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1.INTRODUCTION

Grounded ships are sources of both environmental and navigational problems in the
coastal zone. The severity of these problems depends on the time takdlodo treese
ships. To reduce this time, a method to quantify the forces and reactions assueitiated
the release of grounded ships could prevent adverse effects to the environment as well as
to the naval community and the shipping industry. This dissertation presents the results of
experimental studies of a novel technique designed to free grouhigedf®m pliable
seabeds typically associated with rehore locations. This technique referred to employs
the use oblasti induced soil liquefaction

Il n many cases, a ship may have to be di
often involves beacltleanup, spill containment and remediation, and hazmat disposal
utilizing teams of workers and equipment over the ensuing months of an incident. Oil spills
and washup can be devastating to wildlife and plant life with-teng effects.

Results ofthe presenstudy have several possible implications tloe maritime
industry as well as for Navy arf@bast Guar@hips.Salvage operations could be enhanced
once a grounding situation watentified and assessed as to locatitype of grounding
(bow orbroaching) soil type and soil condition (saturated and/or compacté) present
day standardsalvagetechnique is to, firstremowet he shi p6és contents
importance when carrying certain types of liquids) in ordentoeasethe buoyancyas
much as possiblé.ines are then attached seaward of the grounded vesseheaskipis
pulled by one or more tugboatiiring hightide. Unfortunately, this type of freeing
operatiorcould compromise the h i spructare Depending on the amountfoiel onboard

and the nature of the cargo, a rupture of the hull would pbgerezard A grounded ship



is not fully buoyant, and remains partially embedded. This poses a hazard to the hull
viability. It should be noted that the standé&eking operatiommust be performed within
24 hours of the grounding event to be successful

Again, the premise of the present study is that it should be possible to aide in the
regaining of the shipos-inthuced god ligquefactidnyBlLma ki ng
technique. The success of the operation would, naturddlgendon the nature and size of
the cargpWhen one hears the term fAbl ast o, expl c
This type of BIL is normally unacceptable because of the inherent datogtrs ship,
cargo and sea lifeThe BIL method proposed in thpresent studys a more acceptable
methodsince only the sea bed materials are affectdwht is the soil surrounding an
embedded vessebuld be induced to liquefy using compressed air (blasts) admiacbt
from a buried pipe diaphragm within the safklis would be during a higtide event. The
high-tide combined with thdéiquefaction could instantaneouslyesult inthe ship being
brought back to aotalbuoyant condition.lt was hypothesized andubseuently,
demonstrated that several ship shapes were able to regain buoyantheamapressed
air blastinducedliquefaction occurred. This wasiccessfullydoneon threeship-section
modesk, including a flabottom section and two with dihedral anglétese areship
sectionakhapes that bear naval similarities to typicalgaiag vessels.
The research undertaken investigates a release mechanismgfounded ship. The
research is primarily experimental in nature, where the nexddé naturally demels on
the prototype dimensions. The model sectional geometriegpanposto cargo ships and
tankers.The experimentation study @esignedo examine the feasibility of introducing a

concussiveshock pressurento the soil surrounding a stranded vesBw®lt induces



liquefaction. This methodology is a function of ship configuration and blast or concussion
force determination needed to cause the soil to liquefy-Stape models were built for
these experiments to simulate stardvessel sectional geonniets. The goal of the study

is to determine thpotential release characteristics in a kndw&d materiai for this study
sandis used.

The research involved in this study is organized such that there is a clear
understanding of the process undertakea Ingical format. It starts from the problem
definition following to the setup and implementation of the experiment to the mechanics
of liquefaction induction in this marine environmeaequentiallySection 2 discusses the
mechanics of grounded shipsddmackground on waves followed by present methods used
free grounded ship&ection 3 is prior experimentsiudiesin the area of grounded ships.
Section 4 describexamples of ship groundings apdrtinentCase studieto support the
premises on which the experimentation and data analyses are base8ection 5 is
background on soil liquefaction and an introduction of Bladticed research and testing.

A detaileddiscussion of thexperimental approadh presentedh Section 6highlighting
the constructs used along the w@gction 7 isapresentation afheexperiment resultand
Section 8 is a discussion of those reswigch are collected and synthesiz8ection 9 is
a discussion of a proposed implementatiothme usingdimensional analysis scaling with
the experimental results and Section 10 is Conclusions and Recommendations.

In generalthissequence of sections, augmented by appendatesysthethought
process leading tthe design of theexperimentto what results ensuednd howto

implement those results for future work on actual ship grounding release.



2. PROBLEM DEFINITION

Ship groundings over the years asarceof continued nautical problems in both
rivers and coastal waterways. Ships ararthargoes, which become lodged in channels
and watercourses have navigational and-spifitainment detrimental effects, pose issues
to agencies charged with physical security like the U.S. Coast GRlapdgroundings are
due to extreme environmentafesfts, propulsion failures and human error. Normally, two
of these are coupled to produce tgreundingeventwhich, in turn,affect all sectors of
the maritime theaterindustrial, military and privateVhen a ship drags anchor due to a
storm event ordses power in a seaway, the ship migrates landward due to wave action.
There are two waves that contribute to the problems associated with grounded ships. These
are (a) linear or sinusoidal waves, which can rock a grounded ship, causing further
embedmentrad (b) solitarytype (or longperiod) waves, which cause the migration of the
grounded ship towards shok/hen a ship loses power, it becomes subject to the waves
which normally cause thehip to broach That is, the centerline of the ship becomes
approximately parallel to the wave crest, and the ship is then in adssaoonditionThe
broached ship then becomes embedded in the seabed. Normally, once a ship is grounded,
it stays grounded and the waveiaic will cause it tdoemore embededinto the seabed.
2.1 Mechanics of Grounded Ship Motions

Traditional freeing methodare often ineffectiveand can cause structuralndage
to the ship in the proceskhe releasing method investigated in this wakyoses a process
of effectively changingth fist at eo of ihWwhchtsegaudedvesad t er i al

embedded from granular tuastliquid. When this local seabed statkanges achieved



during a hightide, t he vessel 6s proballityafrbeing regatnedih@ hi gh

vessel would, in ture safelydislodged and/or refloated imaore costeffectiveway.
One example of this type of costly ship groundmthat ofthe Malteséflagged

TK Bremen- a 2,000 DWT cargo ship with 220 tonsf fuel oil traveling along the

northwest coast of Franc&his shipran aground in 2011 on Kerminihy Beachaihigh-

wind, heavyseacondition A photograph of this grounded ship is presented in Fig. 1.

Fig. 17 The Cargo Ship TK Bremen stranded on a beach near Erdeven, ffrance
Marine Nationale A T. K. Br e @relme, @ undi ngo,

The TK Bremen lost power and, subsequently, bvasght parallel to the shdire
(broachedps waves slammed agsirher sideOnce grounded, the waseduced rocking
of the ship causetthe hull to further embedhto the beach sah There was an associated
fuel-oil spill with extensive environmental consequencBse ship was damaged so
severely as a result of the graling that a decision was made to dismantle and remove it
from thesite. This effort was conducteder the next three weeks. Environmental cleanup

had to be done on the beach at an estimated loss of over $13 rfillfeblastinduced



soil liguefaction (BIL) method was available during the TK Bremen groundingshiie
could have been freed and refloated within 24 hours, resulting-lasareconomic and
environmental costs.

A threephase grounding scenario for this event was first described by Magkorm
(1999) and later by McCormick and Hudson (2001). According to these authors, the
groundingprocess of a ship consists o) tlhe bow coming into contact with the seabed
usually from a los of power or anchor slippage)(2 wave action alteri
orientation to a coagdarallel positioro f t he s hi p 6 s)the wave ieduced ane
motions resulting in the migration of the vessel landwsea Fig. 3)These principal ship
motions aresway(lateral, linear motion along the transverse aargjroll (rotation about

the longitudinal axisas the hull becomes embedded in the asikketched in Fig.. 2

\--.___ _____,-" Eq,]'ﬂ.\]._._____.-?

Heave

Fig. 21 Principal Ship Motiongfrom Modern Ship DesignGillmer 1975) \

Once the ship hull is in contact with the soil, the nature of the vessel changes. That
is, the soil now partially supports the ship as does the water by reduced buoyancy. Hence,
the nature of remediation (ship freeing) changes from a hydromechanics ptob&em

hybrid soitluid problem. This complicates matters since the soil (solid) mechanics must

6



be simultaneously addressed with the hydromechanics. The goal of the present study is to
use BIL as a means to return to the hydromechanics realm.
2.2 Ocean Wae Mechanicsi The Energy for Grounded-Ship Motions
As previously stated, ocean wawasdlectivelyare the primary problem for a ship
that has lost powear lost its anchoragd he waves in open water will rotate the ship until
the centerline of the shig parallel to the shorelin@®nce grounded, thehip is either
rocked by norbreaking linear waves, or driven shoreward by nonlinear waves of long
period. Theoretically, the longest breaking wave is calleddtieary wave See Fig. b.

These waves areibfly discussed in the following stdections.

|
WAVE—INDUCED
MIGRATION

NEARSHORE

WAYE—INDUCED
SIAY, AW
AND ROLL

GROUMNDING
EVENT

SHIF UNDERWAY

GROUNDING | BOTTOM | SHORELIME
CLNTOUR I CONTOURS I

Fig. 31 Three Phases of Ship Grounding

2.2A Linear (Sinusoidal) Waves Contributions to Ship Embedment

George B. Airy (1845) introduced the linear wave theory, sometimes referred to as
the AAIry Wanoted by Mc€amigk §2010, 2014), the theory is somewhat
basic; howeverthe kinematic wave properties derived from the thewejl-agreewith
thosethat areactually observedThe only proviso ishat the wave steepness is smélle

7



wave steepness is defined as the ratio of the wave height (H) and the wavedgngth (
what follows the basic results of the theory that are applicable to thegstimding
problem are reviewed
Basic Linear Wave Theory
The linear waves one with asinusoidal profilewhich is shown in Fig. 4. This is
based on &raveling sinusoidal wavehich is linear in naturet her ef ore t he ter
is used for purposes of general derivation. The roots of this theory go back td"the 19
century where wave mechanicist George B. Airy formulatetiribar or Airy wave theory.
Airy based the thegron two equations in fluid dynamics. The firsttiee equation of
continuity:

V JAV = n(VZ2)-0 2.1)
Wheren is thedel operator : — + — + —

To simply the general form of the continuity equation, Airy assumed the flow under water
waves to be twalimensionaljnviscid, irrotational andincompressibleresulting in the
following equation, knownasa pl aced sas:Equati on

NEV =G/ G+¢a00 2=n2l= 0 (2.2)
Wher e, a, is the velocity potential, a sca
to y is the horizontal velocity component,and with respect tais the vertical velocity
componenty.

The second equation is:

} —+-3V2+ gz +p =A(t) (2.3)



where } s the mass density function of neither time nor spacdéjs the fluid velocity;
zis the vertical position anglis the acceleration of gravity.

This is known aBer noul | i Gvbkich 5qu expression of the conservation of
energy per unit mass. To apply this equation to water witteea surface consider a
simplification case to water on a calm surface or no motion bringingniegunction in

that equation, f(t), equal to zer
}—+-}Vi+i9z+p =0 2.4

which isnortlinear due to the velocitgquared term.
In order to obtain a method of analysis for the general solution to these two equations, Airy
applied boundary conditions on both the sea floorthadree surface.

a. Sea Floor Condition
The seafloor condition assumes that there are usually impermeable layers of rock, silt and
clay on the bottom. This condition states that there caroliw across the seafloor (or
bed). So the vertical velocity congment atz = -h (from Fig. 4 notation) will be zero.

Expressed mathematically, the condition is:
-—=0 onz=-h (2.5)

b. Kinematic Free-Surface Condition
A water wave will displace the fremurface as it passes, and this displzeet can be
described as a functialf of y andt. A statement of this condition rticles on the free
surface always remain on the free surfathis physically means the particles are not
allowed to jump up into the air. The kinematic frefacebounday condition may be

expressed as



w=—+v— atz=d(y,t) (2.6)

or in terms of the velocity potential as:

=—-—— atz=d(y 1) (2.7)

c. Dynamic Free-Surface Condition
The water surface freely responds to pressure distribution changes across it which is where
the termfree-surfacecomes from. The pressure everywhere on thedweface is then
uniform and equal to atmospheric pressure. A statement of this conditlenpsessure
on the freesurface is uniform, constant and equal to zero (gauge;Q). ¥We apply this
condi ti on tequatid.B)ricothel freesudface of a wave tdinearize the
eqguation by allowing the velocisguared term to be secondorder. The assumption of
this condition is that thkinetic energy(in the second term; i.e. the veloegguared term
in the Bernoulli equation) is an order of magnitude less that the other energies within the
equation. Considering this assumptiorhat t he ampl i tude of the
since maximum value is the wave amplitude, it follows that the velocite@sd w are

likewise small and can surmise that the square of these velocities can be taken as negligible.
So with very smalld, the pressure at z €| is approximately that a = 0. Using this

assumpti on, the following expression can

equation:

dq=—— atz=0 (2.8)
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d. Linearized Free-Surface Condition
The third freesurface condition is obtained by making use of a combination of equations
2.7 and2.8, and is termed tHaearized freesurface conditionThis continues, as above,

on the premise that the waswfacecotitorspramows ( H/

combined by eliminating| to ascertain the linearized frsarface condition which is now:

—— ]z - ¢=b: - 0 o0 (2.9)

Since the flow in the wave is assumed to be irrotational, the equation of continuity
expressed as Rdmxandbesehed usiagppradudt solntion. This is of the
form:

a Xx)Z(2)T(t) (2.10)
When this product solution is forteveling wave it will be in the form:

0 Xxzct)ZzrX(3) Z(z) (2.11)
The coordinate system f¢2.10) is fixed at a point, whereas that(@11) is transported
with the wave. For a traveling wave the expressiqi2.40) is substituted into that ¢2.1)

and separate terms of the same variables become:

——— =.———=.¥k?; (kis a constant) (212)
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The negative sign comes about because thestrdace profile follows the shape of a sine
waveint héderection. The general sol utiiamdns of
z1 directions respectively are of the form:

X(,)=Cssin(k +3 U ) (2.13)

Z(&) =Czcosh (kz+ b ) (2.13)
whereC;,,Ctcand b are constants that are deter min
the origins of the horizontal coordinatesndx are arbitrary, the constadtan be assigned
a value of zero without loss of generality.uatjon (2.B) can therefore be reducéat

X(,)=Cssin(k )z (2.14)

To deter mine t he <Jlaomcenditeomdi(2.5to theavelquity potentible s e a
expression resulting from the combinationegjuationg2.11) and(2.13). Assuming the
sea floor is flat and horizontal, only theterm is affected by the boundary condition. That

is, the sedloor condition results in the equation:
— |;=n=kC;sinh¢kh+ B ) = 0 (2.15)

Fr om whkhdhe expressiomiEq. C1.13 is then:
Z(z) =Czcosh k(x + h) (2.16)

The combination of the expressioneqliations (2.4) and(2.16) with that of(2.10) results

in:

G4 Cgzoshlk(z + h)] sin(k 3 (2.17)
whereCi=C:C, .1 f t he nature of the horizontal <coc
surmise from2.100)t hat i tsd6 coordinate is defined as

3 x=ct (2.18)

The origin of the coordinate corresponds to:

12



X=zxct (2.19)

From this is can be seen that the valug @écreases as the timigincreases for the upper
sign ¢). As such, the wave must travel in thé direction at a celerity or phase velocity,
c. The waves corresponding to the upper sigresjunation(2.18) and (2.19) are the called
left-running waveskollowing the same line of thinking, the lower signs in those equations
correspond teight-running waves.

Returning to the expression for the velocity potentigRit7), the arbitrariness of
the coefficienCqin the equation can now be removed. In order for this to be accomplished,
combine the expressions(@.8) and(2.177 by el i minating the veloc
combination vyields the following expression for the fseeface displacement of a

sinusoidal wave:
dt=— Ca*cosh kh) cos k %) =— cos k 3) (2.20)

where the last equality results from knowing that the wave is sinusoidal in both time and
space. In the right term ¢2.20), H is the wave height. Comparing the terms of the last

equality of(2.20), we obtain the expression for the coeffici€at, which is:

Cif=t——— (2.21)

Combining this expression and that @18) with that of (2.17) to obtain the final

expression for the velocity potential of a traveling wave as:

I+

I
I+
|
|

sin [k(x £ cb] (2.22)

The velocity potential yields the velocity components of the particles in the irrotational

flow beneath traveling waves. The velocity potential expressid@.22) is the primary
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result of the Airy wave theory. All the other properties mentioned eatidiging from(2.1)

following to (2.7) follow from this methodology can now be derived.

Results from the Linear Wave Theary
From the analysis above, applicable results are now presented.

At a point x in space and t is time, a passing linear waveauke the fresurface
to be displaced (raised or lowered) from equilibrium. See wave notation as shown in Fig

4. The freedisplacement of a traveling wawg, according to the linear theory, is given by
(2.23)

d = H/2 cos [k(x- ct)]

Where k is thevave number, defined as:
k = 2" | @& (2.24)
andc is the phase velocity (wave celerity)
A
I -
\ 77(}{) _\/—Y —C-
W\ v SWL
T = 1 X
i
[ =

Seabed

Fig. 41 Notation for a Linear RighRunning Wave

In the figure, SWL is the acronym for stitater level.
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As a linear wave comes in contact watlvertical wall, such as the hull of the ship,
it reflects.It is more easily understood if one considers two traveling wgores being a
mirror image of the othefaving the same heightselerity (c* and ¢ respectively)and
periods passing each othie the xz plane As they pass each other in opposite directions
with equal magnitudes, they cancel each other out when superimposed. The resulting
pattern formed from a perfect reflectiofas stated earlier from a seawall or waatled
ship), that rem@ns has zero celerity, or becomestanding waveWhen this happens, the
incident wave hight (H) doubles, resulting in theanding wavdiavingtwice the height
of the incident waveThis can be seen in Fig. Shathematically, the fresurface

displacement for a standing wave is

d = H cos(kx) cos{t) (2.25)
Where ¥ is the circudsar wave frequency, de
¥ = 2 (T =wavelperiod in seconds) (2.26)

H

sty
!

—C
N, /TN
i . A
) S )

SEAFLOOR

<

SWL

INCIDENT STANDING MIEROR IMAGE
WAVE WANE WAVE

Figure @i Standing Wave Profile Using the Method of Images from a Perfect
Reflection from Ocean Engineering MechanidgicCormick, 2014)
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Note: The value of x at the hull can be equal to zero. So, on the seaward side of the hull,
the freesurface dis@cementdijacent to the hull is:

dl-0 = H cosm) (227
On the leeward side, the wave climate is much smaller. This causeking (rolling)

moment which, in turn, causes the ship to embed itself intostlle See Fig. b.

Fig. B 1 ShipEmbedment(d), Rocking Motioni Bow View

In terms of coastal engineering and further references contained in this work, it is common

practice to partition the ranges of the wa

1. DeepWater: h/ a20 1
2. Intermediate Water: 1/ 20 4/2h/ & <
3. ShallowWater: h/a O 1/20

These regions correspond to different wave profiles. For example, thevdespwave

profile is sinusoidalThese profiles are sketched in Fig. 6a.
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Figure 6a Wave Profiles irvarious Sea States

In Fig. 6b, the profile of the solitary wave is presented. This wave is an ultra

shallowwater waveBreaking wave conditions occur at the seaward boundary of the surf

zone, the region where ships become grounded in our sthéybreakng conditionis

defined as that for which the horizontal particle velocity of the crest equals the celerity of

the wave. Mathematically, the breaking condition is:

Ucrestl Uc=c (2.28)

Breaking waves drive the groundedpsifurther ashore andompound the embedment

process in Fig. & They poduce unintended forces on the vessel struetmdecomplicate
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rescue effortsA progression follows from the previous sséction wher@onlinear wave
theory is generally discussed in light of a limitingse of a noiinear cnoidal wave,

namely; the Solitary Wave.

2.2B Solitary Wavesi The Cause of Ship Migration

Recent studies by Hudson (2001) and McCormick and Hudson (2001) show that
the solitary-type waveis the greatest single contributory factor cagsihe shoreward
migration ingroundings. This type of wave is an extrerelyg shallowwater wavehat

typically resultsbecausef a faroff storm.

WL

SWL

B
.

e
=

Seabed

Fig. 81 Solitary Wave Profile \

The geometry of thevave is unusual in that the higimergy water volume is principally

above the stitwater level as it travels. Historically, J. Scott Russ#ita 1832) first called

attention to the existence of this wave form. According to Rugk&33), he observed a

wave form that was wholly above the stillat e r l evel, and consi

i ntumescenceo which propagates at a consta
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According to the solitary wave theory, the fdisplacement is predicted by
d = H secR[(3H/4)Y2(x-ct)] (2.29

where c is the phase velocity (celerity) of the traveling wave. The horizontal water particle
on and beneath tleest isgiven by

u = (g/h¥41 + H/h)q (2.30)
From this equation, one sees that the horizontal particle velocity is uniform from the seabed
to the crest. Furthermore, comparing the Bagace equation of the solitary wave with
that of the linear wave, we see that the solitary wave is not repdatitivee or spacerlhis
is characterized by an infinite period and wavelengéhen the crest hits a vertical hull,
the water in the wave acts as if it was in a flume, and the momentum of the wave is diverted
vertically upward.
The speed of the solitary wais given by:

C=1[gh+H)}? (2.3)
It can be noted here that larger (highsaiitarywaves travel faster.
As stated earlier in linear wave theory, there is consideration needed as to the breaking
conditions necessary for solitary waves which have been proven to be the primary wave
type responsible for groundings of ships. When the breaking wave conditidnni§2e28)
is applied to a solitary wave, the ratio of the breaking wesight (H,)-to-water depthat

break; ) value is somewhat different. At the wave crest (whigre Hy), the resulting

wave heightto-water depth value is:

Ho/hb= 0. 7800785 é . (2.32
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From the momentum theory of fluid mechanics, a resulting large horizontal hydrodynamic
load acts on the seaward side of the hull; while, little or no dynamic load is on the leeward
side. As a result, there is a strong migratory force steme on the hullSeeFig. 7. A
discussion and derivation of the solitary wave is found in the book by McCormick (2010,

2014) and elsewhere.

Fig. 71 Migratory Shoreward WavEorceActing ona Grounded Shigfrom image by
Paul J. Gallie:AM/V SeaLandcE x pr es s Gr dinenaD03n g o, |On

2.3 Existing Methods Employed to Free a Grounded ShipAs stated earlier, if ships

lose power in a seaway, they tend to broach (be moved parallel to the coast) and are subject
to beam wavedresently, there are threensentional methods of ship freeing. Those are
(a)the bruteforce pulling on the stranded vessel with lines attached to a series of tugboats
positioned in deeper water, (b) saingetting of the areas near the grounded hull using
pumpedwater withboth high volume and velocity to displace the sand and (c) to lighten

the load by decreasing tdeaft. These methods are discussed in the followingsadbions.
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There are a number of problems with each of these methods, although only a few are
identified anddiscussedSe e, f or exampl e, the U. S. Navy
Naval Sea Systems Command, 1 August 1993.

2.3A Brute-Force Pulling: The first event in this method is to attach the anchor chain (or
line) to a tugboat in an attempt to dislodgeftbk. Unfortunately, this has a low probability

of success, unless performed within several hours of grounding. The method is also rather
dangerous in that it is susceptible to snap failure of the chain. Because of the high energy
stored in the taut chaimwhen a snap failure occurs, the chain can actually slice through the
ship, cargo andne or more crew membel§the leeward water is of sufficient depth to
safely accommodate the tug, a tug can simultamgdaes positioned to push the hull
seaward.

As one can expect, hull damage can occur during the -tumte process,
depending on the nature of the seabed material. For example, a cobble beach can rip the
hull skin as the ship is towed and pushed. If the ship is siglled, then a rip will cause
in internal flooding or, depending on the type of ship, a loss in liquid cargo or fuel.
2.3B Sand-Jetting: First, a drillrig must be put in position. This is a tiraensuming
operation. As stated earlier, for a freeing process to be successful, it must be conducted
within 24 hoursof the grounding. Physically, the soil beneath the hull is displaced in the
proaess. If enough soil is removed, then the hull can be momentarily buoyant. The problem
is that the displaced bed will eventually migrate back under the hull due to wave action.
Hence, the timédactor is critical.

Also resulting from the material displacent are unwanted moments caused by a

loss of bed support on one side of the hull. To illustrateroached and grounded hull will

21



have a high rolling moment resulting from the loss of the bed material. This can cause a
rolling motion which will result ira car@ shift that can overload different hull structural
elements. If the loads become supetical (structurally speaking), then failure is possible.
2.3C Load Reduction: This is only feaible with containerized cargo, since helicopters
and large crargare requiredn general, unloading of a grounded vessel is perilous and
involves skilled coordination and planning, not to mention great expense. This is generally
done by airlifting of cargo and containers or with ldrased salvage operations paratitel
the nearshore if the wave climate and the time allowrder to position a large crane, two
methods are used. First, the crane can kl@mg, broad spudbarge of shallow draft. The
large deck area is required for rolling stability. The shaittvait is required to prevent the
barge itself from grounding. The second method is to construct a causeway from the shore
as a path for a groudshsed crane and trucking operation. As one can expect, this is a time
consuming method to be used in a tiangical situation.Certain types of ship grounding
dislodgement and recovery operational typical methods and procedures are referenced in
theUS.Navysal vage Engineer6s Handbook.

For bulk cargo, such as grain, coaladl, this type of unloading iBnpractial. To
illustrate: TheM/V New Carssa(ref. in Appendix Bwas grounded off the Oregon coast
in 1993 This ship was carrying petroleum, and was unable to be unloaded by any means,
since the Pacific wave climate at the site is rather hostile. What wasodprevent a fuel
spill was environmentally unacceptable. That is, the fuel was actually ignited in the hope
that all of the fuel would be burned oBuring operation, the hull fractured and the fuel
was lost to the ocean. As reported by Hudson (2004 Jo#imers, it took searal years to

reclaim the beach.
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In the following chapter, background analytical and experimental studies are

described. Results of these studies are incorporated in whole or in part in the present study.
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3. PRIOR EXPERIMENTAL STUDIES

Previous work devoted to the waweluced motions affecting the grounded
condition was focused on the midskgction where the geometric section was consistent
and -Rbkgo. Rot ati onal effects were teegl ect
two principal motions previousimentioned Theresults of the previoustudies show that
the vessel buoyancy diminishes with time due to the grounding on the nearshore bed and
as t he s heibeconsepatakeltothe sharaline. The works of Mormick(1999),
Hudson (2001andMcCormick andHudson(2001)provide a base from which a study of
the relationships of the bed material properties and the aspects of the release methods can
be launched.

The experimental work done by Hudson (2001) thadfirst of its kind. Up to that
time, it was thought that breaking waves of any length contributed to the migration of a
grounded ship towards the shore. Based on a ship having a beam of 40 feet (12.2 meters),
the scale of the Hudson (2001) experimens Ww&t0.The experiment was conducted in a
wavesediment tank specifically designed and constructed for the sBety.Hudson,
McCormick and Browne (2002) for the details of the wagdiment tankAlthough the
experiment was of smadicale the results shwed that sinusoidal waves tend to rock
grounded ships in place, but do not cause migration. The rocking motions cause the ship to
be more embedded in the soil. Hudson (2001) found that the migration of a ship towards
the shore is caused by the long wave aire near or at breaking. The lemgve (solitary
wave) breaking condition is mathematically describedEd 2.10.This was the first

experimental evidence of the wast&ucture interaction for the migration prose3he
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Hudson (2001) studies weltee inspiration for the present study of the freeing of grounded
ships.

Some of he past workwas centered on ladratory experimers, where thesoils
wereconfinedto celttesting That is,the sands, cell pressure and other parameters
varied in orde to understand the @chanism characterization of Blast Induced
Liguefaction In a fewfull-scale studies, BIL was used as part of-pdiease behavior
investigatios in an effort to determine ways to reinforce structural systems during seismic
events In thesestudies efforts were madéo the avoidsoil liqguefaction. Although some
attention was directed to considering a mechanism for blast induced liquefaction,
guantitative or empirical results concerning the effects of liquefaction on embedded ship

shaps nor howiquefactionwould play into releasing possibilities.

Other studies done yhannon and Wilsodid testing of various soil types under
cyclic loadings that show a buildup of pore water pressure and associated deformation.
This cyclic loadingover timeculminated in liquefactioin both loose and dense sands

which is shown latein Chapter 5 Fig. 14a.
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4. EXAMPLES of ACTUAL SHIP GROUNDINGS

Historically, a multitude of ships groundingtong the Eastern U.S. codsdve
been documented ftwwo centuries. Recorded ship grounding and sinkings go back to the
17006s and c on day Mang typesof vedsels have een énmotved, which
include sailing ships, passenger liners, trawlers, tugs, barges and military ships of varying
types.

Along the Delaware, Maryland and Southern New JerseyAtiahtic coastal area,
there are over one thousand recorded locations of all types of grounded/sunken vessels. A
great percentage of theggoundingswas never raised or salvaged because of the
complexities involved with freeing operations associated with the coastal soil interactions.

In the following two specific case studies of ship groundingse described.
Because of theggroundingsconsiderable financial losses were incurred, as weléks/s
in delivering and unloading the cargo that remained undamaged. The financial
repercussions were substantial and amounted to many times the value of the vessels
themselves. Fortunately, several of the referenced ships did not end up releasing any
hazardous materials to the environment, although the risk was certainly present. Other ship
grounding incidents have not been as environmentally fortunate and have been proven to
be detrimental in terms of oil or hazmat spills. 3@pendix Bfor other shipgrounding

examples.

4.1 Motor VesselSealand Express
The first case study of a ship grounding is the M/V-Baad Express in Cape

Town, South Africa in 2003. See Fig. 8 below.
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Fig. 8- M/V Sealand Express in Port in Table Mountain, Cape Town, Sfutta (from
image byPaul J. Galliesi M/ V. SealLand ExprLne 203r oundi

The M/V Sealand Expresswas a 33,000DWT cargo carrier with 1,037 sea
containers, crude oil and other volatile substances including drums of propyl acetate and
uranium oxide. The ship anchored offshore near Cape ,T8auth Africa,on a delivery
voyage in order to weather high winds and heawss®uring the night, the anchors
slipped and the Sdaand Express was driven landward by the intense wind and waves. By
morning, she had her bow embedded in the-skare sandy bottom and had been broached
alongshore. The vessel was being pounded byyhbevsadside swell, and eventually
rested parallel tohe shore. Within hours after the bow came in contact with the beach,
salvage tugs were dispatched, but were unable to puMMNeSealand Expressree.

The M/V SealLand Expressvas lodged on the bela of Cape Town for 25 days
after the initial grounding event. Salvage efforts were carried out, that included continued
efforts to pull her free with tugs and -#iting the hundreds of sea containers off the ship
utilizing heavylift helicopters. The lter eventually allowed sufficient weight reduction to

re-establish buoyancy during a higlde, enabling three oversize tugs to pull her free. The
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M/V SealLand Expressad to be drdocked to be evaluated structurally following the near

monthlong salvag®perationSee Fig. 9

Fig. 9- M/V Sealand Express Lies in Sturrock Drydock in Cape/n (from image by
Paul J. GalliesA M/ V SealLand EXxprLne803Groungdi ngo,

4.2M/V APL Panama
A second ship grounding event was k& APL Panaman Mexico in 2005which
was a 40,360 DWT container vessel with 1,100 sea containers stacked over ten stories high.
A grounding occurred with circumstances similar to those oMhé Seal.and Express
A navigational piloting error was madehen the ship was off the Ensalada Harbor of
Mexico that caused the ship to ground, Honst, in shallow water. The bulbous bow of
the ship was then the pivot point for the rotation of the ship caused by the nearshore
energetic wave action that subseqlyeocausederto broach The vessel began list due
to the combined effects of itsd cargo bur

Tugboats were dispatched in an attempt to pulMAé Panamarom the shoal. Freeing

28



efforts were once againinefttda ve and t he ship remained

response was quick and during a high tide.

R N N

Fig. 101 APL Panama Shown here Grounded from a Navigational Eroom theSan
Diego Tribunei APL Panama Gtkine,2008)i ngo, On

The experience of thé//V APL Panamavas somewhat differerthan that of thevi/V
Sealand Expres#\ jetty had to be constructed from the shore t@ssthe ship, and track
crawlercraneswere used to unload her cargo. These combined land ahfil salvage
measures lefl/V APL Panamatranded on the Ensalada Harbor coast for three months
from the time of the initial groundin&ee Fig. 11The vessel also had to undergo structural
dama@ repair as a result of the incidefitther ship groundingases are presented in

Appendix B
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Fig. 11- APL Panam Being Unloaded from a Constructed Landside J&tiyn theSan
Diego TribuneAi APL Panama Glkine,2008)i ngo, ©On

4.3 F/V Mar-Gun

Ship groundings are not limited to only larger type vessels such as have been
described in the previous two examples. Smaller ships frequently experience similar
grounding events as was the case for the diesel engine fishing Wems@un based out
of Seattle, WA. The MaGun was a 11-2oot-long (34foot beam) fishing trawler that ran

aground off of St. George Island, Alaska on March 7, 2009 due to heavy seas.

Fig. 121 Fishing VesseMar-Gunshown here being driven aground near beach off the
Alaska coast from storm sur¢ghoto credit N. HuddlestonADEC: i F/ V-GMa 10|,
On-Line, 2009)
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https://www.google.com/imgres?imgurl=http://www.cargolaw.com/images/disaster2006.APL.Panama31.GIF&imgrefurl=http://www.cargolaw.com/2006nightmare_apl_panama2.html&docid=IfFGbue5GmObRM&tbnid=5VCVtAT9rQPYGM:&w=650&h=433&bih=611&biw=1027&ved=0ahUKEwjL74ydlJ7OAhXH7yYKHUh1AP0QMwhIKCAwIA&iact=mrc&uact=8

The U.S. Coast Guard was initially called in to safely evacuate the crew but there was
19,000 gallons of diet fuel aboard which posed a potential spill hazard to the waters of
the Bering Sea. Salvers were then dispatched to free the ship and unload the cargo. The
salvage effort took nearly two months and ended, with much difficulty and risk, with the

Mar-Gun béng dislodged and towed to nearby Dutch Harbor for extensive repairs.
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5. SOIL LIQUEFACTION

Most nearshore and beach sailgemperate climateare composed of granular
sands with little significant cohesive properti€be reason for the lack of cohesiveness is
that the sandsre composed ofquartz and feldsparAccording to the Unified Soil
Classification System (USCSbhe sands are classified &V (Wellgraded Sands)SP
(Poorly-graded Sandspr SM (Silty Sands, SatSilt mixtures). This information is
paramount to the present studince there is precedent for inducing soil liquefaction in

this classification of soilSee Fig. 3.

I SIEVE ANALYSIS | HYDROMETER ANALYSIS |
SIZE OF OPENING IN INCHES NUMBER OF MESH PER INCH, U.S. STANDARD | ORAIN SIZE IN MM o, |

~ -

o

S

v em w- 3888 3. o g g g 8 B3 338 388838 §
R [ R i *oety 1 g Jomsy) 5om 3 ”
I T 4 By
ey ; : 3 008! N\ — Envelope of [9 curves of
0 i &4 ! . N\ '\ o] ,\; sonds that liquefied during |,
S : H \ TV eorthquakes in Japan.
& : : : : =:.::= i Klshidq(ISGQD) i -
- ) : Sands’ of Niigata in A §
S 1510 30 Feet depth £re A @
E 20 range.Sded and XA i % » >
. Idriss (1p67) N X 2
a & \ 6 o
3 ' | ‘ 3
w c. o
- ' ¢ s i Tetetedelet \ «f
= %0 . Foa o ; I SRR 50 8
. i ' I\ \ 0 % %
E M l P O - . a
o “ : o N eyl ] : \ o PRl &0 v}
g b P : ; b . ) l ; 020000 E ! g
30 . T . : > i 7
i o1 ! Mos! Liquefiable Soils s AN \-
: " . | Based on Laboratory Tests I\ '\ 1964 Alaska
2 : /' Lee .and Fifton {1968) ‘ \ Eorthquake _ [®
& g \ = "
o 1 IR NN <
-t "It oo 4 e P d i v Rl 1 3 SRS
I T S N L e I By e R
< GRAIN SIZE IN MILLIMETERS -+ - % % 2 28 88 8 8
[ COBBLES F COAR!!GRAIVEL FINE {cou«ssl HDW:ANOJ FINE _} FINES l

SOILS SUSCEPTIBLE TO LIQUEFACTION

Fig. 131 Table from Seed and Idri¢analysis of Soil Liquefactiqori967) \

Other &inds subject to cyclic loadings have been studigddsagrandendSeedesulting

in liquefaction under these conditions as well as shock loads from explosions. Tests done
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by Castro(1969)on the behavior of sands under cyclic loadihgse shown thatertain
sands subjected to Taixialapparatus testing were susceptible to liquefaction in the ranges
shown in Fig B. Castro tested Bandingsand in this stdy (see Table 8r properties of
sand used in example case study by the USAGF in this disseation) which liquefied

during the cyclic tests loadings.

5.1 Definition of Soil Liquefaction

In general, liquefaction is defined as a phenomenon whereby a saturated soil
substantially loses strength and stiffness in response to an applied sodss @udden
change in stress condition, causing it to behave like a liquid. The American Society of Civil
Engineers defines |iquefaction as Athe act
liquid. In cohesionless soils, the transformation is fesolid state to a liquid state as a
consequence of increased por eFuriher €eszaghir e and

Peck and Mesr{1996; third editiohin Soil Mechanics in Engineering Practidefine the

gener al case of suddeqg drepfoh shear strengtta sndeiii uhdraened

conditions from the yield strengthébo

Saturated Soil Mass
Water content (Blue)

Fig. 147 Soil Liquefaction Mechanisr{from Univ. of Washington CE Deptyebpost
2010)
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In terms of soil parameters, when thecess Pore Pressure Rataefined as:
Ri= @uo / G0 (5.1)
is 100% or 1.0, the soil is indicates being completely liquefigdwh er e @u i s

por e pr e sistheintial wertichl effedtive stress).

5.2Soll Liquefaction asa Mode of Release

The weight of overlaying soil particles (in fite-medium particles such as in
beaclkessand$ produces constant forces between the particles that give soil its strength.
When the contact pressure is high, ploeewaterpressure is low. With a sudden force or
shock such as that produced by a bl#isere is a uprush(buildup) of porewater pressute
This, in turn redues theeffective poresolid pressure, andthe waiers At r appedo
particles The interparticle contact forces decrease asdbsequently, theoil strength is
reduced In other words, the soilis. e . i ] andgribeh&vesaendre like a liquidhe
process to induce liquefaction can have a tttependent cyclic buildup component. This
can beseen in the following two figures where cyclic tests were performed on loose and

dense sands:
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TIME, sec.

LB o 16 0.4 02 0 0.2 0.4 o | 3o

Comprassion Exfension Compression Extension 100 120 140
LOAD, kg/cm? DEFORMATION , inches PORE WATER

PRESSURE, psi

Arabd dpid]

22 0 22 30'

1 |
Compression  Extension Compression Extension 100 120 140
LOAD, kg/cm?*  DEFORMATION, inches PORE WATER

PRESSURE, psi

Fig. 14ai Laboratory Testing of SasdUnder Cyclic Loading on Looggipper partand
Denseg(bottom part)Sands (research 8hannon and Wilson; 2031
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This type of induced soil liquefaction is advantageous-establishing a floatable

substrate under an embeddexly, i.e. suchasagroundedshipi the focus othis study.

5.3Blast-Induced Liquefaction (BIL)

One method of liquefying a soil is to create some type of pressure shock.
This has been previously done by using explosives, which is a rather dangerous method
with possible disastrous consequences. The method proposed here is to create the shocks

using @mpressed air. These are discussed in thiseation.

5.3A Experiments at Treasure Island

The explosion technique was documentedeports resulting fronseveral fult
scale experiments done in 2004 and 2005 by Scott A. Astdoal (2004). These
expeiments were conductezh the Yerba Buena Ehd outcrop in San Francisco Bay,
theTreasure Island National Geotechnical Experimentation Site (N®ES)e piles were
being used in lateral puifials under liquefied soil conditions. Charges were placédde
soil surrounding the subject Caststeetshell (pipe)pile(s) and detonated in a peripheral

sequence to liquefy the sand.
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CHARGE LOCATION —
BLAST SEQUEMCE A

CHARCE LOCATION ————————=
BLAST SEQUENCE 2 '

Fig. 157 Detonation Sequence used for BIL at NGES on Pile Load Tests \

This testing program, known as the Treasure Island Liquefaction Test (TILT),
successfully used controlled blasting of buried explosive charges to liquefy a study area
around fultscale pile and pile groups to evaluate sitél-pile interaction effects. Ithis
series of trials using blastduced liquefaction, thgorewater pressure wasear

instantaneously increased by compression waves generated from the egplosion

5.3B USAF Office of Scientific Research

In 1981, he Air Force Office of Scientific Reearch (at Béing AFB, Washington
DC) administered a grant tte Civil EngineeringDepartment of thé&San Diego State
University to determinea metric to quantify the mechanism for blaxtuced soll
liquefaction from explosivesSeeFragaszy and Vosd981) The Ai r Forceds
were with understanding the effects of weapon detonations on geologic materials at or near
the ground surface. Tesivere carried out by the investigators on saturated samples of

Eniwetokbeach sand anOttawasandqFlintshot, Sawing and &ding)with quasistatic
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isotropic loadingsSeeFragaszy and Voss (1981).aboratorytesting was donen the
sample sandssing a constant pressure pump. In that stadygh pressure stetl-axial

cell with varying cell and porevater pressuresvas used Results weregraphically
presentedand the poravater pressure was found to be larger at the end of the cycle than
at the beginning. There was liquefaction of the sands in varying sangsisures as well

as residual increases iong-water pressure throughout the induced stress cycles.

In the present studythe soil surrounding an embedded vessehduced to be
liquefied with compressed air administered from a buried pipe diaphragm within the sand
in order for it to be brought bk to a buoyant conditioWVith the exception of the method
of shock introduction, the method is similar to thatAghford et al In this way, it was
hypothesized and subsequently proven that several types aftelpps were able to regain
buoyancy oncdiquefaction occurred. This igerformed with three types of model ship

shapes that bear naval similarities to typicatgaiag vessels.
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6. EXPERIMENTAL APPROACH

A model tank was constried for the experimentalart ofthe presentesearch
study. The tank weight with the required sand and watapproximately 3,000 pounds.
The tank was usefbr each of the two phases of the experiment setup and repeat trials.
Along with this newly created ship model tank, a moveable reaction facha leveling
platform were also constructed the basentegral parts of the workystem There were
ship models also constructed that are the interactive parts of the experiment along with data
recording equipment and methodology.this sectionthe design, assembly and testing
procedure of thenodeltank and all associated paai® describedrhe phyical details of
the model tank, the ship models and other equipment pertinent to the performance of the

experimentarefound in Appendix C

6.1 Experimental Facilities
The experimental facility had to be specifically designed and constructed for the

study due to the uniqueness of the project.

6.1A Model Tank

The model tank was designecketasure thathe ship models to be uskdd adequate
sidewall clearances and satisfysanddepthembedmentequirements. The final working
dimensions of th¢ ank wer e s e to Qmdide eptWThe tank I8 tomposed
o f  thicklctear acrylid_exanas the primary material. The sttural properties of the
Lexan were evaluated for their selection as to hydrostatic pressure and concussion
resistance effecthestructural propertiesf the acrylic lexanper ASTM D 638 and
D 695were:

1. Fo = 9.0 x 16 psi Flexural Bending
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2. Fc = 16.0 x 18 psi Compressive Strength

3. E = 0.55x 16psi Modulus of Elasticity
Based on ship model testing precedents, a clearance of 1.5 times the model body width
(beam) in the short directiomasmaintained tamitigate the effects of refléion from the
tank boundary wallsThesewerethe critera used in determining the dimensions of the
tank. From a depth standpoint, enough saag needed on the bottom to allow for a
uniform clearance between the tank bottom andotittom of the deepesbodel (SS3).
This is calcul daiéd, tdepentbiebhween ©Oe8amd vari o
emkedment requirements shown latértank sidewall depthof@ al | ows suf fi ci
and water to be placed to accurately conduct the ship reodedmat experiment trials.
The tank has enough volume to insure that the displaced water from the models does not

have an impact on the overall water depth.

Fig. 167 Tank, Restraint Cable and Platform Assembly
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6.1B Ancillary Equipment

The tank r es9tos tambeaenr &d ax fo&dG m. The purp
provide a level, absorptive base on which the tank is suppdrteximodel tank and
platform were designed for transportability.

To facilitate waterlevel control in the tank as each sequence of trials was
performed, a tank sidewall valve that could be fitted with a hose for drainage was installed.
A water spigot fixture was obtained that had a threadedwheel valve handlavith

strainer and nylonilfer.

Fig. 17 - Drain Valve Installed in Tank Corner

An obstacle that needed to be addressed was how to bury the model in the saturated
sand without the perimeter sand collapging excavated hole. In addition, water needed
to be prevented from &ring the hole ahcausing premature buoyancy of the modéier
many trails and alternative methoaofsburying the model for a puttial, it was decided
that a framd structure ¢r cofferdamy was needed so that sand could be evacuated while

being held back.
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Fig. 18 - Aluminum Cofferdam before and after use with burying Model

The actualmat er i al for the cof f eaudhlaGrade 661-Teve |l da b |
aluminum(Fy = 35,000 psi; E = 10.1 x £@si). This was chosen to be durable and strong

yet lightweight for lifting and positioning around the models within the t&alkch of the

four sides of the cofferdam were welded at a fabrication shop to fit the plaansiziepth

required for the experiment per design drawings and liftiitgria @ 2 0x 2L0 0 x M8 0

D). This includedhaving touse the cofferdam in conjunction with a vibrator and side
holsters that arfurther explained in Appendix C and as seen iatelRecord images

P1287, P1294 and P1D5.
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6.1C Reaction Frame

To facilitate the multiple lifting/hoisting operations of the various ship models, an
overhead lifting frame was built. This reaction frame functions as the support structure to
lift the models in and out of the model tarik addition, itprovides an access walkway for
maneuvering equipment needed during the experimentadidnll description of the

reaction frame and its compongftre contained in Appendix C

) l’]
9'-33

TIMBER REACTION

FRAME & BEAM PULLEY

WALK PLANKS CRANK s)

ks
¥

{ [l 0 P = 1l
TAME WITH MODEL

SIDE VIEW FRONT WIEW

Fig. 197 Reaction Frame Assembly over Model Tank

6.2 Ship Section Models

The experiment requires the use of sbéggtionmodels If one slices a ship hull
across the widths at various longitudinal stations, the vertical-sems®ns of the slices
are calleaship-sectionsThe sectionsf the modehre uniform in the longitudinal (fore®-
aft) direction. Their placement was in the center of the tank, with spaces between each
model side anthe opposite wallThree models were created that represent standessks

of ships. These models are specifically made to be geometrically symmeboth the
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longitudinal and athwartships directions. The geometriesuaicionally simple so that

any latercomputational fluid dynamics (CFD) analyses of the results eamehdily
performedEach of the three models is referred to as-Sippes (SS1, 2 or 3). The inside

of the models is made hollow and accessible from the top for the ability to add weight
ballast.Sectionaldrawings of the three sections are presemdelg. 20. Photograph®f

the models are contained Appendix C The specifics of the three model sections are as

follows:
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Fig. 201 Ship Sections Model Geometry \

Model SS1i This modehas a flat bottom aneerticalwall sides similar to a barge.
Model SS2 Theunit has a 15 degrekhedralshape and is indicative of a ledvaft vessel
or skiff.

Model SS3 Thisunit has a 30 degradihedralshape andis modeled after a deepéraft

vessel.
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Fig. 21 - Ship Models in the process of being built (Note hollow interior for ballast
additions)

These models are also needed to hold up under many repeantediilphases of
the experiment. This included the use of removable/adjustable bottom ballast as wel

built-in ballast described lateéFhese are shown in thédtihg arrangements in Fig22
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Fig. 27 Lifting Arrangements

In order to make the models able to be floatable and watertight, the exterior
i nsul ation fAski no -layea ®vedng of Bberglass. This wds dome fonu | t i
each model and was composed of a marine fiberglass fabric glued to the insulatem with
epoxyresin topcoat mix done in 3 coats. Each coat was sanded, filled and filed such that a

fully waterproof outer model surface resulted.
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Fig. 23 - Model Fiberglass Covering/@ting Operation \

The final step in the model building was to paint each model with a marine paint.
Several coats were applied and a waterline was painted and stripped to identify the center
of buoyancy of each respective model after a flotation testdaas éee Fig. 8). The
flotation test included the addition of brick primary ballast into the hollow of the model

frame.
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Fig. 24 - Model Ballast withWood SubFrame, Lifing Lanyard and Painted Exterior
View

From astability standpoint, the models were able to be floated to a suitable
operational depthBecause of the dihedral angles at the kilbel SS2 and SS&odels
nealed additional lonkeel weight to ensumverturning stability. A method of adding lew
keel weight was ds#gned and implemented for these two urkits. the SS2 mode| a
series of partial depth holes were drilled in the triangular &tgro hull and filled with
copperbuckshot Oncethis procedure wadone, the holes were capped watyrofoam
plugs and glug in place The hydrostaticstability flotation testvas, thengdone toensure

the effects of the low ballast.
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Fig. 25 - SS2 Flotation Test being performed after LKeel Ballast Added

FortheSS3 (deeper 3@egrealihedral) the lowkeel weighissue was more severe
for stability. The addition of buckshot into drilled keel holes was not sufficient based on
repeated flotation tests. A heavier low base weight was needed for this model and so lead

was considered for a ballast becausgreaterdensity.

Fig. 26 - Lead Sinkers being melted into Steel Pipe Fittings for Keel Ballast
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Another flotation test was done (similar to that showrFign 25) for SS3 which then

resolved the stability / rotation issue making it ready for triateenmain tank.

R el

Fig. 277 Low Keel Permanent (BuckshdBpllastplaced into SS2 Model

6.3 Blast Simulation: Compressed Air Device
As a preparation to this part of the experiment, the water level wakef@emined,
and was visible through the Lexan windowne side of the tank. First, watgaspoured
into the tank. Then, the sand is mixed with this wadqurevent stratification-ollowing
this, a time delay was needed to allow the sand level to become stable. The cofferdam was
vibrated into position for the setting of the ship model. The-saatdr level would, again,
rise in response to the cofferdam installation. Following ardtime delay, the model was
set by removing all sand from the cofferdam, and the remaining sand was packed around

the model. Finally, the cofferdam was removed.
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Following the method athe previously referenced work at the NGES at Treasure
Island (see Redrences Sectign submerged explosive charges were placed at buried
locations in a peripheral array around a study area in order to produce a shock wave in the
saturated soil. This shock wave, or concussion force, produced from a series of sequenced
detonaions, induced the soil to locally liquefy.

It was found during this study that a similar effect could be produced using
compressed air instead of buried explosive
Cannono wauslized forithe sam punpdse and similar effects using compressed

air.

AlR QUTLET TO —  FLAPPER
TANE BLAST DIAPHRAGM

FITTING WITH
e THREADED PLUG
FYC FIPE

PRESSURE GAGE
REDUCTION COUPLER
1=1/2"n
PYC FIPE !

[ R TS NS '_,,/_ ﬂ _4|
IMMER: AR QUICEK RELEASE
THRUST CHAMEER WALWVE
QUTER AIR AR IMLET WaLVE

PRESSURE CHAMBER FROM COMPRESSOR
TO QUTER AIR CHAMBER

Fig. 2&1 Air Cannon Schematic
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Fig. 28071 Air Cannonwith Pressure Gage and Quick Release Valve

The Air Cannon was able tbe chargedto designated pressurgja an air
compressoassemblyFollowing the charginghe compressed aiould be releasedear
instantly into the soilsurroundingthe buried SS models to cause liquefaction. So the
technique in this experiment is using a controlled volume of relatively high pressure air,
discharged through four peripheral nozzles at the end of a buried PVC diaphragm. This
sets off a compression wave propagation surrounding the embedded model and causes the

saturated sand to liquefy.
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6.4 Detection of Shock Intensity by Hydrophones

The meando record and synthesize information associated with théwsigr
condition as affected by tlmempressed air concussive forces from the air cannon was done
with a series of underwater microphon@sydrophones It was decided for the
arrangements in thiank and positioning of the models thatrfdnydrophones would be
used to recor@mni-directiorally. This hydrophone arrangement matches the-fded

plarorientationof each of the three models

Fig. 291 Assembling of Hydrophones from Parts

The hydrophones were specifically constructed for these experiments based on
instructions from construction by thidniversity of Conecticut (COSEE TEK)See
Appendix Ffor details.Parts were obtained locally angsembled into five hydrophones
(4+ one sparefach hydrophone has the capacity to transmit a full spectrum of sound to a

recorder. This ties in well with how the blast force from each nozzle faciliiqtesaction
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These interaction phenomena webseved dozens of times during the experimégee

Photo Record Images P28, 27, 28)

Ubisaq auoy
N3, YdoupAH eiduns
120Uu0g jo Aysiean ~ 331 33500

Fig 307 Assembled Hydrophone

The hydrophonedlast nozzle ports and the aannonall work in conjunction with each
other around the model within the sand of the tank for each trial of the experiment.
Referencd-ig. . The buried PVC pipe blast diaphragm is situated near the outer walls of
the tank. The air blast is administered tis ghipe network to distribute the air to each of
the four nozzles. One section of theptieagm on the righhand sidef the tank is actually
valved off to enable air flow to be optimizedlongside each nozzle, folarger three
inchdiameter90-degreeclbow) PVC sleeves were built to be able to place and retract the

hydrophones as each set of the experiment proceeded.

55



Fig. 3L PVC Pipe Diaphragm, Blast Nozzl@sft) and Hydrophone Poftight) \

The sleeves, or hydrophone ports, enabled the hydrophones to be slid down into them and
positioned close to throzzle blast outlet locations so that there could be an accurate
recording from each of the four hydrophones to the-&Arecorder. Each end tifie
hydrophone port being buried, was fitted with a fine nylon screen so that sand was not in

direct contact with the recorder end of the hydrophone. The PVC pipe sleeve was flooded
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with water into which the hydrophones were submerged. The placementaffe¢hese
three interactive arts with respect to each other and the model locations, underwent
several rounds of trials before a viable long term arrangement was arriG atnages

from Photo Record P1&1 through P1316.
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Fig. 21 Schematic offank with Buried Equipment \

6.5Baseline and Blast Tests

The model tank and reaction frame work together to allow the placing, embedding
and raising of the various ship shape models for this experiment. The process involves
multiple trials of each of the (three) ship models usdtie study. The number of tisaof
each model must be sufficient to provide a statistically credible sample size. The two tests
are called the Baseline and Blast tests. The former is théegtliwhereby the embedded

model is fred from the soil by direct application of a verticabd. The latter test is the
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reduction of the soiinduced vacuum force using the compresaedlast. These are

described in the following sufections.

6.5A Baseline Tests

The first part of the experiment is to run the maslebedmentests using each of
the three model types constructed. The sand layer, water depth and positioning of the
models within the tank are standardized/normalized, so that in each repeat trial the results
can be compared with accuracy. The initial trials aregihed to determine the force
required to dislodge the embedded model from the natural sand with no other factors at
play.

Prior to theembedment, the waterline ehch model was determined as a result of
a buoyancy tesds further explained belowhiswaterline was the same fboth the free
floating and the embedded models.

In order to produce results that have statistical accuracy, the testing pméscol
standardized with certain aspects constant with each trial. The sand height was set at a
height d 11-1 / 2rom the bottom of the tanlkgnd the water level was controlled and
adjusted to be at a free surface height df 8 vithin the sand The arrangement is
characteristiof the typical relationship ad grounded ship hull depth to the mudline or
subaqueous water level on a beach.

The depth of the embedment was chosen (via painted line on each ship model)
basel on tare weight plus ballagtotation level done previously and described as a
fiBuoyancyT e st O . The waterline, t h dloating améthe t h e

embedded model.
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To insure horizontal placement consistency, a series of guywires were used to align the
models in the tanklhese were strung from four wooden side brackets noafilethe tank
walls during operation. Each guywire had a horizontal spring at the end to maintain tension

during model placementSee photo record images PA@, P1289 as well as Fig. 3

Fig. 331 Guywires for Consistent Mod®&ositioningwithin theTank

The sand / water consistency was also adju
addition/mixing of water and monitoring the sand and water level at the clear view end of
the tank.
The tensiometer used was tested / tuned periodicadiynstga knowrbenchmark
weight The brick and steel ballasts used duringtth#s were the same eatime as well

as the soil and water depikedthroughout for each respective model.

6.5B Blast Tests
The second part of the experiment is to run the same rneadsdmentests on
each of the three models with the soil being in a liquefied state. This is-inblastd soil

procedureanvolving air-blasting fromanair cannomozzlein the saturatedoil aound the
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modelembedmenarea. Thair-blastsare designed to cause the soil to sequentigligfy.
As in the first series of trails, the experimentation determines the force required to dislodge
the embedded model from the artificially liquefied sandeach of the trails, the reaction
frame makes use of anlime scale that measures the force or tension in the rope assembly
as it pulls the model free of the sand mass.

There arenydrophonegositionedin the soil to measurthe full spectrum of the
blast intensity asffected byboth their relative location arttie soil liquefactionThis is

demonstrated ifig. 34.

Fig 347 Positioning of Hydrophones into Ports adjacent to Blast Nozzle#

A sample record of the hydrophone results is presentddgind® through the use of
Audacityaudiomulti-track recording and editirspftware In the top figure, the blast signal

is recorded for three sequential blasgtene hydrophonerlhe blasts are identified by A, B

and C in that figurdt canbesee fromtheseresults thathe initial A blasthas the lghest

signal amplitude response corresponding to the lowest inlet pressure. The pressure is
steadily increased with each succesdilast as can be seen in TableTéere is a time

interval of 1to 3 minutes between blasts as recorded in the log sheets represented in
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Appendix G. This indicates that the sand surrounding the model is being modified with
continuing blasts. Even though the @nnorpressure per blast is increasing, the recorded
signal amplitude arenot as high, and in saminstances such as this one, lakger. A
further discussion ofhis trend subsequently undertakemd as also seen in many other

trials anddepicted in the tableelow:

Blast ID Relative Maximum Amplitude| Pressure (PSI
A +/- 0.4 90
B +/- 0.2 92
C +/-0.1 95

Table 1- Signal Response Dalaken from Figure 3

In the bottom of Figures aGaussiar(linear)spectrum is presented from the same
signal data containing blasts A, B and C. Theemsjority clustering of frequency content
in the rangeof 100-1000 Hz (200 -300 Hz highest recorded valuesjth a smaller
secondary grouping at 10,000 ldnd anotherdrge amount grouped at the 20,000 Hz
range An examination of all the recorded hydrophone and blast data seWaalthis
pattern of frequency contegtoupingis consistent throughoutith individual or multiple
blast recordsAnother example of these groupingmn beseenn Fig. H18showing a (log)
Gaussian spectrum for all 4 hydrophones of an individual bHtastiould be notedhat
there is | ine Anoi s e 0 pdtentiallycortespendssta tlyercenter a ¢ q u

10,000 Hz spike seen in the bottom of FiguseaBd elsewherghamely the blast spectral
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plots of the signal records in Appendix.Hhis was observeduring an examination of

records where no blasts were administered during experiment setinitiahtesting.
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These pressure signals allow for the determination of the wave celerity (phase
velocity) and, therebythe massiensity of the soil which iderived from the general form
asbased on the text linsler and Frey (1982)

c K OBadiabatic (6.1

The wave celerity in water, or the speedsotind in water, is no longer a function of the

properties of andeal gas and so a derivatiosing thdsothermal Bulk Modulug)t, which

can be empiricallyneasured for liquids yields a convenient expression for the speed of
sound in liquids which is:
C Br/10)Y% (6.2)

w h e r &, army,o all vary with temperature and pressure of the liquid. These variations
can be expressed as a humerical formula

c(P,t) = 1402.7 + 488t+ 1358 + (15.9 +2.8t + 2.4)(Ps/100) (6.3)
wherePg is the gauge pressure and t is the temperdtlgiag standard temperature and
pressure values, the wave celerity or speed of sound in water is 1,560lirdsrivations

of this value can be found the above referena@nd other texts.

6.6 Experimental Setup
As previously written, the models described in Section 6.2 are positioned in the
tank to ensure proper water and soil depths, as well as plan location. The methodology in

assuring exactness in each task is presented in the followirggestibns.



6.6A Model Positioning and Alignment

The first two considerations must be those involving soil depth and water depth. In
combination, these must be determined for each model type based on net model buoyancy
(buoyancy and ballast). The two depths trhes such that the embedded resting model is
negatively buoyant. This is the initial condition for the accompanying analysis. Following
the blast, the secilvater combination must allow for the model topmsitively buoyant
The embedmerdepths are prestad in Table Zor each of the models.

The second category of the experimental setup is the horizontal alignment within
the tank. That is, model sides must be equidistant between opposite walls of the tank. To
accomplish this, wire guides were stretchedwieen opposite walls. The wires were
adjacent to the model sides. This alignment is important because of reverberation

considerations descel in Section 6.54See Fig. 3).

MODEL EMEBEDMENT DEFTHZS

_+_ _+_
d [IM] 4.0 0.5 8.4
g [IN] A0 3.0 3.4

d = EMBEDMENT DEPTH IN THE SAMD WITH BEALLAST

WATER DEFTH FRGKM THE S0IL ZURFACE

Table 2i Ship Model Embedment Depths in Tank
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6.6B Sandi Sieve Analysis

In section 5.3B, the Eniwetok and Ottawa soil types, normally found on beaches,
are discussed. As stated, there are numerous data on these soil types. For the experiments
described hereint is important that the experimental sand has properties sirildret
realworld beach sands. For later comparison, the properties of the Eniwetok and Ottaw

sands are presented in Table 3

Sand Min. Dry Mean Grain Size Cu* S.G.
Density (mm)
(g/em?)
Eniwek 131 0.35 1.6 2.71
Ottawa 1.57 0.60 1.4 2.66
(Flintshot)
Ottawva (Sawing) 1.56 0.50 1.3 2.66
Ottawa (Banding) 1.47 0.25 2.0 2.66

* Coefficient of Uniformity a comparative indication of the rangesofl particle sizes

\ Table31 Table of Sand Properties used in the USAF Study by Fragetsal(1981) \

The experiment requires the use of a layer of sand (simulation of shoreline beach sand in
which ships have higarically grounded)This sand mass was place the model tank base

with asand depth designed for the shijpdelembedmentThe sand used was sidteto

its relative pdicle sizes using the ASTM D423tandard Test Method for Partielize
Analysis of Soil§1963)grain sieve size analysis procedure in order to produce an accurate

size distributionThe sand layer depth is maintained throughbeexperiment at a depth
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of11-:1/ 2 0 . Fi | t e rwasmdgne enfan dngoipgubasis vher sater was added to
the tank by way of using a wdty vacuum and skimming the surface. Tunadatiorresults
are presented in table Bhe soil used in this studfrém Table 4) was classifieatcording
to the ASTM USCSsSPwith a Dso = 0.34. Referring to the paper by#srd, Rollins
and Lane (2004) for pile experiments done at the NGES onibthsted soil liquefaction,
the soils at that location in San Francisco were also classified and indexed to have similar
USCSdesignations.

In order to derive the Index Propert@sthe sand, the following data was taken on
the sampling used during the sieve analysis:

W+ =2.05 Ibs, V¢ =1.80 Ibs.
From standard index property relationshfbg McCarthyand others)the following can

be ascertained:

Ww=Wr-Wst 2.05i 1.80 = 0.25 Ibs (6.9
Wr = (V1)(G)(Ow) t V1 = 2.05(2.65)(62.4) = 0.012 cu. ft. (6.5
Ws= (Vo)(G9)(Qw) t Vs = 1.8/(2.65)(62.4) = 0.0108 cu. ft. (6.6)
Vv = V- Vs = 0.012i 0.108 =.0012 cu.ft. 6.7
e =W/ Vs=0.0012/0.0108 = 0.11 (6.9
n =W /Vr=0.0012/0.012 x 100% = 1 % or .001 (6.9
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Particle Size Distribution Report
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Table 4i Model Sand Gradation Curve
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The Mean Grain Size of the experimental sarediwgas calglated to be 0.39 mm, in Table
4, which is similar to those of the Ottawa saimd$able2(M,;= (G416 +05%e+ (84)
McHendrie(1988. The gradation curve of the sand used in this study, shown in Table 3,

exhibits soil properties okely following those of Fig. 1i8lentified as soils susceptible to

liquefaction.

6.7 Measurement andRecordings

In this section, the signal acquisition equipment is describesl nMdjor pieces of
the test equipment includea Tascam DA-88 EightChannel Recorder, ihouse
manufactured hydrophones ifydrophones), the thouse manufactured A€annonand,

lastly, a mechanical tensiometér.the following paragraph, the function of each of these

items is described.

IRRANAAL
11

{1

@
l-: —

Fig. 31 Tascam DA88 Recorders (Left) and Input Soundboard (Right) \
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Four independent channels of the 188 were used to record tpeessure signals and the
corresponding spectra for each blast condition. Thélast pressure in the ACannon

was both set and monitored by a pressure gauge attached between an air compressor and
the Air Cannon See the discussion of the Abannonin Section 6.3. Prior to a blast test,

the weight of the dry, ballasted model was determined. This weight value was used to pre
tense the overhead support line to achieve a neutrally buoyant condition. Again, before
conducting a blast test, a briftece pulttest was performed. That is, the tension in the
overhead support line was increased until the soil released the model. It was noted that for
all of the models, the release tension was ngrelater than the measure dryigid. See

the results in Table.5
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FULL TEST RESLULTS
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These results are plotted graphically in the following figure:

Effects of the Varying Ship Keel Angles on the
Pull- Out Force

2.5 538

2.3
2.1 2
1.9
1.77

1.7

1-5 I T T 1
0 15 30

Ship Model Keel Dihedral Angled]

Pull-Out Ratio (Average force/weight

Fig. 371 Plotted Results of the Effects of R@ut Force on each of the Three Ship
Models

The difference in the measured line tensaod the tare weight is actually the
holding force of the soil on the mod8ee Appendix Eor detailed information on the

recording device.

6.7A Blast Pressureand Spectra
As previously stated, the blast pressure wave was generated by tGankion
coupled to an air compressor. The-ptast pressure was between 80 psi aldifdsi, and

was controlled at the Aicannon Following the blast, pressure signatures were measured
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at four points in the soil adjacent to the model. The scheme is skétchigd 32. Again,
an examplef a blast is shown in Fig53That figure is used in the folving paragraphs
to help explain the various phenomena dealt with in the silit.model used in this
example was the SS1.

Blast PressurelIn Fig. 3, the passage @& concussive wave at hydrophehés
shown. That is, the pressure signal in the top line of the figure, as measured, is shown in
the timedomain.The experimental scenario was to have at least three blasts, where the
blast intensity was increased from firet to the last blast. The number of blasts depended
on the ship section model under study. The Giestnonblast is seen on the Idfand side
of the traceThe seconadannonblast, which was of higher intensity, is shown to the right
of the first.Here, we note that the intensity of the pressigmalis reduced. The reason
for this is that the soil was patrtially liquefied by the first bl&stfurther explain, conside
the sequence of events in previously discussed foBtlileliquefaction Mechasm. In
Fig. 14A, one sees the sand particles touching wittierfilled voids. Theinterparticle
contact force directisare sketched vectorialig Fig. 14B. In Fig.14C, the contact force
are diminished as the peveater pressure increases. This occurs as the blast wave passes.
When the second blast wave arrives, the initial condition of the soil is where
Fig. 14C replace Fig. 14A and the processes aiepeated. Finally, the last trageRig.
35C is for the highest blast intensity with the highest degree of liquefadtioa.can be
explained mathematically by taking the pressteterity expression from linear acoustics.

FromKinsler and Frey (1982}hat expression is as follows:

p=Kc (6.10)
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Here, K is a proportionality constant that depends on the-deasssty of the soil. We note
thatthe celerity (c) decreasas the bulkmodulus of elasticity (soil strength) decreases, as
is done in soil liquefaction. Similar signahalyses are applied to the remainthgee
hydrophoneecordings.

Pressure SpectraThe pressure spectrum oftBxamplein questionis presented
in Fig. 35 (Bottom) Referring to this figure, we see theriod distribution fronthe signals
in the abovein that same figureThe spectra for the second and third blasts appear to be
Gaussian. Hence, the probability densities are approximately Rayleigh in hehee.a
typical spectra for the second and third blasts are norneglize normalized spectwould
appear as two truncated peaks having theirfpediod bandwidtjryo, lower for the second
signal than for the thirdlhis means that the damping for the third blast is higher than that
of the second. This results in the signal traveling at a reduced rate which, in turn, causes a
lower pressure and frequencVhe damping in the acoustic system can is inversely

proportioral to the Quality (or € factor, which is defined as follows:
Q="Yo/(¥21 ¥1) (6.1
WereY¥ois the centeband frequency of the signal, awdand¥:are the respective upper

and lower frequencies defining the hpwer bandwidth. From Kinsler and Frey (1982),
and others, thdamping coefficient for the acoustic system is the following:
R=CY¥0/Q (6.12
Here C is a proportionality constagpending on the masensity.
The behaviors shown in the example of this-settion is similar to those from all

of the blast tests. The signals for hydrophe2e$ and-4 for this example are presented
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later and discussed. All of the presstn&ce and somespectral plots are presented in

AppendixH. The results of all of the studies atescribed further in chapters 8 and 9

6.7B BlastPressure Effects on PullOut Loads

During the blast tests described in the last-sedtion, simultaneous loading
measurements were conducted to determine the reduction in the soil loadesponding
to the blast intensities for the three models. A sketch of the test setup for the load
measuwements is presented in Fig8.3or the preblast condition, the lingéension was
equal to thetare value. Hence, any change in this load must be due to decreasing soill
resistanceRecall as previously seen in Table 4 that the ship model tare weight equals the
pretense for the blastiéis subtracted at the outset of the trial as: SS1 = 45.3 Ibs, SS2 =
70.4 Ibs and SS3 = 65.0 IBA/hen, a blast occurred, the liension was reduced. When
the second and third blasts occurred, the-temsion was reduced until the model was
approachinghe state of beingositively buoyant. When this occurred, the {teasion
lessened considerably in all cases aatbedin others With the pressure signal in the
example in the last sectiothe loadsignal as determined by the tensiometeshiswn in
the results in Column 5 of Table I5.can be seen that the load is dramatically redated
the trial outset and sequentially alahg way from field notewith each blast. Results for
the three madels are presented in Tableld that tablethe load vales at the outset of all
theblast pressureto which each trial was subjectede presented.

The values in Table &re extremely important as to the efficiency & thast

liquefaction mechanism and can be seen from the record data there.
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Model | Tape | Blast | Pressure from Reading at Approx. Date of
No. No. No. Air Cannon Tensiometer Elapsed Test
(psi) To Pullout (Ib) Time (min)
SS1 1 1 80 No Record 1.5 3/8/2014
SS1 2 1 80 3 3/15/2104
2 90
3 92 +5*
SS1 3 1 90 +16* 10 3/29/2014
SS1 4 1 90 3/29/2014
2 92
3 95 +15* 5
SS1 5 1 90 4/6/2014
2 90
3 90 26 3
SS2 6 1 90 4/12/2014
2 92
3 94
6 85 37 6
SS2 7 1 90 4/26/2014
2 95
3 99
4 90
5 95 +5 16
SS2 8 1 95 5/3/2014
2 95
3 95 +15 6
SS2 9 1 90 6/14/2014
2 95
3 100 No record 6
SS2 10 1 90 6/21/2014
2 95
3 95 5 4

* Tare weights subtracted from the field recorded readings for comparative use in this

table

Table 6i Blast Test Resultsom Written Logsfor SS1 and SS2 (Partial)
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Model
No.

Tape No.

Blast
No.

Pressure
from Air
Cannon (psi)

Reading at
Tensiometer
To Pullout

(Ib)

Approx.
Elapsed
Time
(min)

Date of
Test

SS2

11

92

7/13/2014

95

100

AIWIN[F

100

4.5

SS2

12

[EEN

93

7/13/2014

N

95

w

105

53

SS3

13

92

7/20/2014

95

100

AIWINF

105

<40

5.5

SS3

14

95

7/26/2014

100

105

AIWINF

NR

<70

5.2

SS3

15

80

8/2/2014

95

97

100

QR |IWIN|F

100

40

20

SS3

16

60

8/17/2014

90

100

AWIN|F

100

40

SS3

17

90

8/21/2016

100

100

AIWIN|F

80

43

15.5

SS3

18

92

8/30/2014

100

100

AIWIN|F

NR

29

12

Table 6( C o ni Blas) Test ResultBom Written Logsfor SS2 (Balance) and SS3
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7. RESULTS

Fig. 31 Baseling(Brute Forcég Pull-Out Test

In Table 5 the pretest pultout force is presented for the various models and trial
numbers. For the lowest trial number, one can see that there is a small differeveen
each model results. As the trial numbareases, the putiut force changes little over the
trial sequence for the fldtottom model (SS1). For SS2, the model having a dihedral angle
of 15-degree, the pulbut force increases dramatically for trials 1 through 6. For trials 7
through 10, howeve the values are approximately equal. For SS3d&free dihedral
angle), the force data are seen to gradually increase from trials 1 through 3, remain
approximately constant from trials 4 through 8 and, then, drop and\lssepresented in
below the fgure arghe values of theratios of theaverage puibut force to the dry (or tare)
weight.For models SS1, SS2 and SS3, the respective values of the ratio is seen to decrease.

Those respective values are 2.38, 2.00 and (fror Table 4 and plotted irFig. 37.
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The results seen plotted in Big 37directly relate to the model geometries and
their dihedral bottom angles. The flat bottom model (SS1@vitbgrealinedral angle) has
the greatest suction force potential when buried as indicated by its P.O. % = 288 whil
also having the lowesare weight and associatezhsion forces needed to pull it from the
sand masduring this brute force trial session of #eriment

TheSS2 (with al5-degreadihedral angle) ifess influenced by surface tenstgpe
forces within the sand mass than SS1 because of the moderate slope of the bottom when
buried. It has a P.O. % = 2.00 but exhibits the highest of the madietaipforces required.

The larger ballast needed to insure positive buoyancy made this model have the heaviest
tare weight in combination with the moderately sloping bottitnough meniscus forces

are somewhat mitigated by the dihedral angle of theefnoottom, the results show that

this still influences the resistance.

The largest model, SS3 (with a-86@gree dihedral angle and a P.O. % = 1.77) is
affected the least by capillary forces. Even though its weight is comparable to SS2 (65 Ibs
vs. 70.4Ibs.) and requires the deepest burial into the sand of the tank (see Fig. 20), it has
less retraction force needed (as seen in the plot of Fig. 40) than SS2. This can be explained
by the more Apointedo shape of thelganularul | ar
nature of the sand which lacks cohesion and as indicated by its index properties shown in
Section 6.6B. This is further disssed in Section 8. Figures #0a plot of each of the

three models as a function of their differences from the geguallout values.
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All Models PulkOut % Differences

HIPZN //\v/\\
Nl - —

Value

1 2 3 4 5 6 7 8 9 10
Trial Number

Percent Differences from the Average

Fig. 407 Pull-Out Differences from Average Variation

Moving now to the liquefaction segment of the testing, it can be seen that the top
time trace (in Fig. 35) is the pressure signat@ignature A is associated with the first
blast, B with the second blast and C with the tbiakt. Comparing the signatures of the
three models (SS1, SS2 and SS3), the reader can see that about the same time lapse
occurred between signphirs. What is wdent is that the intensity of the pressure wave
(maximum peako-peak) decreases from A to @/e note that the actual blast pressure

increase from A to C. The reason for this is presented in the next section, Section 8
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We are essentially producing atalyst that results in a spread of pore water buildup
from a point of application to the ambient field. This is actually the release mechanism that
was observed during the experimeiiise phenomenon can be seen infatlewing three
plot figures showinghe progressive effect of the Atannorblasts averaged over all three

models:
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Fig. 41ai Effect of Air Pressure Variations on the PGIUt Ratio (SS1) during
Liguefaction Segment
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Fig. 41ci Effect of Air Pressure Variations on the P@IUt Ratio (SS3) during
Liguefaction Segment

Concerning the DA8 multrchannel sound recorder: We saw the relationship
between the release of the pressuewefrom the AirCannonand the recording of the
event on the DAB8. From the standpoint of the observer, it was nearly instantaneous. After
a time delay ofapproximately oneminute between each bladte tensiometer began a
delayed response, as illustraiedhe previous three figuredn those figures, the reader

can see the scenario of the event with each successive air blast.
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8. DISCUSSION

The study has severahplications for naval ships and in the maritime industry.
Naval vessel salvage operations could be enhanced once a grounding situation was
assessed as to location and type. Depending on the nature and size of the cargo, it may be
possibletoaidintheergai ni ng of the shipbs ibindecgdancy b
soil liquefaction techniques. Instead of exerting efforts directed at removing the ships
contents (of particular importance when carrying certain types of liquids) in order to re
float the sip or pulling on the hull during low tide towing which could compromise the
structure and jeopardize a hidvazard incident as described in the events surrounding the
TK Bremen previously mentioned (See Sectionahd Appendix B

As the depth of theem bed increasgthe hydrostatic pressuaad the overburden
pressure increase. The method of liqguefaction becomes more difficult as thelegter
increasesince these pressures must be overcome in order to have the soil liquefy.
groundedship sitiation, the embedment is relatively small, and the condition to be
overcome is a near séad surface condition.

The results in Fig 37 ateased on the value of the average-pull force to the dry
(or tare) weight. For models SS1, SS2 and SS3, theatespealues of the ratio is seen to
decrease. Those respective values are 2.38,a280.77 (From Table 4 This result is
logical, since the flat surface has the highest suction force and relatively litHevalide
friction. As the angles increasegtbuction decreases and the siadg! friction increases.
It must be noted that the sighall friction is of seconébrder when compared to the suction

force.
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Another metric that can be ascertained from the baseline data is the relationship
between theull-out force and the soil contact surface areas for each of the models. This
establishes the average poilt pressures. Using the geometries am@sarements from
Table 1, Fig. 2@nd the same P.O. % values from Table 4, the following are theuygull

pressuresising the contact surface areas
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Fig. 427 Model Surface Contact Areas
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Model A1 A2 A3 As Avg. SA Pull-Out
[in?] [in?] [in?] [in?] Ten. [in?] | Press[psf]
[Ib]
SS1 15 27 405 - 107.8 489 31.7
0% Angle

SS2 7.5 135 15 209+ 140.9 491 41.5
15°

Angle
SS3 10.1 18.1 32.5 233.8 115.2 589 28.2
3

Angle

Table 7i Results for Model Surface Area P@ut Pressures

There is a relationship among the pressure response signature, release mechanism

and soil material. This is based on the fact that the soil particles move apart reducing the

contact pressure, local liquefaction occurs and the model buoyancy is regaitied for

given section (crossectional) shape.

There is a time limit to the altered liquefiagda t e .

condition after a finite time.The response to a blast differs as the time between blasts
occurs. As described in Samt 6, this is due to the scessive separation of the sand.
There is a threshold pressure of about 80 psi. That is, no substantial change was

noticed if the pressure was below this value. The reader believes that this threshold value

is a function of botlhe void ratio and the particle size.
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As the number of blasts increase, the sand itself became segregated. There was the
pheromenon of dilatancy. Thiwas demonstrated by thpgesence ofines on the water
surface. These were either removed or mixed b#okthe sand.

The experiment, although of small scale, is readily scalable to the prototype. The
reason for this is that the grain size in the experiment is the same as thadc¢aliilHence,
the liquefaction of the solil at the pressunes/e intengies studied herein are those that

will liquefy the soil in fulkscale.
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9. PROJECTION FORWARD : CONCEPT-to-IMPLEMENTATION

With the findings of this study, a path forward to implementation of the BIL
technique on fulkcale ships can be conceptualizedorder go from model to prototype,
a twopart process is followsFi r st , -utpoo fishceal fei ndi nga pres
dimensional analysis of the phenomeroperformed. This is followed by a recommended

practical implementation.

9.1 Dimensional Andysis

In the areas of fluid mechanics, soil mechanics and acoustics, there are a number of
dimensionless parameters that are available. In viscous fluid mechanics, the Reynolds
number (the ratio of the inertial force to the viscous force) is used aslepemdent
parameter. In this study, the viscous effects are extremely small. As a result, the Reynolds
number is not considered to be to be relevant. When water waves are of consequence, the
Froude number (from the ratio of the inertial force and the gamnal force) should be
used. The surface waves produced by the blasting in this study are present, but extremely
small. Hence, the Froude effects can be negle@ete acouscs and vibrations are
involvedin the present study, a logical choice is 8teuhal number. Physically, this is a
dimensionless frequency rafiine ratio of unsteady inertial force to the convective inertial
force) Here, the Strouhal number is defined as follows:

S =fDlc (9.2)

In this expression are the excitativequency {), the mean sand particle diameter (D) and
the acoustic speed or celerity) {n the soil.The Strouhal number represents a measure of

the ratio of the inertial forces (due to the unsteadiness of the flow) to the inertial forces due
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to the changes in velocity from one point to another in the flow ¥kl require that the
Strouhal numbers for the model and prototype be eghal is, we can write
Sim = Sp 9.2)

Following the normal process of dim&onal analysis, dividege (9.2) by the prototype
Strouhal number, and write the result in terms of scale factors. The result is as follows:

SimiStp = (fnDm/Cm)/ (foDp/Cp) = ¥ NL/ne = nu/menc=1 (9.3)
Where n; = f/fo = nct, ni=L /L, etc. Next, consider the ratio of theassdensities of the
model and prototype soils. The ratio is as follows:

Jm /p =1 = mp(Ne/ne)= np(1/nene)? (9.4)
In this equation, the scale factors (model/prototype) subscripts identify those of the
pressuresp), Time () and acoustic wavgpeed €). The lengthscale factor () is defined
by the investigator, depending the fadities available. Equations (9.3) and4®provide
the engineer with what is needed to sagiethe expamental results. In Equation .(®,
the frequencynd timescalefactors aredetermined, since the length setdetor is known
and the phaseelocity scalefactor is determined by the soils in question. Finally, the
pressure sdefactor in eq. () is determined. Physically, from our modekle
measuements, we can determine the requireecaimnon pressure. In addition, any time
lapse in the model experiments can be scaled to the prototypéapseesince the time
scalefactor is knownTo converge on a more direct resolution of the dimensionleagc
parameters, theuckingham Pi Theemwas used (see Appendix | for further explanation).
To illustrate, consider the following example which is based on the model results in Fig.

35.
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Example: ScalingUp to Prototype

In order to show how scaling ispresented from model to prototype, the example
selected andised is the recent ship groundi(@p17) of the Panama flaggedRCA 1
Bunkering Tanker which ran aground off Cape Breton in Nova Sudtieh was on a
course to sail from Mexico to Montreg@vww.cbc.ca/news/canada/neseotia/canadian
coastguardtankerarcal-1.39286883 The ARCA 1lis 174 feet in length with a 3i@ot

beam andverage draught of f2etwith a DWT of 1,317 tons

Fig.437 Bunkering Tankr ARCA 1 grounded off Cape Breton beach. Nova Scotia,
Canada (fronkisheries and Oceans CanadanLine, 2017)

Using the information from both the model geometry, testing records of the experiment

and the ARCA ldxample prototypeghip data we have:

Lm=2.25ft;lb= 17 4 #$2.25N174 0.013 or a = 1/75 length scale factor
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Dm=Dp=3.5x10"m = 1.1 x 1¢ ft (from sieve analysis; assumption that the particle
diameters are nearly of same size between the soil modellrand those encountered at
agrounding site)

Jm=Jp= (100 Ib/ff) / g = 3.1 slugs (assumption, again, is thaistiiemass density of
the modekand and those encountered at the grounding site are nearly the same)

fm =200 Hz (predominant frequency from spectrums shown in Appendix H)

Cm = 762 m/sec = 2,500 ft/sec (acoustic soil celerity, text referentiibly )

Stn =St = fmn Dm/ cm= (200)(1.1 x 1)/2,500 = 9.186 x 16 = Strouhal Number

Pan =100 psi = 0.psf (experiment average a@iannonpressure for induced liquefaction)

tom = 2 sec (air delivery average time from @annonto buried diaphragm in the
experiment)

A second integral formula for use with the scaling from model to prototype is the
Energy Flux Densitgf the soil which is again defiddyy Urick as:
Enr=Pdt o / 2 } ¢ (9.5)

Substituting fo the celerity defined in Eg. 9.5 into Eq19ve now have:

St:[fDPOZto/ 2b]rj::[EDP02to/ Zb]d E (9.6)
All of the variables lid in Eq. % on the left hand side (subscripi}

Rewriting Eq. 96 in terms of Efrom the left side yields :

Eom=[ fDP2te/ 2 ]n; St (9.7)
Which is now a known value using the parameters defined above.

Using theStrouhal relatioship defined in Eq. 9.3 and Eg49urther defines:

1 =n (np)” (Eop/Ebm)  p/( ) =N (Np)? (Epop/Eom) (9.8)
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Wh e r ¢ ) (=11, again because of the assumption thasémel of the model and the
sandfound at the grounding sitae nearly the same.
Thus Egs. 9.6 and.® can now be written in terms of the fotype frequency that would

beexperienced at the grounding site and could be recorded as:

fo= 2 Sit/ [Ny Pw?) /Dp tp 9.9
which resolves td, = 15,979 Hawith al substitute values into Eq.®
Likewise using the other model parameters for otherainonpressures and frequency:
fooo = 14,896 Hz withf =200 Hz and R= 90 psi
fp110= 18,351 Hz with f = 200 Hz and R = 110 psi
Another equalitythat can be used given Froude scaling for the dimensionless relationships

is:

Pn/Po=mp=nL Y Po=Pn/n (9.10)
Which yields:

Pn=90psi Y P,=6,923 psi

Pm =100 psiY P,= 7,692 psi

Pm=110 psiY P,= 8,462 psi

Using the valuederived from Eq. 40 and plotting themrgphically with similar

valuesassumed for a smaller and a larger prototype gives:
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\ Fig. 441 Values for Field Scaled Pressures compared to the ARCA 1 Ship Exarﬁple

Another comparative metric for the scaling from model to prototype involves examining
the vessel drafff. The draft is reflective of the weight i.e. the amount of cargo, fuel, ballast
etc. it is carrying since it is either floating shallower or deeper lolas o n

shows the midship sectional draft of a typical ship as describ&hiwgon and Tupper;

Basic Ship Theory.
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T=Craoft

E = Beam

[}
¥

Fig. 451 Draft Definition of Midship Section \

Embedment potential can then be compared betweemddel and the prototype in a
similar manner to the length scaling procedure described previously. We will once again
use the ARCA 1 example parameters as the prototype vessel.

Tmn=25in; = (11.5) {=1TR/NT,=2.6/138=0.018

or a = 1/55.draft scale factor

According to the naval geometric properties for the ARCA 1 (and with all actual ships),
there are three given depths for draft defined Msiimum Draft / Average Draft /
Maximum Draft. These are (6.6 ft / 11.5 ft / 15.7 ft.). Once aga dimensionless
relationship can be scaled between the model and the prototype establishing blast air

pressures required to induce liquefaction from the model data as follows in Fig. 46:
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Fig. 461 Ship Draft (depth) vs. Blast Pressure at the Site

This draft metric is also in the same order as the length scaling derivation used earlier.

9.2 Implementation

The technique makes use of a peripheral array of blast locations around a ship. This

Apl anti ngo beastmmopEession moizlestcbukl be done by deploying a pre

equipped vessel or vessel towing a-fitted barge(typical sizg arrangement to the ship

grounding location. The rescue vessel would have a shallow draft in order to be able to

maneuver on the leewasitle of the grounded ship between itself and the shoreline. Time

response availability of tlse release measwsas a key factor in the ship grounding

scenario as stated previously in this studyl i me i

S

of

t

he

essence

fast. The longethat boat stays idle on the shoreline, the more precarious the situation

becomes- N.S. Municipal Regional District 8 CouncilotAmanda McDougall (Reference

to the ARCA 1 grounding in Nova Scotid)he concept would be toavethe required
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equipment onbard and be deployment¢ady in order to be able to have a quick response

to the ship grounding event.

Thevessel wouldhave the following equipment in ready supply:

1.

2.

Severahigh horsepowecompressds); redundancy preferable.

High pressure receiver tankajnimum of three.

Generator / independent power supply using onboard fuel supply.

Reelor rackstorage of flexible higipressure hose or flexildtiuctile pipe.

Supply of submersible (rigid) nozzles that attach to the hose/pipe at various
locations and frguencies.

Severamounted air cannanthat are&eonnected to the compressor on the barge.
A vibratory pile driving type hammaewvith an articulating heasuch as &oVax)
to insert the nozzles several meters into the/saildnatrixaround the perimeter.
Intermediate hose weights or-ttlewn (clump) anchor® keep the hose tveeen
the nozzles in positioas the high pressure air blaate administered from the air
cannon to the planted nozzles around the perimeter of the grounded ship.

General duty decjb crane for various lifting and deployment activities.

Fig. 47 shows a conceptualized representation of a grounded ship rescue operation with a

Panamax class ISO container vessik distance between nozzles along the perimeter is

shownas the beam (B) of the grounded ship at a distance of 1/3 to %2 the beam as the length

away in order to induce the soil to liquefy in a suitable perimEtgfscale tests performed

at NGES (see Ashford, Rollins and Lane, 2004) indicate that a radiufiuznice for

subsurface detonatiorfas indicated earlig¢iis site specifidut corresponds to the range
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around each blast nozzle conceptualized herenTdgnitude of the blastoesaffectsoll
liquefactionwhich increasewith multiple detonations as isable with thetechniqueused
in this study Further field tests would need to be carried out to verify tdeésensions

empirically.

SPUD BARGE FITTED FCR BIL TECHMIQUE _* DECK —MOUNTED JIB CRAME
-
PLAMTED BLAST NCZIZLES (N SERIES
I o
HIH PRESSURE COMPRESSOR(S) L L] ] HOSE AROUND PERIMETER
T WESSEL WITH AIR CAMONS /

e T B/3 — B/2
s
- L
Length = Lp

Fig. 47 - BIL Equipped Rescue Barge in Position Around a Grounded Ship \

The barge itself would be well suited to hdle capacity to be se#nchored, such
as a spudbargeor jackup bargein order to resist the lateral air blast force administered
by the aircannon / compressors through the hosé&(§ck-up type barge may prove to be
better suited considering that the wave climate on the seaward side of the stranded vessel
couldstill be quite energetiollowing a storm everduring the time attempted for the ship
rescue Multiple hose and compressors wd be synchronized in at least two lines of the
nozzles in order to better distribute the air presalorg the lengthThe air compressors
and the air cannon(s) would have to be scaled up considerably because of the &ose fill
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volume required and theelated blast needed through each nozzle in order to induce
liquefaction. The distance from the ship hull to the blast nozzles would have to be field
determined based on the soil conditiansgl as guided from the positions used in the model
tank relativeto the ship model®last pressure and depth of the embedment could be scaled
from ratios of those used in this experiment and from similarities in the soil properties of
those surrounding the grounded ship.

The cost to fit out and subsequently deploy pidaesponse vessel suited to
administering the Blast Induced Liquefaction technique is far outweighed by the costs
associated with grounded ship damages and environmental cleBineiplack of a
Grounded Ship response plan for marine cargo freight inseiiarec costly part of doing
business for vessels. On a marine cargo in

AOver the | ast couple of years, OCesé

i mportant because more ships are experienc

A Being stranded

A Some cargo has to be off loadéd
Information obténed during this research hakown that an average container ship pays
as much a$1,000,000.0Qr/vessel for the lack of a grounded ship mitigation plan. The
success of the method proposedtby work could seriously defray these costs throughout
the marine industry and provide a great benefit.

The usefulnessas well as cost effectiveness, this technique as applied to real
world applications is considerable given that ship groundingsepra®any negative

i mpacts in the mari ne e nvtfuthenmgibiBIL resedrch i s t |
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work into an applicableneans to more effectively aide in the release of grounded ships can

be of true benefin the futureto the marine andautical spheres.
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10. CONCLUSIONS and RECOMMENDATIONS

The purpose of the present study is to test the hypothesis thédsis can liquefy
the seabed material beneath a grounded ship, thereby restoring the lost buoyancy of the
ship. The lost buoyanclyas been shown to be tirdependeni gradually disappearing
over period of about 15 minutes. As discussed in Section 8, this time period would be the
same on the prototype scale, since the grain size used in the present study is the same for
the prototypeFurthermore, a method of introducing such an air blast is presented.

The method of proving the hypothesis is experimenthle experiment being of
relatively smaliscale. In the experimental study, srsdhle models of three ship sections
are embeddednd subsequently released by thebdaist method. The models are of flat
bottom and two dihedral angles, -tiBgrees and 30egrees. The experiments are
essentially twedimensional and, therefore, simulate rslidp sections of the ship. A
method to scalexperimental model results (which is performed on a prototype vessel of
actual size) has been demoattd within scaling limitations

Il n addition, the technigue is somewhat
environment al consequences and itsb6 use ¢c
relatively quick response availabilitfhe effects of the aicannonblasts are localized
araund the grounded ship and their respective pressures are deterministic based on the
scaling parameters demonstrated in this study. They are minimally invasive and the soll
returns to itsd original condi t iTbherblasa f t er
technique prior to that introduced in this study was to use explosives. These do alter the

ambient environment for a period of tirmed are much more detrimental to the vessel
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From the results presentprkeviously it has been shown that the blesthnique is
experimentally feasible for releasing grounded ships. This conclusion is madebdke
typical force signal record presented and in the pressure trace plots in the Appkeasiéx.
results are then depicted ghégally where it can be seeihat the buoyancy increases
corresponding to the putlut forcewith each successive air blagfhen the putbut force
is zeroed|iquefaction is achieved artie model in question is totally buoyant and free to
sail.

Additional future work related to thistudy should be a larger implementation of
this BIL technique utilizing a larger tank and bigger models. This would further assist in
defining the parameters used to scale the results in this experiment.

It is further recommended to perform the propoBéd release method on a full

size grounded ship usingdiscaling parameters derivedring this present study.
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APPENDIX

Appendix A: Experimental Photograph Record

The sequence of events in the construction and utilization of the experimental tank
andancillary equipment are presented in this appendix. The reason for doing so is that the
reader can gain some idea of the processes and how these produced the experimental
results. The photographs were taken over ay@ar span: from 2012 through 2014. The
photographs are presented in their chronological order. The P in the photographic number

simply means fApictureo. The photographic r
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2012

P1201 P1202

P1204 P1205 P1206

P1207 P1208 | P1209

P1210 P1211 P1212

104



P1213 P1214
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P-12-28 P1230

P1231

P1234 P1236
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P1240 P1241 P1242

P1245

P1246 P1247 P1248
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P1249 P1250 P1251

P1254

P1258 P1259
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P1282 P1283 P1284
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P1287

P1288 P1289 P1290

P1291 P1292 P1293

P1294 P1295 P1296
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