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ABSTRACT

The 2021 capsize of the liftboat Seacor Power, with loss of 13 lives, has focused attention on the afloat
stability of liftboats in transit. This paper presents a numerical method of simulating the dynamic capsize of
liftboats in waves using time domain analysis and a commonly used computer program. Capsize of a similar
vessel to the Seacor Power is predicted in 6-ft quartering and beam seas even without wind. Model tests are
proposed to help calibrate calculation techniques and define limiting metocean conditions more reliably for
safe transit of liftboats.
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INTRODUCTION

In 1989 a Class 105 (meaning leg length 105 feet) liftboat, the AVCO V, capsized with the loss of 10 lives.
The Seacor Power was a Class 250 liftboat with an extra 15 feet added to its legs, making it a Class 265
(meaning leg length 265 feet) vessel. Figure 1 compares the outboard profiles of the 105 and 250 classes.
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Figure 1 — Comparison of Class 105 and Class 250 Liftboat Afloat Profiles
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The two capsize incidents occurred about 50 miles apart, off the Louisiana Coast, south of Houma. In the
AVCO V capsize [1] the waves were described as “6 and 7 feet” high 30 minutes before the capsize, and
building. At the point of capsize, opinions in [1] put the waves as “about 6 to 8 feet high". The master
estimated the seas to be 15 feet high at the point of capsize at 0505 on July 31, 1989. The wind speed was
estimated at 30 knots, “gusting to 50 knots”. The water depth at the AVCO V capsize location was 27 feet.
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Figure 2 — Plan View Comparisons of the AVCO V and Seacor Power

In the Seacor Power capsize [2] the wind speed increased suddenly in a rain squall. Vessels in the area
reported winds in excess of 80 knots from the north with rapidly building seas. From testimony given in the
August USCG Hearing [3] less than 30 minutes before the capsize, the wind had been around 18-kt from
between south and south-southeast with 3-4 feet seas from the same direction. The vessel was making about
3 knots (from AIS transmission) and heading southeast. In a period of less than 2 minutes the wind changed
direction to north (coming from) and its speed was speed registered on the vessel anemometer at 79 mph (67
kt). After about 2 minutes the wind speed dropped (to possibly 40-kt) and a white out occurred (extremely
heavy rain and almost zero visibility) for 5-10 minutes. Immediately following the white out the wind speed
was noted to be 30-45 mph (26-38 kt) and the waves were estimated to be 3-6 feet, coming from the north
and rapidly increasing.

During the white out the captain decided to stop and elevate the hull. The crew simultaneously began
jacking the legs down turning the vessel into the wind. The turn was to port and the capsize occurred to
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starboard during the turn. The vessel had the wind and waves from the north on its port side at the time of
the capsize. The water depth at the Seacor Power capsize location was 54 feet.

From testimony and from AIS transmission during the white out, the vessel speed had been increased by the
wind from the north to about 5.0 knots. It is likely to have reduced to less than 4 knots during the turn.
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Figure 3 — Locations of Capsizes, AVCO V and Seacor Power

TUBE RAFT HULL MODEL - HYDROSTATICS

This paper introduces a tube raft. The liftboat hull is built with a tube raft made from an assembly of
OrcaFlex [4] line elements. Each tube has a discrete solution for its buoyancy and Froude-Krylov force.
Rafts of tubes are assembled to occupy the same volume as each block of the liftboat hull.
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Figure 4 — Hull Geometry blocks Shown with OrcaFlex Shapes (green upper, and red lower hull block)
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The target segment length selected for each rube is 7.5 ft. Thus, the longest upper tubes have 19 segments
each. The tubes are 6.5 ft OD and very stiff in flexure. All line elements are attached to an OrcaFlex 6D
buoy, which represents the vessel hull.
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Figure 5 — Hull Geometry made with OrcaFlex Line Elements (Tubes)
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Figure 6 — Displacement Weight vs Draft Comparisons, Zero Trim

The Seacor Power hydrostatics table from the vessel’s Marine Operations Manual (MOM) was made public
in Reference 4. The OrcaFlex tube raft model was adjusted in order to get matching displacement vs draft
data to within 0.2% in the operating depth range of interest (from 9 to 10 ft draft). The comparison is shown
in Figure 6.

CLASS 250 LIFTBOAT WEIGHT DISTRIBUTION & AFLOAT CONDITION

The weight distribution used for the Class 250 liftboat (250-ft leg length) described in this paper is similar to
that of the Seacor Power and is shown in Table 1. The Seacor Power had a similar weight distribution but
had 265-ft leg lengths and slight differences in its hull, when it capsized.

Table 2 shows the Class 250 tube raft vessel afloat condition, with draft, heel, trim, and allowable KG, based
on the Seacor Power allowable KG, as shown in Figure 7.
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. Weight | Weight LCG LCG VCG LCG
Components of Weight each total from from TCG from from
center Fr.0 Keel LCB

3 Legs, 7.5'0OD| 479.4kp| 1438kp| 2.97ft 69.53 ft| 0.00 ft 127.00 ft 11.95 ft

2 Fwd Pads| 157.1 kp 314 kp| 36.70 ft 35.80ft| 0.00 ft 4.00 ft 45.68 ft

1 Aft Pad 78.6 kp 79 kp| -64.50f | 137.00ft| 0.00 ft 4.00ft| -55.52ft

Lightship Hull, w/o helideck or cranes 3124 kp| -9.21f 81.71ft| 2.32ft 9.00 ft -0.23 ft

2 120' Crane Booms 22.4 kp 45kp| -27.50ft | 100.00ft| 0.00 ft 38.00ft| -18.52ft

2 Crane assemblies w/cabs, bearimgs, motors, etc.| 130.0 kp 260 kp| 36.70 ft 35.80ft| 0.00 ft 40.00ft]  45.68 ft

Helideck 300 kp| -107.50 ft | 180.00 ft| 0.00 ft 26.50ft| -98.52ft

Total Variable Load (max = 529.4 LT at max 13' above deck) 1186 kp| 35.00 ft 37.50ft| -6.00 ft 26.00 ft 43.98 ft

Summary Load Condition 6745kp | -0.07 ft 72.57ft| 0.02ft | 39.02ft 8.91 ft
3060MT | -0.02m | 22.12m | 0.01m 11.89m 2.72m
Table 1 — Vessel Weight Distribution Used in this Paper
. GMT =
Stability Results for Class 250 Loaded Condition T, Draft W:\iléht LC:_.(:r;m LcB ; b KML, ft | KMT, ft =5?:éo.:s KM'I"(-G Corr
Draft at LCF| 9.66 ft 6745kp | 68.30ft | 81.48ft [298.74ft| 112.22ft [ 39.12ft 73.10 ft
Heel| 0.022 [ Stbd Down Allowable KG (70-kt wind)| 39.71 ft OK
Trim| 0.942 Bow Up Allowable KG (80-kt wind)| 38.06ft | NOT OK
Drafts and Freeboards at Stern and Bow Stern Bow Allowable KG data for Seacor Power
Drafts| 10.85 ft 8.47 ft 32.62 ft z for Orca
Freeboards| 2.15ft 4.53ft
CFR 174.185: Check Stern Freeboard >20in OK LCB* matched to tube raft model in this paper

Table 2 — Afloat Condition, Draft, Heel and Trim, Showing Bow and Stern Freeboards

Max Allowable KG, Seacor
Power
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Figure 7 — Allowable KG

WIND FORCES AND HEELING MOMENTS

The maximum allowable KG data for the Seacor Power
was presented in Reference [3] and is shown plotted in
Figure 7, together with the actual draft and KG data for
the vessel in this paper, from Table 2.

It was not clear from testimony given in [3] whether the
Seacor Power Allowable KG data presented was for the
vessel before or after the legs were extended from 250 ft
to 265 ft.

Table 4 presents a summary of wind areas, forces and heeling moments developed for the vessel studied in
this paper using the standard industry “building block” method. Selected shape and height coefficients are
shown. Results are given for the upright condition for a 9.66-ft draft and 70-kt wind speed.

Separately a large angle heeling moment curve is developed (by rotating the 3-dimensional vessel with zero
trim and using projected areas) and applied to find the wind area ratio as discussed later.

Heel and Trim with 70kt wind on Beam or Bow

Heel| 1.93°

Trim| 1.48°

Freeboard at Stern with 70kt Wind on Bow| 17.6in

Table 3 — Heel, Trim & Stern Freeboard with 70-kt wind
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Component Lt?ngth (or height area, A VCAabove Cs Ch F Vmom from
diameter) CB CB
3 Legs from 200 to 250 23.40 ft 42.34ft 991 ft"2 213.0 ft 0.85 1.37 19.11kpf] 4070 kpf-ft
3 Legs from 150 to 200 23.40 ft 50.00 ft 1170 ft"2 166.8 ft 0.85 1.30 21.41 kpf 3572 kpf-ft
3 Legs from 100 to 150 23.40 ft 50.00 ft 1170 "2 116.8 ft 0.85 1.20 19.77 kpf 2309 kpf-ft
3 Legs from 50 to 100 23.40 ft 50.00 ft 1170 ft"2 66.8 ft 0.85 1.10 18.12 kpf 1211 kpf-ft
Fwd 2 Legs from Crane Top to 50 15.60 ft 4.13ft 64 ft"2 52.0 ft 0.85 1.00 0.91 kpf 47 kpf-ft
Aft Leg from Above Deck House to 50 7.80 ft 26.23 ft 205 ft"2 130.3 ft 0.85 1.00 2.88 kpf 375 kpf-ft
Deck House Level 1 50.00 ft 10.10ft 505 ft"2 13.2 ft 1.00 1.00 8.36 kpf 111 kpf-ft
Deck House Level 2 53.00 ft 9.70 ft 514 ft"2 23.1 ft 1.00 1.00 8.51 kpf 197 kpf-ft
Deck House Lewel 3 37.10ft 10.10ft 375 ft"2 33.0ft 1.00 1.00 6.21 kpf 205 kpf-ft
Deck House Level 4 28.70 ft 10.90 ft 313 ft"2 43.5 ft 1.00 1.00 5.18 kpf 225 kpf-ft
Fwd 2 Leg Towers 29.30 ft 18.40 ft 539 ft"2 17.4 ft 1.00 1.00 8.93 kpf 155 kpf-ft
Fwd 2 Crane Main Assemblies 37.80 ft 23.50 ft 888 ft"2 38.32ft 1.00 1.00 14.71 kpf 564 kpf-ft
2 Main Crane Booms 244.46 ft 5.50 ft 1345 ft"2 35.87 ft 1.00 1.00 22.27 kpf 799 kpf-ft
2 Upper Crane Assemblies 8.52 ft 48.10 ft 410 ft"2 50.62 ft 1.50 1.10 11.20 kpf 567 kpf-ft
2 Crane Hook Assemblies 6.40 ft 7.50 ft 48 ft"2 38.17 ft 1.50 1.00 1.19 kpf 46 kpf-ft
Rigging cables, masts, misc 250.00 ft 1.00 ft 250 ftr2 64.00 ft 1.50 1.10 6.83 kpf 437 kpf-ft
Helideck 87.30ft 10.80 ft 943 ft"2 31.00 ft 0.90 1.00 14.05 kpf 436 kpf-ft
Deck Cargo 70.00 ft 30.00 ft 2100 ft"2 30.00 ft 1.10 1.00 38.26 kpf 1148 kpf-ft
Hull 145.00 ft 3.34ft 484 "2 6.50 ft 1.00 1.00 8.02 kpf 52 kpf-ft
TOTALS 145.00 ft 92.99ft| 13483 ft"2 70.05 ft 1.00 1.06 236 kpf| 16525 kpf-ft
1253 m"2 21.35m 1.00 1.06 1049 kN| 22405 kN-m

Table 4 — Class 250 Wind Areas, Forces, Heeling Moments at 9.66 feet Draft, 70-kt Wind Speed

LARGE ANGLE STABILITY

The method used to produce conventional large angle stability data, for tube raft liftboat in this paper, uses
OrcaFlex as follows. For free-trimming without twist, two pairs of winches are used at fixed elevations, one
above and one below the free floating vessel. The winches are positioned far to each side of the vessel and
have long (weightless) winch wires that apply a horizontal pull to points on the vessel above and below the
center of flotation. The heeling moment is applied slowly, in the time domain, and very slowly rotates the
vessel, which is free to trim and to yaw, or twist, very slightly. No buoyancy of above deck structures is
included. The method is illustrated with two annotated screen shots in Figure 8.

Midship Z {ft) -13.68
Midship Rotation 1 (deg) 23.24
Midship Rotation 2 (deg) -4.08
Midship Rotation 3 (deg) 178

R — Winch 2 & 4, 1000 ft away
Winch 2 & 4, 1000 ft away —_—
_P e

Figure 8 — Inclining with Winch Pull, Free to Trim & Yaw, Left. Before Inclining, Right

For this paper, the winch loads are increased from zero by steadily reducing the winch wire lengths over a
period of 400 seconds. This length of time is sufficient to make inertial effects negligible during the rotation,
effectively resulting in a continuous static solution. The adjustment length is set such that the vessel just
reaches the limit of positive stability at time equals 400 seconds. Initially simulations are run until the vessel
capsizes. The capsize can be observed at real time in the time domain. Just before capsizing, the applied
moment from the winches has reduced to zero, the heel angle is 23.4°, the trim is 4.3° (stern down) and the
yaw, is 1.9°
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The heeling moment created by the winch loads is divided by the vessel weight to give the righting arm, GZ,
which is plotted against the angle of vessel rotation at every time step, using Excel, to create the GZ curve
shown in Figure 9

GZ vs 0, Heel, Free to Trim Tube Raft GZ Curve Summary & Checks
Displacement al LL Draft 6,745 kp
Ui 7.55¢,6.30 ft Wind Speed 70 kt
6 ft Upright Wind O/T Moment, kpf-ft | 16,525 kp-ft
s 2.129,2.63 ft 17.109, 3.26 ft Area Ratio, (A +B)/(B+C) 1.58
- CFR Check Area Ratio > 1.4 OK
g4t B at maz GZ 7.552
N 3ft ; max GZ 6.30 ft
e ! B Area under righting arm to max GZ 31 deg.ft
l Areato max GZ = 15 ft.deg? OK
Lft | 1st Intercept 2,19
0ft : 2nd Intercept 17.12
0123 456 7 8 91011121314151617 18 1920 21 22 23 2425 CFR stability range check > 102 QK
6, degrees Residual righting energy, Area A 29 deg.ft
’ = Orca Tube Raft Wind Heeling arm ‘ CFR Check Are-a A >_5 ft.deg L
Metacentric height, GM | 7157 ft

Figure 9 — GZ Curve for Tube Raft Heel, Free to Trim (more data in table on right)

The 70-kt wind heeling arm curve is calculated separately and plotted with the GZ curve in the above figure.
The resulting area ratio is 1.58, which is 13% above the 1.40 minimum ratio required to satisfy the CFR [5]
liftboat stability regulations. The value for 6 at maximum GZ is 7.55° and the initial GM is 71.6 feet.

Using only two winches (one above and one below), the same approach allows both free trimming and free
yawing. The result for a GZ righting arm curve is similar and is shown in Figure 10. The area ratio is
slightly reduced to 1.55, 8 at maximum GZ is increased to 7.87° and the initial GM is decreased to 65.7 feet.

GZ vs 0, Heel, Free to Trim and Twist L o A e R e e
Displacement al LL Draft 6,745 kp
7t 7872)6.16 8 wind Speed 70 kt
6 ft Upright Wind O/T Moment, kpf-ft | 16,525 kp-ft
. 2438, 2.78 ft 17,302, 3.27 ft Area Ratio, (A +B)/(B+C) 1.55
" CFR Check Area Ratio »1.4 oK
g4t / B at maz GZ 7.872
5‘ 3 ft r | max GZ 6.16 ft
vl ! Area under righting arm to max GZ 31 dep.ft
B Area to max GZ > 15 ft.deg? OK
1ft : 15t Intercept 2.40
ot : 2nd Intercept 17.32
012 3 456 7 8 9 1011121314151617 1819 2021 22 232425 CFR stability range check > 102 oK
6, degrees Residual righting energy, Area A 28 dep.ft
’ ———Orca Tube Raft Wind Heeling arm ‘ CFR ChECkAre_a A >_5 ft.deg 2.4
Metacentric height, GM 65.30 ft

Figure 10 — GZ Curve for Tube Raft Heel, Free to Trim and Yaw (more data in table on right)

The two winch moment allows the vessel to twist about the initially vertical axis between the winch wire
attachment points (50 ft above and below the vessel midships center). This is similar to the free twist
method described by van Santen [6].

It should be noted that the stern deck edge begins to submerge at a heel angle of 2.7°. The bow deck edge
begins to submerge at a heel angle of 5.5°, at which point the stern deck edge is submerged by 2.25 feet. At
10° of heel, the stern deck edge is submerged by 7.15 feet and the bow deck edge is submerged by 3.4 feet.
The GZ curve is close to linear only up to 4°.
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Figure 11 — Free Twist Heeling, 3.5°, 5.3°, 8.7°, 23.5°, Free Trim Range -0.2° to 0.4°, Water Surface Shown

In comparisons of other tube raft hydrostatic models and other large angle stability software, the resulting
GZ curves have been found to be accurate to within less than a 2% error.

Figure 12 presents GZ curves for the tube

(28, W e 628 eaisin 577 S raft trim, in both directions (bow down

25 ft

5 ft

13.229,22.52 ft idship’ i
. S 2 e 2193t and stern down) about (1)nldsh1p S axis,
20 ft 71902, 17.09 ft ! starting from the 0.9° stern down
! .o . .
| 13.502) 16.00 ft condition summarized in Table 2.
% 151t i
£ l
~ [}
O 10t |
I
!
[}
[}
[}

o |-/

012 3 456 7 8 91011121314151617 1819 2021 22 232425
0, Trim, degrees

= Trim Down Fwd, Orca Tube Raft Wind Heeling arm

———Trim Down Aft, Orca Tube Raft

Figure 12 - GZ Curves for Tube Raft Trim, Both Directions

It is important to note that the large angle data this section is presented to give a clear picture of the
conventional intact static stability of the liftboat that is subsequently presented with time domain dynamic
analysis in waves. The dynamic analysis method, with a tube raft and OrcaFlex, does not use this
conventional hydrostatic stability data, in contrast to most widely used seakeeping software. It is also
important to note that the GZ heeling curve is linear only up to around 4° of heel angle.

CLASS 250 LIFTBOAT STRUCTURAL MASS MOMENTS OF INERTIA
The mass moments of inertia for

Structural Inertia Calculations Ixx total | lyytotal | lzz total ] :
3Legs, 7.5'0D|  68% 47% 30% the vessel in this paper are
Lightship Hull, inc. pads, helideck, crane booms|  25% 28% 63% summarized in Table 5. These
2 Crane assemblies w/cabs, bearimgs, motors, etc. 3% 2% 0% data are attached to the Orcaflex
Helideck| 1% 16% 2% 6D buoy located at the cg of the
Total Variable Load (max = 529.4 LT at max 13' above deck) 2% 8% 5% tube raft model.
Totals (kp.ftn2)| 1.35E+07 | 2.28E+07 | 1.47E+07

Table 5 — Structural Inertias with Totals and Percentage Contributions

HYDRODYNAMIC ADDED MASS AND ADDED MOMENTS OF INERTIA
Fixed frequency terms for added mass and

Hydrodynamic Mass in heave 21,200 k . ) .
YETRyReT — =P inertia for the tube raft heave, roll and pitch

Hydrodynamic Inertiain roll 1.19E+07 kip.ft*2 freed h ) Table 6

Hydrodynamic Inertia in pitch 5.70E+07 kip.ft"2 reedoms are shown in 1able o.

Table 6 — Added Hydrodynamic Mass & Inertia
The hydrodynamic mass and inertia terms are selected from the in-house version of the author’s program

STA BARMOT. This is a barge motions program used for calculating displacement RAOs, partly based on
model test data and partly based on diffraction and Froude-Krilov calculations.
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NATURAL PERIODS AND MOTION DECAY IN STILL WATER

Heave Decay
Damping = 15.4% Critical

Hull Z Motion, feet

-3.8 Amplitude 2nd Peak = 0.17 ft, Period = 6.33 sec

-10 0 10 20 30 40
Time, seconds

Roll Decay

Angle, degrees
5 o
°

Amplitude 2nd Peak = 0.529°, Period = 7.85 sec

-10 0 10 20 30 40
Time, seconds

Damping = 10.7% Critical, Orcaflex 100 kpf.ft/(rad/s)

Pitch Decay
Damping = 14.0% Critical

Roll Angle, degrees

Amplitude 2nd Peak = 0.034°, Period = 8.80 sec

-10 0 10 20 30 40
Time, seconds

Figure 13 shows decay curves of small amplitude pitch, roll and
heave motions of the OrcaFlex tube raft vessel in still water, 60
feet deep. The natural periods of pitch, roll and heave are
estimated from the decay curves and shown in Table 7.

The restoring forces are not discretely input but are a result of the
combined forces at each time step, on each segment of each tube,
or OrcaFlex line element, in the theoretically undisturbed wave.

The constant hydrodynamic damping terms for the OrcaFlex tube
raft (applied at a point close to the center of buoyancy in still
water at an even keel) are adjusted from experience to obtain the
expected form of decay for the liftboat vessel. The damping
forces and moments selected are directly proportional to the
velocity or angular velocity of the vessel relative to earth, to
simulate radiation damping, see Reference [4] for more details.
The selected hydrodynamic damping terms are shown in Table 7.

Figure 13 — Heave, Roll & Pitch (green, blue & red) Decay Curves in Still Water

Characteristic Heave Roll Pitch

Natural Period 6.38 sec 7.82 sec 8.73 sec
Hydrodynamic Damping 250 kpf/(ft/s) 1.00E+05 kpf.ft/(rad/s) | 4.00E+05 kpf.ft/(rad/s)
Equivalent %age Critical Damping 15.40% 10.70% 14.00%

Table 7 — Natural Periods (estimated from decay curves) and Hydrodynamic Damping

The natural periods of the moored vessel, for response in waves, are also found from OrcaFlex modal

analysis and are shown in Table 8, below.

Characteristic Surge Sway Yaw
Natural Period 81.68 sec 81.64 sec 24.66 sec
Characteristic Heave Roll Pitch
Natural Period 6.22 sec 7.73 sec 8.66 sec

Table 8 — Modal Periods Computed by OrcaFlex

RESPONSE TO 1-FT REGULAR WAVES IN 60-FT WATER DEPTH

The RAO definition used for the following charts is the response range divided by the wave height, noting
that the response and the wave may both be non-sinusoidal, but periodic, and may both be about non-zero
mean values. As will be shown later, the periodic responses of roll and pitch may be at twice the wave

period, or subharmonic.

Heave, roll and pitch response results from time domain analyses in regular stream function (10% order) 1-ft
high waves at attack angles 0° (from the stern), 45° and 90° are summarized in Figure 14. The model is held
in 60-ft water depth, on a 4-line mooring with one attachment point at the centerline on the bow and one on
the stern. Long light horizontal lines at +45° from each end of the vessel are used.
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The load condition shown in Table 2 is used, with an initial 0.94° of stern down trim. The vessel is analyzed
with zero forward speed. The following RAO chart axes are kept the same for each response type (heave,
roll, pitch) for each wave attack angle, thereby enabling easier comparison of values with different wave

heights.
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Figure 14 — Steady State Response Ranges at 1-ft Wave Height, Tube Raft Comparison with STA BARMOT

The steady state response ranges (plotted as RAOs) in 1-ft waves, for heave, roll and pitch for the OrcaFlex
tube raft, are shown for wave attack angles of 0°, 45° and 90° in Figure 14. Results from STA BARMOT are
shown for comparison, but it must be noted that the Class 250 vessel dimensions, with L/B = 1.44 and B/T =
beam/draft = 10.4, are well outside the range for which the program has been calibrated.

Each segment of each tube in the tube raft experiences hydrostatic and hydrodynamic forces in waves. The
standard OrcaFlex Morison equation is used with drag force coefficient, Cd, set to zero or 0.1 and the added
mass coefficient, Ca, set to zero. The inertia coefficient, Cm is set to the default value of 1.0 in the normal
directions, thus giving the Froude-Krylov pressure force on each tube. The added mass terms for the tube
raft are separately specified as described in a previous section. Diffraction forces are not calculated.

For the 1-ft waves and the 0° wave direction, the heave RAO reaches a peak value of 1.5 (ft/ft) at 8.4 seconds
then decreases towards 1.0 at 15 seconds. The BARMOT values underestimate the heave peak (close to the
pitch natural period). For 1-ft waves and the 90° direction the heave RAO reaches a peak value of 1.8 at 6.8
seconds (the heave natural period) and then decreases towards 1.0 at 15 seconds.
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For 1-ft waves at 0° the pitch RAO peaks at 2.9 (deg/ft) at 8.7 seconds, the pitch natural period. For 1-ft

waves at 90° the roll RAO peaks at 4.5 (deg/ft) at 7.7 seconds, the roll natural period. BARMOT predicts
similar RAO behavior with lower amplitudes.

RAOs FROM RESPONSES TO REGULAR WAVES UP TO 9-FT IN 60-FT WATER DEPTH

In larger waves the form of the displacement RAOs change significantly, as the liftboat deck edges become
submerged and the restoring forces become far from linear. Additionally, the response in stern seas and head
seas are notedly different, partly due to the above and below water hull shape and partly due to the trim

angle.
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Figure 15 — Comparison of Tube Raft RAOs for 0° and 180° Angles, Wave Heights 1-ft to 9-ft

Figure 15 presents a comparison of tube raft RAOs in stern (0°) and head (180°) seas with 1-ft, 3-ft, 6-ft, and
9-ft wave heights. In head seas (180°) the heave RAO for 1-ft waves peaks at 1.1 (ft/ft) at 7.0 seconds, then
decreases to 0.8 at 8.5 seconds, then rises to just over 1.0 and stays at this value from 11 to 15 seconds. In

stern seas the RAO for 1-ft waves, as described previously, peaks at 1.7 at 8.4 seconds then decreases
towards 1.0 at 15 seconds.

The heave RAOs generated from responses to waves larger than 1-ft have similar values up to around 7
seconds and then have peak values occurring at longer periods. Peak values are all around 1.6 for stern seas.

The pitch RAOs for 1-ft waves are similar for beam and head seas, both peaking around 8.7 seconds, with
head seas having a slightly larger value of 3.3 (deg/ft). The pitch RAOs generated from higher waves show
decreasing peak values at progressively longer periods, all decreasing to a value of 0.8 at 15 seconds.

The vessel capsizes in 9-ft regular waves in both stern and head seas. Capsize occurs in both seas with
periods from 7.2 to 8.4 seconds. The data point at the last period before capsizing is marked on the charts
with the word capsize. The response curve is continued at the next period for which a steady state response
is found, until 15 seconds wave period. Significant submergence of the deck is seen in the capsize cases.
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Surge sway and yaw motions are computed but detailed responses are not reported in this paper. The yaw
motions, restrained by the mooring system, keep the selected vessel heading from deviating by more than +4°
in up to 6-ft waves, and to within £8° in 9-ft waves.

Some of the differences in the RAO curves generated with different wave heights are attributed to the
increased influence of the water depth on the hydrodynamic characteristics of the wave as height increases
(as predicted by the 10" order stream function theory being used in this paper). Larger differences are
attributed to the non-linear hydrostatic restoring forces as increasingly larger parts of the deck become
submerged during the steady state responses observed.

The unexpectedly large roll response in stern and head seas, with 6-ft and 9-ft wave heights, at periods from

5 to 8 seconds is discussed later.
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Figure 16 — Comparison of Tube Raft RAOs for 45° and 90° Angles, Wave Heights 1-ft to 9-ft

Figure 16 shows that the vessel capsizes in 6-ft and 9-ft regular waves from 45° and 90°. The maximum
period range for capsize is from 6.4 to 8.4 seconds.

The heave RAOs for beam waves (90°) generated from responses to waves larger than 1-ft, have similar
values to the 1-ft wave heave RAO. The roll RAOs for 45° and 90° directions, for 3-ft, 6-ft and 9-ft waves,
show similar characteristics to the pitch RAOs for larger waves in the 0° direction, with peak values
occurring at longer periods at the wave height increases.

MAX RESPONSES, NO WIND, 1-FT to 9-FT WAVES, 0° & 180°, 60-FT WATER DEPTH

In this section the vessel maximum heave, roll and pitch steady state responses are presented (not RAOs, as
in the previous section) to regular waves with heights 1-ft, 3-ft, 6-ft and 9-ft, from directions 0°, and 180°.
The results are summarized in Figure 17, below.
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The data point at the last period before capsizing is marked on the charts with the word capsize. The
response curve is continued at the next period for which a steady state response is found, until 15 seconds
wave period. Significant submergence of the deck is seen in the capsize cases.
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Figure 17 - Maximum Responses for 0° and 180° Angles, No Wind, Wave Heights 1-ft to 9-ft
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Figure 18 — Steady State Pitch, Roll, Wave Elevation, 6.8 sec, 6-ft

PARAMETRIC ROLL RESONANCE IN LONGIDUDINAL WAVES

In parametric roll resonance, when a ship moves in longitudinal waves, the roll response is periodic at, or
close to, the ship’s natural roll period. It is caused by the periodic change of stability as the roll restoring
moment is increased and decreased during the passage of a wave. An increase in the waterplane area occurs
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when wave crests are simultaneously passing the flared parts of the bow and stern, and the wave trough is at
midships. A decrease in the waterplane area occurs when the wave crest is at midships [7].

= = ==/ The large amplitude, twice-wave-period roll and pitch response of
the Class 250 liftboat described in this paper is not considered to
be associated with these same changes of the waterplane area (and
hence changes in roll stiffness) during the passage of waves in the
longitudinal direction.

IS

o

Sea Elevation (1) at X=0.0, Y=0.0 1
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In most large amplitude roll responses in stern and head waves,
the liftboat pitch motion begins with a response that locks into the
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In Figure 19 the wave elevation is shown in dark brown and has a
period of 6.8 seconds. The blue pitch response initially builds to

[ | +4°to -7° (representing an amplitude of 5° about a mean of -1°,
‘ [ which is the vessel initial trim) and has a period of 13.6 seconds.

. Time history: 6D Upper Hull buoy1 Rotation 1 =0 =

The pitch then decays to around 1° amplitude with a period of 6.8
seconds. The red roll response begins with negligible amplitude
VRV UUY and grows to an 8° amplitude at twice the wave period as the pitch
0 50 100 150 200 reduces.
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In 8 seconds and longer period waves, the
heave, roll and pitch responses all quickly
reach a steady state at the wave period. In
longitudinal seas, roll is close to zero, as
expected.

Exceptions where small amplitude roll
motion is seen at longer periods in head
seas are associated with small mean angles
of yaw (between 1° and 3°) permitted by
the mooring system. The roll response is at
wave period in these cases.

Capsize occurs in 9-ft regular waves from
both the 0° and 180° directions. Capsize
does not occur in these directions with 6-ft
waves.

Figure 20 — Deck Submergence in 6-ft, 9-sec Head Waves

The phenomenon of sub-harmonic (period-doubling) motion of other ocean structures (not free floating) has
been reported elsewhere and confirmed with model tests [8].
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MAX RESPONSES, NO WIND, 1-FT to 9-FT WAVES, 45° & 90°, 60-FT WATER DEPTH

In this section the vessel maximum heave, roll and pitch steady state responses are presented to regular
waves with heights 1-ft, 3-ft, 6-ft and 9-ft, from directions 45°, and 90°. The results are summarized in
Figure 21, below.

Capsize occurs in both 6-ft and 9-ft waves from 45° and 90°.

In wave periods less than the roll and pitch natural periods, both roll and pitch show large amplitude periodic
responses at twice the wave period. The roll and pitch response period ratios are presented for all steady
state responses from time domain simulations in Table 9. This table also summarizes all conditions where
capsize occurs.
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Figure 21 - Maximum Responses for 45° and 90° Angles, No Wind, Wave Heights 1-ft to 9-ft

Response
Period Ratio

Angle,
Height

. 6ft Roll Ratio 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.5
! Pitch Ratio 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

0. oft Roll Ratio 1.0 1.0 1.0 2.0 1.0 1.0 0.9 1.0 0.5
i Pitch Ratio 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
45°, 6t Roll Ratio 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.5
Pitch Ratio 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

45°. oft Roll Ratio 1.0 1.0 1.0 2.0 1.0 1.0 1.0 1.0 0.5
i Pitch Ratio 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
90°, 6t Roll Ratio 1.0 1.0 2.0 2.0 1.0 1.0 1.0 1.0 0.5
Pitch Ratio 1.0 2.0 2.0 2.0 1.0 1.0 1.0 0.5 0.5

90°. oft Roll Ratio 1.0 1.0 1.0 1.4 1.0 1.0 1.0 0.5 0.5
i Pitch Ratio 1.0 1.0 0.7 2.0 1.0 1.0 0.5 0.5 0.5
180°, 6ft Roll Ratio 1.0 1.0 1.0 1.0 Y Y 1.0 0.5 1.0 1.0 0.5
Pitch Ratio 1.0 1.0 1.0 1.0 . 1.0 1.0 1.0 1.0 1.0

180°, oft Roll Ratio 1.0 1.0 1.0 2.0 . y 1.0 1.0 1.0 0.5 0.5
Pitch Ratio 1.0 1.0 1.0 1.0 . . . d . . . 1.0 1.0 1.0 1.0 1.0

Table 9 — Capsize Periods, with Roll and Pitch Steady State Response Period Ratios, No Wind

Table 9 is arranged with wave periods in the top row and wave direction and height in the left column.
e Cells with a light red color indicate roll or pitch steady state response period ratios of greater than
1.3. Values of 2.0 indicate response at twice the wave period.
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e Cells with dark red color indicate capsize.
e  Cells with green color indicate response period ratios of less than 0.9.

No results are included for 1-ft and 3-ft waves where all responses were found to be at the wave period, as
expected, and no capsize was found.

MAXIMUM RESPONSES, REGULAR WAVES WITH 50-kt & 70-kt WIND HEELING

Time domain steady state responses for all runs in waves without wind were repeated with wind heeling
moments from 50-kt wind and 70-kt wind. The heeling moments were applied as a constant local moment
and did not have any variation with roll angle or wave direction. The moment was applied as if the wind was
always coming from the 90° direction. Results are summarized in Figure 22 and Figure 23.
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Figure 22 — Comparison of Roll Responses in Beam Seas with 0-kt, 50-kt and 70-kt Wind on Beam

Figure 22 shows capsize occurs in stern seas in both 6-ft and 9-ft waves with 50-kt and 70-kt beam winds.
Capsize occurs in head seas, only in 9-ft waves with 50-kt and 70-kt beam winds. The range of wave periods
with capsize is increased up to 13.2 seconds in stern seas with 70-kt beam winds.

Figure 23 shows capsize in both 6-ft and 9-ft waves at 45° and 90°, with and without beam winds. The range
of wave periods with capsize with 9-ft waves and 70-kt beam winds is increased up to 13.2 seconds with

waves from 45° and up to 10.8 seconds with beam waves.

Note that all results are without forward speed and without any rudder or other turning forces. Class 250
liftboats rarely travel at more than 5 knots in still water and reduce speed in waves.
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Figure 23 — Comparison of Roll Responses in 45° Waves with 0-kt, 50-kt and 70-kt Wind on Beam
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Table 10 — Capsize Periods, with Roll and Pitch Steady State Response Period Ratios, 50-kt Wind
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Table 11 — Capsize Periods, with Roll and Pitch Steady State Response Period Ratios, 70-kt Wind

Table 10 and Table 11 have the same format and arrangement as Table 9 with wave periods in the top row
and wave direction and height in the left column. The dark red cells indicate conditions with capsize.

Page 17|21



INFLUENCE OF ROLL DAMPING

Limited investigations into the effects of significantly increased or decreased roll damping were undertaken.
With hydrodynamic damping (proportional to the vessel angular velocity relative to earth) significantly
increased (to above an equivalent of 20% critical) the change from large amplitude sub-harmonic pitching to
large amplitude sub-harmonic rolling in longitudinal waves is reduced or does not occur at all. With this
very large damping, capsize is not found in 6-ft waves and 70-kt wind, but still occurs in 9-ft waves and 70-
kt wind.

With roll damping reduced to an equivalent of around 5% critical, the roll amplitudes are increased and
capsize is found in 6-ft waves where it did not occur with 10% critical damping. The sub-harmonic roll
response remained common to 6-ft and 9-ft waves but did not occur in 1-ft or 3-ft waves.

CAPSIZE IN IRREGULAR WAVES

Capsize is found in irregular waves with 5-ft to 6-ft significant wave heights, with and without wind heeling
forces. A full description is beyond the scope of this paper. Figure 24 provides a visual example of a
capsize sequence in a JONSWAP following sea with Hs = 6-ft, Tz = 6 sec and y =2.0, with a 50-kt wind on
the starboard side, causing heeling to port. The port leg is colored blue. Twelve screen captures are shown
each taken one second apart. Each capture shows a side elevation, an end elevation and a plan view with
shaded graphics and perspective.

Figure 24 — Example Capsize Sequence, 1-Frame/sec, JONSWAP, Hs=6-ft, Tz=6 sec, y=2.0, Direction 0°
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Figure 25 — Capsize Examples, Pitch, Roll & Wave Elevation Before Capsize

Figure 25 shows three sets of time histories for pitch, roll and wave elevation (blue, red and brown) for three
cases with a 50-kt wind all resulting in capsize. The cases are for wave attack directions of 0°, 45° and 90°
(left, middle and right) with a JONSWAP wave spectrum of long-crested waves with Hs = 6-ft, Tz = 6 sec
and y = 2.0. The charts are drawn with the same vertical scales for each color. The red roll negative axis is
limited to 20° to show more clearly the roll response in the 80 seconds before the capsize.

The capsize sequences in waves from 0° and 45° both begin during the passage of a relatively high wave with
a 4-ft trough, 6.3-ft crest, and 6.9 second period from trough-to-trough. In both these cases the response
before and during the capsize shows pitching with a longer period than the waves.

The capsize in 90° waves is not associated with a single high wave event but is preceded by a 20-second
build-up of longer-than-wave-period pitching and rolling. The capsizes are not associated with a “Pure Loss
of Stability” as defined by the IMO and which is a common reason for fishing vessel capsize on the crest of a
wave [9].

No vulnerability criteria for capsize appropriate to vessels like liftboats appears in drafts of the IMO Second
Generation Intact Stability Code [10] although the Dead Ship Condition, which applies to vessels in beam
seas, suggests model tests.

INFLUENCE OF LEG LOWERING

A little over one minute before the capsize, the Seacor Power had begun lowering her legs at a rate of
6ft/minute. As the buoyant 7.5-ft OD legs and 40-ft x 23-ft pads lowered from beneath the upper hull, the
heave, roll and pitch damping would have been increasing, and the vertical centers of gravity and of
buoyancy would have been lowering. The pad of one leg can be seen lowered by about 10 feet in photos of
the capsized vessel. The combined effect of lowering the legs by 10 feet would have been to slightly reduce
the likelihood of capsize.

EFFECT OF BUOYANT SUPERSTRUCTURE

Responses change significantly when the tube raft elements are extended above the barge deck to model the
weathertight deck houses. Capsize nevertheless occurs. Full results are beyond the scope of this paper.
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MODEL TESTING

A well-planned series of model tests is advocated to investigate the dynamic afloat stability of liftboat-type
hulls, with relatively low freeboard/beam and draft/beam ratios and relatively high centers of gravity, partly
as a result of their long legs. The author originally proposed such a series of tests when he chaired the
SNAME Liftboat Committee over 20 years ago.

SUMMARY AND CONCLUSIONS

1. Liftboats have wide beams, shallow drafts and low freeboards. They experience water on deck and
deck edge submergence in relative low wave heights. This makes them difficult to model with most
seakeeping software.

2. Two cases of intact liftboat capsize in waves with loss of life highlight the need to provide better
guidance for liftboat capsize avoidance in waves.

3. The Class 250 liftboat, in the nearly full load condition as presented in this paper, is prone to capsize
in 6-ft waves from the beam and quartering directions, without any wind.

4. It is shown how a liftboat vessel hull can be modelled as a tube raft built from an assembly of
general purpose OrcaFlex line elements.

5. The tube raft model is shown to have accurate large angle stability properties in still water.

6. The model permits unlimited submergence at any angle in a time domain analysis while reliably
predicting hydrostatic restoring forces.

7. The model is demonstrated to have natural heave, roll and pitch natural decay curves in still water
with the expected natural frequency and damping properties of the liftboat vessel.

8. Dynamic response to non-linear steam function (and other) waves can be simulated in shallow water,
although the presence of the vessel does not alter the wave particle kinematics.

9. The model includes Froude-Krylov forces within the whole of the wetted surface (entire volume)
and constant hydrodynamic added mass terms for 6DOF. Diffraction forces are not included.

10. Time domain analysis of the model demonstrates that vessel RAOs change their form with
increasing wave height and are not linear with wave height.

11. The model illustrates deck submergence (or deck in water) in waves, but the solutions are of
unknown accuracy.

12. The model is able to realistically simulate capsize and identify wind and wave conditions that will
result in capsize.

13. The time domain simulations run relatively quickly, with a batch of twenty 10-minute real time
analyses taking 5 minutes computer time.

14. Large amplitude sub-harmonic rolling, and pitching are observed at twice the wave period for
periods leading up to roll and pitch natural periods in still water. This motion has similarities with
but is not the same as parametric rolling.

15. Model tests are needed to define limiting metocean conditions more reliably for safe transit of
liftboats.
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