 1.73E+08 -1.73E+08
260 65 | 5253 | -19.5 -1.35E+07 1.35E+07 1.74E+08 -1.67E+08
260 65 5.253 -39 -1.13E+07 1.13E+07 1.65E+08 -1.47E+08
260 65 5.2563 | -58.5 -8.95E+06 8.95E+06 1.67E+08 -1.48E+08
260 65 5.253 -78 -7.35E+06 7.35E+06 1.50E+08 -1.76E+08
260 65 5.253 | -97.5 -7.06E+06 7.29E+06 1.61E+08 -1.83E+08
260 78 4.795 0 -1.59E+07 1.60E+07 2.60E+08 -2.60E+08
260 - 78 4.795 | -18.2 -1.48E+07 1.36E+07 2.54E+08 -2.33E+08
260 78 4795 |, -36.4 -1.21E+07 1.15E+07 2.43E+08 -2.14E+08
260 78 4.795 | -54.6 -9.08E+06 -9.08E+06 2.48E+08 -1.88E+08
260 78 4795 | -72.8 -7.23E+06 7.23E+06 2.51E+08 -2.47E+08
260 78 4.795 -91 -6.57E+06 6.59E+06 2.21E+08 -2.74E+08
260 91 4.439 0 -1.59E+07 1.60E+07 3.47E+08 -3.47E+08
260 91 4439 | -16.9 -1.49E+07 1.33E+07 - 3.40E+08 -2.96E+08
260 91 4.439 | -33.8 -1.23E+07 1.14E+07 3.31E+08 -2.71E+08

. 260 91 4.439 | -50.7 -9.13E+06 8.95E+06 3.39E+08 -3.37E+08
260 91 4.439 | -67.6 -6.94E+06 6.94E+06 3.44E+08 -3.36E+08
260 91 4439 | -84.5 -5.93E+06 5.86E+06 2.88E+08 -3.76E+08
260 104 4.153 0 -1.47E+07 1.56E+07 4.32E+08 -4.32E+08
260 104 4153 | -15.6 -1.48E+07 1.47E+07 4.16E+08 -4.24E+08
260 104 4153 | -31.2 -1.22E+07 1.09E+07 4.24E+08 -4.02E+08
260 104 4.153 | -46.8 -0.18E+06 | - 8.61E+06 4.33E+08 -4.28E+08
260 104 4153 | -62.4 -6.53E+06 6.53E+06 4.41E+08 -4.60E+08

- 260 104 4.153 -78 -5.16E+06 5.16E+06 4.44E+08 -4.83E+08
260 117 3.915 0 -1.44E+07 1.49E+07 '5.08E+08 -5.08E+08
260 117 3.915 | -14.3 -1.44E+07 1.41E+07 5.04E+08 -4.98E+08
260 117 3.915 | -28.6 -1.22E+07 1.19E+07 5.13E+08 -4.74E+08 -
260 117 3.915 [ 429 -9.06E+06 9.08E+06 5.25E+08 -5.17E+08
260 117 3.915 | -57.2 -6.35E+06 6.36E+06 5.36E+08 -5.57E+08
260 117 3915 | -71.5 -4.55E+06 4.55E+06 5.42E+08 -5.86E+08
260 130 3.714 0 -1.38E+07 1.40E+07 5.67E+08 -5.67E+08
260 130 3.714 -13 -1.18E+07 1.33E+07 - 5.82E+08 -5.57E+08
260 130 3.714 -26 -1.02E+07 1.19E+07 5.93E+08 -5.30E+08
260 130 3.714 -39 -9.12E+06 9.16E+06 6.07E+08 -5.96E+08
260 130 3.714 -52 -6.17E+06 6.15E+06 6.20E+08 -6.44E+08
260 130 3.714 -65 -7.55E+05 4.07E+06 6.30E+08 -6.78E+08 .




F_tr_hog (N}

bmimiilsim I Bs{m | Ys{m} | F Ir sag{N}
280 85 5253 | 1857 8.34E+06 -8.52E+06 |
260 85 5.253 | 2043 | 9.41E+4086 -9.41E+06
260 85 5253 | 22.29 1.03E+07 ~1.08E+07
260 65 5253 | 24.14 |  1.10E+07 -1.10E+07
2680 1. 65 5.253 26 1.14E+07 -1.14E+07
260 65 5253 | 27.88 1.19E+07 -1.16E+07
260 78 4795 | 1857 | 9.04E+08 -9.25E+08
260 78 4.785 | 2043 1.02E+07 -9.26E+06
280 78 4795 | 22.29 1.12E+07 -112E+07
280 78 | 4.795 | 24.14 118E+07 1 -119E+07
260 78 4,795 28 1.24E+07 -1.24E+07 .
260 78 4795 | 27.88 1.20E+07 -1.26E+07
260 91 4439 | 1857 9.67E+06 -9.91E+06
260 91 4438 | 2043 1.09E+07 -3.91E+06
260 91 4439 | 2229 | 1.20E+07 -1.19E+07
280 g1 4439 | 24.14 1.27E+07 -1.27E+07
260 91 4.438 28 1 1.32E+07 -1.32E+07
260 91 | 4439 | 2786 1.38E+07 -1.34E+07
260 104 | 4153 | 1857 1.02E+07 | -1.05E+07
260 104 4153 | 2043 1.16E+07 | -1.05E+07
260 | 104 4.153 | 2228 1.27E+07 -9.96E+06
260 104 4153 | 24.14 1.35E+07 -1.35E+07
260 104 | 4.153 26 1.40E+07 -1.40E+07
260 104 | 4.153 | 27.86 146E+07 | -1.42E+07
260 117 3915 | 1857 1.08E+07 | -1.11E+07
260 117 3915 | 2043 | 1.22E+07 | -1.11E+07 -
260 117 3.8915 | 2229 1.33E+07 -1.05E+07
280 117 | 3915 | 24.14 1.42E4+07 | -1.42E+07
260 117 3.915 28 1.47E+07 -1.47E+07
260 117 3915 | 27.86 1.53E+07 | -1.49E+07
260 130 3714 | 1857 1.13E+07 -1.16E+07
260 130 | 3714 | 2043 1.27E+07 -1.16E+07
260 130 3714 | 2229 1 1.38E+07 -1.10E+07
260 130 | 3714 | 24.14 1.48E+07 -1.48E+07
260 130 | 3714 26 1.54E+07 | -1.54E+07
260 130 3714 | 27.86

1.60E+07

-1.58E+07

104




M_lg_pos M_lg_neg
Lm(m){Ls(m) | Bs(m) | Xs(m) | F_Ig sag (N) | F_lg_hog (N) (Nm) (Nm)

280 70 5.657 0 -1.86E+07 1.86E+07 2.37E+08 -2.37E+08
280 70 5.657 -21 -1.73E+07 1.73E+07 2.21E+08 -2.10E+08
280 70 5.657 -42 -1.41E+07 1.34E+07 2.18E+08 -1.88E+08
280 70 5.657. -63 -1.08E+07 1.08E+07 2.15E+08 -1.86E+08
280 70 5.657 -84 -8.67E+06 8.78E+06 2.00E+08 -2.26E+08
280 70 5.657 | -105 -9.17E+06 9.17E+06 2.05E+08 -2.42E+08
280 84 5.164 0 -1.89E+07 1.89E+07 3.41E+08 -3.41E+08
280 84 5.164 | -19.6 -1.77E+07 1.77E+07 3.26E+08 ~_-3.31E+08
280 84 5.164 | -39.2 -1.46E+07 1.34E+07 3.23E+08 -2.69E+08
280 84 5.164 | -58.8 -1.11E+07 1.08E+07 3.18E+08 -2.30E+08
280 84 5.164 | -78.4 -8.67E+06 8.67E+06 3.14E+08 -3.35E+08
280 84 5.164 -98 -8.39E+06 8.39E+06 2.85E+08 -3.63E+08
280 98 4.781 0 -1.86E+07 1.88E+07 4.50E+08 -4.50E+08
280 98 4.781 | -18.2 -1.82E+07 1.76E+07 4.42E+08 -4.37E+08
280 98 4.781 | -36.4 -1.47E+07 1.47E+07 4.39E+08 -4.05E+08
280 98 4781 | -54.6 -1.12E+07 1.12E+07 4.33E+08 -4.42E+08
280 98 4.781 | -72.8 -8.43E+06 8.14E+06 4.27E+08 -4.58E+08
280 98 4.781 -91 . -7.48E+06 7.48E+06 4.23E+08 -5.01E+08
280 112 | 4.472 0 -1.84E+07 1.82E+07 5.51E+08 -5.51E+08
280 112 | 4472 | -16.8 -1.80E+07 1.71E+07 5.62E+08 -5.36E+08
280 112 | 4472 | -33.6 -1.50E+07 1.44E+07 5.57E+08 -4.97E+08
280 112 | 4472 | -50.4 -1.11E+07 1.10E+07 5.71E+08 -5.47E+08
280 112 | 4472 | -67.2 -8.09E+06 8.09E+06 6.05E+08 -5.86E+08
280 112 | 4472 -84 -6.56E+06 6.56E+06 5.37E+08 -6.46E+08
280 126 | 4.216 0 -1.79E+07 1.86E+07 6.75E+08 -6.75E+08
280 126 | 4.216 | -154 -1.70E+07 1.76E+07 6.75E+08 -6.18E+08
280 126 | 4.216 | -30.8 -1.48E+07 1.39E+07 6.70E+08 -5.73E+08
280 126 | 4.216 | -46.2 -1.11E+07 1.07E+07 6.95E+08 -6.57E+08
280 126 | 4.216 | -61.6 | -7.56E+06 7.67E+06 7.39E+08 -7.10E+08
280 126 | 4.216 77 -5.68E+06 5.68E+06 7.73E+08 -7.86E+08
280 140 4 0 -1.71E+07 1.76E+07 7.73E+08 -7.73E+08
280 140 4 -14 -1.49E+07 1.67E+07 7.72E+08 -7.69E+08
280 140 4 -28 -1.29E+07 1.43E+07 7.68E+08 -7.61E+08
280 140 4 -42 -1.08E+07 1.10E+07 8.07E+08 -7.93E+08
280 140 4 -56 -7.54E+06 7.56E+06 8.60E+08 -8.21E+08
280 140 4 -70 -4.74E+06 4.76E+06 9.05E+08 -9.12E+08




Lm(m) | (m) |Bs(m) | Ys(m) | Ftrsag(N) | Ftr hog(N) | - R ‘
280 70 | 5.657 20 | 1.05E+07 -1.05E+07 | . : T
280 70 | 5.657 22 | 1.16E+07 | -1.16E+07
280 70 | 5.657 24 1.25E+07 -1.25E+07
280 | 70 | 5.657 26 | 1.30E+07 | -1.30E+07
280 | 70 | 5.657 28 1.37E+07 | -1.32E+07 . - e
280 | 70 | 5857 30 1.47E+07 -1.31E+07 S .
280 84 | 5164 | 20 1.13E+07 -1,13E407 R SRR
280 5.164 22 1.26E+07 -1.26E+07
280 5.164 24 | 1.35E+07 -1.35E+07
280 5.164 26 | 1.41E+07 -1.41E+07 S L e e
280 5164 | 28 | 1.49E+07 | -1.43E+07 S e
280 84 | 5164 | 30 | 1.59E+07 -1.42E+07 | o T
280 98 | 4.781 20 | 1.21E+07 | -1.12E+07
280 | 98 | 4.781 22 1.35E+07 -1.35E+07 |
280 | 98 | 4781 | 24 | 1.45E+07 | -1.45E+07
280 | 98 | 4781 | 26 | 151E307 | -151E+07 | - S
280 98 | 4.781 28 | 1.59E+07 163E+07 | - . e
280 98 | 4.781 30 | 1.70E+07 -1.52E+07 S T
280 112 | 4.472 20 1.28E+07 -1.19E+07
280 | 112 | 4.472 22 | 1.43E+07 -1.43E+07
280 112 | 4472 24 | 1.53E+07 | -1.53E+07 R - S
280 | 112 | 4472 | 26 1.60E+07 160E+07 | e
280 | 112 | 4472 28 1.68E+07 -1.63E+07 IR
280 | 112 | 4.472 30 | 1.80E+07 -1.61E+07
280 | 126 | 4216 | 20 | 1.35E+07 -1.25E+07
280 | 126 | 4.216 22 | 1.50E+07 | -1.19E+07
280 126 | 4216 | - 24 | 1.61E+07 | -161E+07 | - s
280 | 126 | 4.216 26 | 1.68E+07 | -1.88E+07 o B - ®
280 126 | 4216 | 28 | 1.77E+07 | -171E+07 | '~ = = T S
280 126 | 4216 | 30 | 1.90E+07 | -1.69E+07
280 140 20 | 1.41E+07 | -1.31E+07
280 140 22 | 1.57E+07 -1.25E+07 | - .
280 140 24 | 169E+07 | -169E+07 | . . @
280 | 140 26 | 176E+07 | -4.76E+07 | oo
280 140 28 | 1.85E+07 | -1.79E+07
280 140 30 1.98E+07 -1.76E+07

2(R|B|R
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~M_lg_pos M_Ig_neg
Lm(m) [ Ls(m) | Bs(m) | Xs(m) | F_Ig_sag (N) | F_lg_hog (N) (Nm) (Nm)

300 75 6.061 0 -2.15E+07 2.27E+07 3.02E+08 -3.02E+08
300 75 6.061 -22.5 -2.10E+07 2.02E+07 2.93E+08 -2.91E+08
300 75 6.061 -45 -1.68E+07 1.68E+07 2.82E+08 -2.52E+08
300 75 6.061 -67.5 -1.31E+07 1.31E+07 2.83E+08 -2.52E+08
300 75 6.061 -90 -1.08E+07 1.08E+07 2.56E+08 -2.95E+08
300 75 6.061 | -112.5 -1.07E+07 1.07E+07 2.69E+08 -3.02E+08
300 90 5.533 0 -2.32E+07 2.32E+07 4.30E+08 -4.30E+08
300 90 5.533 -21 -2.16E+07 2.04E+07 4.30E+08 -4.15E+08
300 90 5.533 -42 -1.71E+07 1.71E+07 4.14E+08 -3.32E+08
300 20 5.533 -63 -1.33E+07 1.33E+07 4.20E+08 -3.30E+08
300 90 5.533 -84 -1.06E+07 1.06E+07 | 3.85E+08 -4.39E+08
300 - 90 5.533 -105 -9.90E+06 9.90E+06 3.84E+08 -4.50E+08
300 105 5.122 0 -2.27E+07 2.32E+07 5.86E+08 -5.86E+08
300 105 5122 | -195 -2.17E+07 2.01E+07 5.79E+08 -5.38E+08
300 105 [ 5.122 -39 -1.79E+07 1.70E+07 5.55E+08 -4.92E+08
300 105 5122 | -58.5 -1.32E+07 1.33E+07 5.75E+08 -5.72E+08
300 105 5.122 -78 -1.02E+07 1.02E+07 5.91E+08 -6.01E+08
300 105 5122 | -97.5 -8.90E+06 8.90E+06 5.10E+08 -6.18E+08
300 120 4.792 0 -2.24E+07 2.27E+07 7.37E+08 -7.37E+08
300 120 4792 | -18 -2.11E+07. 2.14E+07 7.28E+08 -6.47E+08
300 120 4.792 -36 -1.78E+07 1.65E+07 7.10E+08 ~-7.02E+08
300 120 4.792 -54 -1.33E+07 1.29E+07 7.37E+08 -7.30E+08
300 120 4.792 -72 -9.40E+06 9.65E+06 7.60E+08 -7.70E+08
300 120 4.792 -90 -7.79E+06 7.79E+06 7.73E+08 -7.95E+08
300 135 4518 0 -2.18E+07 2.18E+07 8.74E+08 -8.74E+08
300 135 4518 | -165 -2.06E+07 2.06E+07 8.65E+08 -8.63E+08
300 135 4518 -33 -1.74E+07 1.75E+07 .8.63E+08 -8.35E+08
300 135 4518 | -495 ~1.32E+07 1.32E+07 8.94E+08 -8.83E+08
300 135 4.518 -66 -9.20E+06 9.21E+06 9.25E+08 -9.33E+08
300 135 4518 | -825 -6.52E+06 6.52E+06 9.46E+08 -9.67E+08
300 150 4.286 0 -1.69E+07 2.05E+07 9.87E+08 -9.87E+08
300 150 4.286 -15 -1.61E+07 1.95E+07 9.78E+08 -9.75E+08"
300 150 4.286 -30 -1.59E+07 1.67E+07 9.99E+08 -9.44E+08
300 150 4.286 -45 -1.22E+07 1.29E+07 1.04E+09 -1.02E+09
300 150 4.286 -60 -8.82E+06 8.96E+06 1.07E+09 -1.08E+09
300 150 4.286 -75 -5.86E+06 5.87E+06 1.10E+09 -1.12E+09
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im{myiis{m) i Bs{m){ Ys{m) | F ir sag{N) | F tr hog (\} o o VL e
300 | 75 | 6.061 | 2143 | 127E+07 | -1.27E+07 | = o e
300 75 | 6.061 | 2357 | 1.39E+07 | -1.39E+07 R RSP
300 75 | 6.061 | 2571 | 1.47E+07 | -1.47E+07
300 75 | 6.061 | 27.86 | 1.55E+07 | -1.49E+07
300 75 | 6.061 | 30 | 1.67E+07 | -1.48E+07
300 75 | 6.061 | 3214 | 1.77E+07 | -1.41E+07 |
300 90 | 5533 | 21.43 | 1.38E+07 | -1.38E+07 L T e
300 90 | 5533 | 2357 | 1.51E+07 | -1.51E+07 | . ST
300 90 | 5533 | 25.71 | 1.59E+07 | -1.59E+07
300 90 | 5533 | 27.86 | 1.68E+07 | -1.62E+07
300 9 | 5533 | 30 | 181E+07 | -160E+07 | - LT
300 90 | 5533 | 3214 | 1.92E+07 | -1.53E+07 e
300 | 105 | 5.122 | 21.43 | 1.48E+07 | -1.48E+07 S T T
300 | 105 | 5122 | 2357 | 1.61E+07 | -1.61E+07
300 | 105 | 5122 | 2571 | 1.70E+07 | -1.70E+07 | N
300 | 105 | 5.122 | 27.86 | 1.79E+07 | -1.73E+07_ L
300 | 105 | 5122 | 30 | 1.94E+07 | -1.71E+07 o
300 | 105 | 5.122 | 3214 | 2.05E+07 | -1.64E+07 ; '
300 | 120 | 4792 | 21.43 | 1.56E+07 | -1.56E+07
300 | 120 | 4792 | 2357 | 1.71E+07 | -1.71E+07
300 | 120 | 4792 | 2571 | 1.80E+07 | -1.80E+07
300 | 120 | 4792 | 27.86 | 1.90E+07 | -1.84E+07 | ° : Co
300 | 120 | 4792 | 30 | 205E+07 | -1.81E:07 | - TR )
300 | 120 | 4792 | 3244 | 247E+07 | -1.73E+07 |
300 | 135 | 4518 | 2143 | 1.65E4+07 | -1.65E+07
300 | 135 | 4518 | 2357 | 1.80E+07 | -1.80E+07
300 | 135 | 4518 | 2571 | 1.89E+07 | -1.89E+07 | -
300 | 135 | 4518 | 27.86 | 200E+07 | 1.93E+07 [ . . g
300 | 135 | 4518 | 30 2.16E+07 | -1.91E+07 : DU S
300 | 135 | 4518 | 3214 | 2.28E+07 | -1.82E+07
300 | 150 | 4.286 | 21.43 | 1.72E+07 | -1.72E+07
300 | 150 | 4.286 | 2357 | 1.88E+07 | -1.88E+07
300 | 150 | 4.286 | 25.71 | 1.98E+07 | -198E+07 |
300 | 150 | 4286 | 27.86 | 209E+07 | -202E+07 | . - @
300 | 150 | 4286 | 30 | 2.25E+07 | -1.99E+07 . T S
300 | 150 | 4.286 | 32.14 | 239E+07 | -1.91E+07 S

, ‘;‘;Q
.
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Appendix C. Wave Height Matching Reliability Index of Five

Where the required variables in this algoﬂthni are contained in Appendix A

design_wave = new, o «— Om

® for qe 1..D
mean «— 0
m2«0
design « 0
h«0

pmax,

sum < 88
2 pa
p=1

) ‘ for pe 1..2B
ifss  #0
" , P4

>

h(—-hW

P

: ss

mean < mean + |h| 24
sum

@

' q

m2 e m2+ (h)>- - X

design « [mean +B \}mZ (mean) ]

o ewl’q ¢ design
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Appendix D. Fit Parameters for Analytical Thesis Model |

®
Actual by Predicted Plot Longitudinal Summary of Fit Longitudinal Troughing
Troughin ;
~rougning RSquare . 0.996193
o RSquare Adj 0.995996
i Root Mean Square Error 340056
_ 4 Mean of Response -5293391
® S 4 Observations (or Sum Wgts) , 468
© -
<
o-10000000—
3 :
o .
w! 7
. rd
° 20000000+
4
A l T T T T l T T T T |
-20000000 -10000000 0
F_lg_sag Predicted P0.0000 RSq=1.00 -
RMSE=340056

o _ LS . XS 2
Ftrough = 3211000+ —61810Lm+ 2225000}:—‘ - 10020000L— - 273.9(Lm - 180)

m m

- 2
‘ LS X S X s
+18420000| — - 0.375-| — + 0.3125| - 2475000| — + 0.3125| ...
L, L L

m m

Ly - X
S . S
+76210[1—— - o.375j-(LIn — 180) - 136600[L— + O.3125J-(Lm ~180) ...

+—02781-(L —180)3+408 3(L —180)2- is— - 0.375| + 491600 i - 0375 2-(L —180)
. m 3Ly, " T . o ;

L 2 Xs_ Ly X
+-3716(L y, - 180)"| — + 0.3125| — 105500(L 1, - 180):| — — 0375{ — + 03125 ...
XS LS ?
+26770| — + 0.3125] (L - 180) + 170200008 — - 0.375| ..
Loy . Lm ,
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XS I"S XS
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Actuatl by Predicted Plot Longitudinal : Summary ef Fit Leng;tudmal Crest:ng

Cresting , : :
, RSQ{}&;& I P 8998383
_ RSquare Adj oo 0998295
Root Mean Square Eror - -0 22126805
_ 2&6&33«3(% Mean of Response ; i © 5328974
g Observations {or SumWgts} = = 468 - .
o -
o
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o -
w' _
0~ T F T T T T T —T
0 10000000 20000000
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Ln‘i . Lm ’ Lm ) .
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Actual by Predicted Plot Positive Twisting Summary of Fit Positive Twisting

1.1e+9 & RSquare
il & RSquare Adj
= 900000000 Root Mean Square Error
= — Mean of Response
& 700000000 Observations {or Sum Wgts)
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-RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations {or SumWgls)

0

-2e+8

~-4e+8—

-6e+8—

M_lg_neg Actual

-8e+8-

~-1e+9

A2t T T T T T T T T T T T
-1.2e+9 -Ge+8 -7e+8 -5e+8-3e+8 -1e+8

" M_ig_neg Predicted P0.0000 RSq=1.00

RMSE=1.06e7

o1

, L o x . o
M o, = 470200000+ ~1843000L  + ~549900000— + 52640000— + ~15260(L ;, - 280}2
g , ; m L : L 15260(L m ~ 180)-

, S m Stm |
+-108200000 — — 0375|-(L ., - 180) + 741500| — + 03125-(L ;, ~ 180) ...
‘ Lm e ) Lm ' .

 ogeso4
" og9792
10575155

-1.840¢8
- 468

L, b S X VY L
+ 84200000 — — 0375 — + 03125| + ~43010000q ~— + 0.3125| + -47.46(L ;, - 180)" ..

5L (e Y,
+-78110(L ;, - 180)" T ~0375| + -5926000) — - 0375 (Lp-180 ..
i m . - m co ) P <

X

5 . - ‘ y L Xs :
+2805(L ;, — 180)".| — + 0.3125 + 7941006(L ,, - 180). T ~0375|{ T+ 03125 .

X \2 i (Ly 3 =
+-3490000] — + 03125 -(L , — 180) + 683300004 — - 0.375| .. .
Lo, Tmo o ) L., 0

. 7 XS 3 : . , LS . -
+-33827545 — + 0.3125 +-224.6(L ; ~ 180 — - 0375| ...
) ‘Lm , SRS . ‘ L;n Jo

2

m

m

(X ) (Ls (% Y
+38050(L , - 180)"| — + 0.3125|- T - 0375+ ~14060(L ;, - 180)"| — + 03125 ..

m

m

(L Ly Y, (xg
+79630000 — - 0375| -(L ;, - 180) + 20870000 — - 0.375| -(L 1, ~ 180)| — + 03125] ..

(L4 | Xg (Xe ) .
+-8802000| — ~ 0.375-(L ;, - 180)- T +03125] + 2796000 — + 03125 (L - 180) .

~4 ‘ 2 S
+ 37750000008 — — 0.375] + 7867000000 — - 0.375] -] — + 0.3125) ..~
- ALn - Ly ‘ L, )

X ; Lo . .Y
+ 7595000008 — + 0.3125] | — - 0.375] + 209900000 — + 0.3125]

m m

- 114




Actual by Predicted Plot Transverse Sagging Summary of Fit Transverse Sagging
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