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Abstract. The paper describes experimental drop tests ofiagsgacht model down on to a calm water surfacd eeports results
for the deceleration of the hull and for bendingds on the keel. Based on similarity laws, recommagois can be given for the de-

sign loads of full-scale yacht keels.
NOMENCLATURE

Ak Lateral area of keel

ay, &, 8 Components of the acceleration vector
Binax Beam of the hull

Bwi Beam of waterline

Ck Keel fin section chord length

C; Torsion spring coefficient

E Modulus of elasticity (Young’s modulus)
e Lever arm of lateral area of keel

g Acceleration due to gravity

h Drop height

hp Design head, bottom panel, ABS-rule

| Second moment of area of keel fin
Ka Koow Constants used for abbreviation
Ko

Loa Length overall

LwL Length of waterline

M Bending moment of keel fin
my Mass of hull (canoe body)

m, Mass of fin keel, including bulb (ballast)
Pss sase Base bottom pressure (ISO 12215-5)

r Distance from common center of gravity
S Length scale factor

S Distance from keel-hull junction

T Kinetic energy of the falling yacht

Tiax Maximum draft including keel

Tc Draft of canoe body

Keel fin section thickness

Potential Energy of the falling yacht
Impact speed

Deflection by bending

Vertical coordinate, parallel to the mast
Vertical coordinate in earth fixed system
Angle of deflection

Angle of heel

Density of water

Poisson’s number

Volume displacement of hull and keel
Mass moment of inertia

Angular frequency
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1 INTRODUCTION

The structural design of a yacht is usually basedhe
scantling rules of one of the classification sdegt
which are recognized as proven industry standard, 0 g of impact loads ..

Coordinate in fore and aft direction of yacht
Coordinate in transverse direction of yacht

the proper design loads of the keel-hull juncti®his is
astonishing, since the loss of the keel, leadingaosize
is probably the most dangerous hazard in sailirgt cr
structure. This is recognized in 1ISO 12215 by dienpt
an entire part to this subject, but the discusssostill
ongoing and ISO 12215-9 exists only in draft versio

Reviewing the recommendations for keel design loads
that are available [2, 3, 4, 5, 6], there mightdiféerent
discussions of grounding scenarios, but for thestrarse
design load one must realize, that the assumptiomsll
based on the keel weight and the static momentwr-it
erts on the keel-hull junction at 90 degree hebé draft
of ISO 12215-9 also follows this approach. The sule
only differ in the applied safety factor. An induyssur-
vey of 9 GRP sailing yachts [7] revealed a variatid
the safety factor for the floor members betweenahd
21. 1SO 12215-9 proposes a safety factor of 3. Whike
variation indicates the existence of different loast
sumption methods throughout the industry. It isoals
guestionable whether the maximum forces on a keal i
seaway depend only on the keel weight.

Coles [8] concludes from his investigations of mari
accidents that the severest damage to a yachtsocur
her leeside when she is falling off a wave cre#tiny

the solid water surface beneath. Following thesaiffigs,

it seems necessary to investigate the water inlpads

on the keel fin under such circumstances and cagnpar
these dynamic loads on the keel to the static ambrof
ISO 12215-9. Water impact loads on boats of yaidet, s
but without keel, have been investigated duringirite-
duction of the free-fall lifeboat. Boef [9] provislean
analysis where the added mass during impact isucalc
lated using von Karman’s two-dimensional approxima-
tion. This simplified approach cannot be adaptethis
form to a hull with a keel. Faltinsen and Chezhia]
report numerical and experimental results for @ekuli-
mensional idealized body. The strong influenceghef
three-dimensionality and of the elastic responsehef
body are pointed out. A yacht consisting of a canogy
with an attached fin keel creates a much more cexnpl
flow field during impact than e.g. a lifeboat. Avity
between keel and hull formed during impact and the
flexibility of the keel-hull joint might even incese this
complexity. In [11] it is stated that “The modeldafull-
scale measurement of slamming pressures are il t
most reliable approaches in investigating the dttares-

.". Following this recommeridat

lately on ISO 12215-5 [1]. These scantling rules ar fully instrumented model tests seem to be the bpst

comprehensive for most parts of a sailing yachth whe
exception; there is a lack of data for the deteatiom of

proach for the hull with keel. The need for a scateel
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is obvious, since harsh tests that require the atepe
drop of a sailing yacht from different heights dotarthe
water surface cannot be conducted at full scalee Th
scaling laws that govern the design of the modelrant
trivial. The choice of parameters must be basedon
analysis of the elastic properties of the keel-byditem.

2. DYNAMIC RESPONSE OF THE KEEL-
HULL SYSTEM

The hull (canoe body) and the ballast keel havi tven
masses and moments of inertia and they are comhbygte
a joint that is not rigid. As a consequence, thé &od
keel can oscillate in angular motions and will dsithi
resonance effects near the natural frequency. dfeed
on the keel during a drop test depend thereforeoniyt

on geometry and impact speed but also on the impac| /

time in relation to the natural period of the systdt is
possible to calculate the natural frequency fromst fi
principles. Figure 1 shows the motions of the sysie
the transverse plane.

Common Center
of Gravity
7

0q =—

Figure 1. Kinematics during freefall

During free fall hull and keel can oscillate freelgound
their common center of gravity. In addition, theekén
can bend dynamically which will lead to a rotatiof
keel and hull around their individual centers aivgty. A
straight line connects the centers of hull, keal #meir
common center. Lei be the heel angle at which this line
tilts relative to the vertical direction anrd anda, be the
angles at which the masses of hull and keel moke re
tively to the connection line. The vertical pogitiof the
centre of gravity is denotefl The equations of motion
will be derived by using Lagrange’s equations:

dfor
dt| aq,

The kinetic energy of the system is:

_ 0T oV _
aq,. aq].

0
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Figure 2. Bending moments and deflections at the keel

The potential energy V follows from the work agaitie
spring force at the keel. Beam theory is appliedrasvn

in figure 2. The hull is considered as rigid, threekfin is

a flexible and massless beam and the bending moisient
constant along the beam. The elastic joint betwadh
and keel is modeled by a jumpdrthat is proportional to
the bending moment.

Aa =-c, M )3
This is Hooke’s law for a torsion spring. The spgrzon-
stantc; is either calculated from the stiffness of thefk®

or measured in a static test. Inside the hull wevkthe
deflection:

w=a, [z (4)

Outside of the hull the second derivative of thiedtion
for a wide beam is

_da

W =- =—
dz

5
E0 (%)

At z =0 we knoww = 0 anda = a; and atz = (s;+s,) we
know w = 0 anda = a,. Combining these boundary val-
ues with equations (3) to (5) yields:

922q-k, ®)
al
e
where Ka=sl+SZD B_~
S %DSZA+CJ
and B= E[|2
1-v
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finally for the bending mome! in the beam: 3.1 Geometric similarity

— 2 A constant factoSis applied to the outer dimensions of
M Lo K, Kpo L1y (7) the yacht to get the scaled dimensions of the mdde!
2 S/+C ble 1 lists the principal dimensions, areas andimals
i K = (Sl +Sz) B B ™ are scaled with the"2and 3" power of the length scale
w pot — 2 2 factorS.
B Loa 10.31'm
The potential energy V for linear bending is cadted Lwe 9.20m
from the bending work at both ends of the beam tilas Brmax 2.70 m
gravitational potential: BuL 242 m
V=3((Mla,-Mla,)+(m+m,)ig({ Tmas 21im
1 2 ®) Tc 0.60 m
=3 K pot o™+ (ml * TTE) oy my without mast 3791 kg

. 2
Theg; in Lagrange’s equations are the generalized coor- Oy without mast 1189 kgm

dinatesyp, a; and¢. Damping forces will be neglected. m, 1226 kg

Forg; =¢ we get from equations (1), (2) and (8): Ak 1.53 nf
. mast length 14.4 m
{+9=0 )

Table 1. Main dimensions of model, scaled to full size, S=9

for g =¢ we get: S
m [ [ﬂr +r )W"‘ 3.2 Hydromechanic similarity
1 1 2

. T (10)  The hydrostatic similarity is fulfilled if the motés
©, [ﬂal + ¢)+ ©, [ﬁ(l_ Kﬂ)ml + ¢] =0 loaded to the design waterline. The tests were wcted

in fresh water.
and forg; = o

Ol[(d1+¢)+ The hydrodynamic similarity depends on Reynolds and
. _ A (D Froude number. A meaningful definition of the Freud
o, [ﬁ(l_ Ka)ml + ¢] [(ﬂ.— Ka)+ Kpot lar, =0 number for a vertical drop could be
\'%
combining equations (10) and (11) finally gives tie Fn=—
mogenous differential equation of motion without V9 T ax
damping: wherev is the vertical speed immediately before water

g, (K, +a, (K o= 0 (12) impact. After a free fall this speed is

with v=420gh (14)

O +0 -k )P This implies that the model test will be conducttdhe
KO:®1+@2[(n'_Ka)2_ [ 1 ZEG]' 0/)]

0.+0. +m i1 [ﬂr +r ) correct Froude number if the drop height is scdtech
1 2 TG+ full size by division with the scaling factd®. It also
means that the Reynolds number cannot be keptarinst
The solution of (12) is the harmonic oscillationcofith This does not introduce an error since duringahitin-
the natural frequency, where pact, where the high loads occur, frictional forees
negligible. Moghisi and Squire [12] have shown that
W = Kpot (13) above a Reynolds number of 1 the impact force dg-n
Ko pendent of the Reynolds number. The following tesés

conducted at Re > 33000 (in the definition of [12])
This frequency is the characteristic parameter tfar
elastic properties of the model. During the frek tize 3.3 Hydroelastic similarity

keel will oscillate with this frequency. Similarity in the elastic response of the keel vhi

achieved if the deflections change with the lerggthleS

3 MODEL DESIGN and the natural periods of oscillations follow tteme
The model must be similar to the full size yachalirpa- scaleVS. The similarity of deflections requires to re-
rameters that influence the forces and accelestion- main constant and according to equationc3p be pro-
ing water impact. The similarity requirements candp portional to 1K, i.e. the scaling factor af; is 1/ S'". On
vided into three categories. the other hand, if the floors were treated as anbaad
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the dimensions scaled geometrically multiplyingnthiey
S the deflection angle of the floors divided by time-
ment would follow 1/S’, material and the modulus of
elasticity remaining unchanged. This results in ftber
section of the model being too stiff if scaled gedrn
cally from the full size yacht. Therefore the moftelthe
drop tests has in the keel area no floors but avsieh
bottom instead. This reduces the stiffness andsgave
high safety against breaking, which is important ge-
vere testing. The stiffness of the floors in a file yacht
varies, depending on the scantling rules that seel.u

Mode full size full size
Scaling ' floors floors
Parameter factor ﬁegztg based on | based on
[2 [5]
Ck S 0.95m 0.95m
tk S 0.045 m typical yacht 0.12 m
material keel fin aluminum cast iron
ballast bulb steel lead
6, S |172 kgm? 268 kgm?
floor height sandwich 4 x0.16m 3 x 0.256m
measured calculated| calculated
Cy [A/Nm] VS | Te3107 | 567107 | 16310°
natural frequency NS | 14.9 Hz 10.4 Hz 18.0 Hz
static safety factor
at 90 deg. heel 38 50 9.1

Table 2. Parametersrelevant for elastic properties of keel

In table 2 the designs for a GRP hull accordind dcs-
son [2] and Gerr [5] are shown for comparison. ther
design of the model keel a few compromises hateto b
accepted. To get a significant strain in the kéelttat
can be measured with a strain gauge, a thin biade &
homogenous material with a low modulus of elasticit
had to be used. An aluminum plate was chosen with a
steel bulb at the bottom. With appropriate dimens;jat
was possible to fulfill the requirements of simitieflec-
tions and similar natural frequency, see table 2ré
sults. The model values are between the two sogntli
rules.

The hull shell outside of the keel area is madsingle-
skin fiberglass. The thickness of the laminate lmaicho-
sen either for similar deflection or for similartaeal fre-
qguency, see Manganelli et al. [13] for a detailéstuaks-
sion. In table 3 both dimensions are given. Sirwe t
planned tests are only focused on the keel respdimse
skin thickness of the hull is modeled close enot@la
typical yacht.

bottom skin thickness accordingto ABS[2]  11.1 mm
bottom skin thickness according to [5] 7.8 mm
model skin thickness scaled Wﬂ‘ﬁ”3 for 9.4 mm
similar deflection )

o &2
model skin thickness scaled wi for 13.5 mm
similar natural frequency ’

Table 3. Choice of hull laminate thickness

NNNoN

77 — |
] ® =
X \ OR o
J

\

Figure3. Longitudinal section of model
® wooden framework
@ removable internal ballast, 2 in parallel
® fixed internal ballast
@ accelerometen- andz-direction

® accelerometer-direction
® strain gauge

@ accelerometeg-direction
common center of gravity
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During the water impact there is the chance obaing
entrapped under the hull, reducing the impact ®rce
through a cushioning effect. Takagi and Dobashi] [14
demonstrate that this effect cannot be scaled pisojmea
model test at ambient air pressure. Based on a micahe
simulation Bereznitski [15] comes to the conclusibat
air cushioning effects can be neglected, if thelehg-
tween the water surface and the hull panel is tatgn 5
degrees. In this case the air escapes during impaet
following tests will show that the large forcestetenin-
ing the design load, will occur at heel angles ath60
degrees when there are no flat surfaces hittingniduer
and air can easily escape. Entrapped air is therefot
considered to become a problem in the scaling eteht
results.

34

The GRP hull shell is supported by a wooden franmiewo
that consists of five transverse frames and a aimge
backbone. To avoid additional stiffening of thenskio
longitudinal stringers are installed. The decklised on
to the hull flange. The result of this design igeay low
structural weight requiring additional internal laat to
reach the desired displacement. The internal haitas
formed out of three steel bars that are tightlytdzbbn to
the frames. Two of them are removable and can dedad
to the keel bulb to change the ballast ratio of rtiael.
A longitudinal section of the model is shown inuig 3
and a photograph of the inside of the hull candensn
figure 4.

Internal structure

Figure4. Internal hull structure

4, MODEL INSTRUMENTATION

The required quantities from the water impact s&stthe
accelerations at the center of gravity of the maodedll
three axes, the rotation around the center of yrand
the bending moment at the keel root. All these para

model will be dropped from rest and in a horizoratti-
tude of the fore and aft axis. It is therefore igight to
measure the rotation only in the transverse plane.

Two accelerometers are cemented to the fixed begel
close to the center of gravity. One bi-directioaateler-
ometer measures the valuesyirand z-direction and the
second accelerometer measuresxtaérection. Figure 5

is a photograph of the arrangement. The accelessmet
for the rotation is placed inside the keel bulb #@ndeas-
ures the acceleration vertical to the keel fin. Posi-
tions of the accelerometers can also be taken figm
drawing in figure 3.

Figure 6. Aluminum plate as keel fin

The bending moment at the keel root is measuretivby

ters need to be measured as functions over time. Th strain gauges, placed on the sides of the keeTfie.en-
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capsulated gauges have a length of 5 mm and anpolyi
ide backing. They are connected in a half bridgeickv
doubles the output signal. Figure 6 shows the gaurge
the port side. The gauge on starboard is mirrolgeda
Prior to entering the water, gauges and wiring are-
ered with putty to protect them from humidity (figur).
The signals of all accelerometers and strain gauges
cluding a sense lead for compensation, are tratesnit
from the model to the shore via a 10-core cablé ofe-
ter length. The cable is unshielded, thereforeilflexand
has a weight of only 0.072 kg/m. This allows intglect
the influence of the cable on the model movemerihdu
the drop. At the shore, the signals are amplifiec i16
bit A/D-converter and stored in a laptop compuiére
sampling rate is 1 kHz. The resolution and accurafcy
the measurements can be summarized as follows:

strain gauge bending moment

offset compensated at start of test

offset drift -1 kNm (full scale yacht) at end
of test

conversion factor static calibration

temperature depend.  compensated, < 0.2%

resolution 8 Nm for full scale yacht

accelerometer all directions

nonlinearity 0.2 %

offset and sensitivity  calibrated in software for
each drop

resolution 0.004 g

10 -
The accelerometers measure the force per mass. They

cannot distinguish between a force due to an actala
of the body and the force from the gravitationaldi
The indicated value is the sum of both. Speedtaniies
and angles are calculated from the accelerationstby
gration of the time-functions. The signal of theast

gauges is converted to the bending moment using the

static calibration curve and scaled to full sizegor-
tional to the 4 power of the length scale.

Figure 7. Modd ready for drop test

g- load
o

5. TEST IMPLEMENTATION

The tests took place on a landing stage at Lake
Constance, on calm days early in the morning, when
waves on the water surface were still small. Théewa
was more than 5 meters deep, which is sufficientafo
model of 1 meter length. The model was suspendsd fr
three strings, attached to bow, stern and ballalst Bhe
strings were connected to a wire that ran over leyu
resting at least 1.6 meters above the water surfboe
model was steadied at a predetermined distanceeabov
the water and then rapidly released.

5.1 Sequence of events

The model goes typically through several different
phases during the fall and water impact. An underst
ing of the kinematics is vital for the assessmenthe
damage risk. Figures 8, 9 and 10 show the sequaihce
the events. At the time t = 0 ms the model hangesit
above the water, the accelerometge indicates 1g.
During the following free fall the model is almost
weightless and the accelerometer measures 0g= 860
ms the ballast bulb is shortly before impact. At and
heel angle changed very little during the free. falhe
third picture in figure 9 at t = 383 ms depicts tine-
ment, when the ballast bulb is in the water. Theebra-
tion is 0.5g, but more important, the impact foorethe
bulb creates a rotation of the model around éster of

12
11 A

angular velocity (1/s)

-50 50 150 250 350 450 550 650
time (ms)

Figure8. Resultant force measured by accelerometer y/z
and angular velocity measured by the
accelerometer in the keel, all at model scale

mass that increases the heel angle. On the phptogra
can be seen that the top part of the mast is veladi the
bottom part slightly bent to port because of thigtion.
In figure 8 the angular velocity at t = 383 ms G which
also indicates that the heel angléncreases. Shortly af-
ter, at t = 400 ms, the starboard topside hitsatéer cre-
ating the highest g-force of the drop, followed dyio-
lent rotation in the uprighting direction, decreasip.
The fourth picture in figure 9 captures this momeht
strongly negative angular velocity at t = 416 merr€s-
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Figure 9. Time sequence of drop test
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pondingly the top part of the mast is bent to sart. the natural frequency would be going down to 29 Hz.
The boat continues its righting motion but its dagu  The experimental value proves that the mast carebe
velocity reduces almost to 0 at t = 500 ms. Thetmas garded as detached from the model and the model pa-

seems to be only loosely coupled to the boat amtirco

ues

swinging to port, as can be seen in the lastngi of

figure 9 at t = 550 ms.

The bending of the keel is depicted in figure 10eT

rameters without mast can be used for calculatiohs.
scaled value of the frequency for the full size hiais

14.9 Hz. The natural frequency of the keel in tlaeawris

lower than in air because of the added mass. Aevafu
38.7 Hz can be read from figure 10.

maximum moment coincides with the maximum accel-
eration exciting strong keel vibrations.

6. RESULTS

The tests comprised a variation of the parameters

20 i
o drop height
B = e e 1 Rt B o heel angle
§ o with/without mast
= 101 o ballast ratio
é 5 | o length/displacement ratio
: Light
2 01 Basic '9 High
5 No mast | displace-
S 5| w/mast Ballast
2 ment
T 0. Lw/O0% | 5.35 5.37 5.68 5.35
= my/[] 0.239 0.244 0.316 0.482
-15 A conventio-
20 h =0.59 m (model scale) fosion | 71.6 kNm| 71.6 kNm| 71.6 kKNm| 152 kNm
300 450 500 550 600 650 moment

time (ms)

Figure 10. Bending moment at the keel root at model scale

52

Natural frequency

It is of interest to verify the natural frequendat was
calculated in chapter 2. experimentally. The phefshe
free fall can be used for this measurement. When th
model is supported by the three strings at bownsted
bulb, the keel is bent downward by its weight. Wities

model is released, the keel straightens and swhagk 200 ; ; ; A
and forth at its natural frequency without inteeiece ! ! | E?
from outside. Figure 11 presents the time seriethef Aphi=90deg Ophi =65 deg x 18 o
strain gauge during the free fall. The natural fiegy 150 Zg:;:‘fd“eegg Ophi=62deg | - - - -~~~ o *X*l*‘l;”*l’
for the model without mast is 44.6 Hz, which codwes w | O x i OXXX i
exactly with the calculated value. The frequenaytfe L By x s |

model with mast is only marginally higher at 44.9. Hf

| | |

. . . . | | |

the mast were inflexible and solidly fixed to theodel, o X R Al !
X A

30 50 4~~~ M—D[—m—}————é ————————————— e H

o~ ! OA v I |

25 1 X XA i | |

le) | | &> <& &> |

0 o ° B °e00 o °l & |

151 0 1 2 3 4 5 6

10 +

microstrain
[9;]

-10 1

-15 4

-20

24.90 24.95 25.00 25.05 25.10 25.15 25.20 25.25

time (s)

Figure 11. Strain gauge signal during freefall

Table4. Tested configurations of the model

See table 4. The keel design moment for the fuaé si
yacht according to [2] is given for information.wbuld
be used if the yacht were conventionally desigrieds
the static keel moment at 90 degrees heel, matpli
with a safety factor of 5.

6.1 Bending moment

|
|
100 +----- -
|
|
|
|
|

bending moment (kNm)

drop height from impact speed (m)
Figure 12. Bending moment at full scale, basic w/mast

The drop height and the heel angle are the parasnete
major influence on the bending moment at the keet.r
Figure 12 shows the results of the basic model miist.
The drop height is calculated from the measuredaghp
speed using equation 14. A linear trend of the bend
moment over drop height can be noticed. The highest
loads occur at around 62 to 65 degrees of heelniline
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keel and the topsides hit the water simultaneouBhe
large scatter of the data is not caused by a mewsmsunt
error but rather by an almost chaotic behavior haf t

measured bending moment. Equation (15) indicates co
responding drop heights of 1.85m and 3.94m forcthe
ventional design moments. The smaller value for the

system. Small wavelets on the surface can determineyacht with the lower ballast ratio might resultardesign

whether the keel or the topsides hit the watet, faaus-
ing opposite values of the initial rotation. Thevere in-
cidences when an oscillating rotation led to a sddm-
pact of the keel exceeding the forces of the firgiact.
Like in chaotic systems, small differences in thdial
conditions can lead to a totally different sequende
events with a considerably different result.

250
065 deg Basic
X 62 deg Light Displ. -
200 | | m62degHighBallast | oA
a 4 67 deg High Ballast Lo W
z A 64 deg no Mast n’ N
f/ 062 deg Basic N % g
5150’ ****************** ;A SA T TA T AT T
g - m o AAXO‘ A
S ~ Iy
2100 -~~~ -~~-—- ;‘.-A**[ii*;;{**x **********
S A& .coM@ o
g oa g 0
50 T *rf[@.r‘:%[%. ****** o
oA
0+ T T T T . .
0 1 2 3 4 5 6 7

drop height from impact speed (m)

Figure 13. Bending moment at full scale

The influence of the different model configuratioas
critical heeling angles is compared in figure 180king

at 62 degree heel, the high ballast ratio incredkes
bending moment slightly and the light displacement
duces it, compared to the basic configuration. ©a t
other hand, increasing the heeling angle for tigé tial-
last ratio from 62 to 67 degrees reduces the bgnaiio-
ment below the basic version. One must therefore co
clude that the ballast weight is not a major deteimgy

of insufficient strength.

6.2 Accelerations

The accelerations during impact need to be known, b
cause the persons on board must be able to suilvive
impact without serious injury. If the acceleratiare not
survivable, the keel may also fail. The forcesragtn a
person in the boat depend on his or her posititative
to the center of mass. The larger the radial distas, the
higher is the additional acceleration caused byrtia-
tion. A person on the siderail can therefore sufferch
higher accelerations than a person near the cehieass
would experience. The values measured bythaccel-
erometer are taken as representative, becausesh®op
in the middle of the cabin is a typical locatiom foper-
son that one would consider safe during a storm.

During the tests high acceleration peaks up to @dd
be observed. From automobile crash research itasvk
that not only the height of the acceleration peakdaiso
its duration is important for the assessment ofitfigy
risk. A head injury criterion (HIC) is defined in§]:

t+ 00155 25
HIC,, = Max{ om%t@wlmqt a,. mt) }
where
8., =a, *ta +a,’

in analogy to this expression an effective accélmmang
is defined for the water impact tests:

a, :MAX(#EJ»HOMSS mtj
ff 0015s f a‘res

factor for the bending moment. The highest bending When calculating; the time intervals need to be multi-

moments actually occur with the model without mést.
seems to be useful to define a curve of maximundben
ing moments in form of an envelop around the measur
ment points. The dotted line in figure 13 is suctuave
of maximum bending moment for the given lateralaare
of the keel. The fact that at very small impactesfsethe
measured moments are lying above the line is dulketo
righting movement. Even without vertical speed, the
tation exerts a bending moment on the keel. Thésyze-
cially true for the high ballast ratio with the d@rrighting
moment. The equation for the dotted line is:

M = 3250p, [ hA, @ (15)

plied by the time scal€S. An interval of 0.015 seconds
at full scale is equivalent to 0.005 seconds at ehod
scale. Figure 14 summarizes the effective accébeisat
for all test results. At zero impact speed, theebae
ometer indicates 1g because of the gravitationeforc
Again, it can be seen that heel angle and drophbeig
have the largest influence. There seems to be iingn
curve that will not be surpassed by the accelenata-
ues. The line in figure 14 follows the equation:

3, = MAX(545[h°°,1)

The maximum effective acceleration during all tests
23.2g. This value measured over a time intervdl5Mms

(16)

wheree is the distance from the geometric center of the at the head of a crash test dummy resulting in@ éfi

lateral area of the keel to the root of the keéisTequa-
tion might have only a limited validity, but it cée used
for typical yachts, as long as the actual formhef keel is
not too different from the tested versions. Itnteresting

only 39 would classify the impact as one of minguiy
risk in automobile crash tests. However, this ikdvanly
for occupants wearing seat belts and additionatty- p
tected by airbags. In the cabin of a yacht a pevatirbe

to compare the conventional design moments acaprdin thrown against the wall or even against sharp edges

to [2] of 71.6 and 152.3 kNm, as given in tablg¢otthe

periencing much higher g-loads during this latepait
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between person and yacht. Useful information albloeit
injury risk under such circumstances can be gathere
from civil aviation accident reports. Maximum alled/
g-load for a passenger aircraft during normal fligka-
neuvers is +2.5g vertical. There are numerous tepor
about injuries, like broken bones and ribs, of pess
who did not have their seat belts fastened or efvcr
standing in the galley during maneuvers producing g
loads of 2g or less [17]. If a limit of 2.5¢ is digg to the
water impact, a drop height of 0.4m results frogufe
14. With an unfavorable heel angle, this is sudfitito
produce the g-load that can seriously injure aqresst-
ting or standing in the cabin.
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drop height from impact speed (m)
Figure 14. Effective acceleration at full scale

6.3 Design drop height

The choice of the drop height for the determinatibthe
design load of the keel on the basis of the medsace
celerations is obviously debatable. An alternatag
proach could ask for the maximum height and stezpne
of a breaking wave during a storm to calculatedrap
height from the trajectory of the falling yacht. &ison

and Lee have conducted experiments in a wave qume7

[18] and found out, that the free falling plungijeg im-

of an individual wave depends on the significantveva
height and the duration of the storm, i.e. the phility
of encountering an extreme wave.

Such an encounter is described by Bertotti and Iedava
[19]. On February 14, 2005 the passenger ship “Voy-
ager” was hit by a breaking wave in the Meditereane
sea during a severe but not unusual mistral stdime.
wave broke the windows on the bridge deck, flootted
electric controls and caused the engines to stogde-
eral hours. Through a detailed analysis of the lalvks
data, Bertotti et al. arrived at a significant waheight
between 8 and 10m for the time of the incident. Gt
height of the damaging wave was estimated at 14iraan
probability of encounter of once every 20 hourspkp
ing this situation to a sailing yacht would requarede-
sign drop height of 14m for a storm with a sigrafi¢
wave height of 10m. An even higher significant wave
height of 20m is proposed by Smith [20] to be taksn
the basis of all design criteria. He concluded fhasn a
risk analysis for large commercial ships. Sincdirggi
yachts tend to avoid storm seasons and can stagribor

to wait for better weather, it seems sufficienassume a
maximum wave height of not more than 10m for the de
sign of blue water cruising yachts.

An even different method to determine the desigopdr
height is the comparison with the panel designhaf t
hull. The keel junction does not have to be strorigan
the hull skin. When following the ABS-rule [2] asign
head is calculated, which is used to determineniazi-
mum load on the bottom panel and the required skin
thickness. For the yacht as described in tableisl dé-
sign head amounts to 56.4 kN/mMISO 12215-5 [1]
would give a slightly lower value of 51.5 kN7rfor base
bottom pressure. Experiments that correlate impees-
sures to a drop height are rare. The experimentadiss-
ured pressure is an average value calculated ftwm t
force on the panel divided by the projected arde av-
erage pressure depends strongly on the size giahel
area, therefore the panel size in the experimerst ine
comparable to the panel size of the yacht. Usefpég-
ments are reported in [10]. The forces are measomeal
central section of the model that extends ovengtleof
20% of the total length. The measured pressureesalu
compare to the design pressure and are directlyopro
tional to the drop height. Solving for drop heighelds:

h - 036 GPBS, BASE

Pl

With this relationship, a drop height of 2.1m woditd-
low from the ABS-design head for the yacht of table

17)

CONCLUSION & RECOMMENDATIONS

pacts the downstream water surface always above th&he reported test results show that a design okéet-

still water level. If the yacht is not moving fastban the
surrounding water, she can also not fall beyonsl ltel.
Therefore we can take the crest height above thenme
sea level as the maximum drop height. The cregthhei

hull junction solely dependent on the keel weighthot
sufficient and might result in a structural desibat is
too weak. A design drop height should be determined
correspondence with the design head that was cHosen
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the bottom panels of the yacht based on the sngntli
rules of the classification society. Equation (t@n be
used until better test results become availableh \Wie
input of the design drop height equation (15) gitles

design keel bending moment. This design moment 11-

should be used in addition to the conventionalcstetel
moment for the dimensioning of the keel-hull jupati
Figure 14 gives the accelerations that one mustaxXpr
the given design drop height. In most cases thisre4
quire the use of some kind of restraint systenttierper-
sons on board to survive the impact without injurkis
approach seems to be sufficient for normal reaeati
sailing. For serious blue water cruising, includohgjiv-
ery trips without restrictions during all seasomgen
safety is more important than boat speed, one dhoul
think about a much higher design drop height. Aigaf

10 meters for all hull scantlings seems to be gr@wi-

ate starting point for the discussion. This wouttlible
the structural weight of the boat but increaseifigantly

the chance to survive severe weather. In paralf@ o
must consider that such an increase in boat stiengt
makes only sense if it is accompanied by the iladtah
and usage of seatbelts like in passenger cars.
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